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Preface
Ferroelectricity has been one of the most used and studied phenomena in both
scientific and industrial communities. Properties of ferroelectrics materials make them
particularly suitable for a wide range of applications, ranging from sensors and
actuators to optical or memory devices. Since the discovery of ferroelectricity in
Rochelle Salt (which used to be used since 1665) in 1921 by J. Valasek, numerous
applications using such an effect have been developed. First employed in large
majority in sonars in the middle of the 20th century, ferroelectric materials have been
able to be adapted to more and more systems in our daily life (ultrasound or thermal
imaging, accelerometers, gyroscopes, filters…), and promising breakthrough
applications are still under development (non-volatile memory, optical devices…),
making ferroelectrics one of tomorrow’s most important materials.
The purpose of this collection is to present an up-to-date view of ferroelectricity and its
applications, and is divided into four books:






Material Aspects, describing ways to select and process materials to make
them ferroelectric.
Physical Effects, aiming at explaining the underlying mechanisms in
ferroelectric materials and effects that arise from their particular properties.
Characterization and Modeling, giving an overview of how to quantify the
mechanisms of ferroelectric materials (both in microscopic and macroscopic
approaches) and to predict their performance.
Applications, showing breakthrough use of ferroelectrics.

Authors of each chapter have been selected according to their scientific work and their
contributions to the community, ensuring high-quality contents.
The present volume is interested in the explanation of the physical mechanisms that lie
in ferroelectrics, and the associated effects that make ferroelectric materials so interesting in numerous applications.
After a general introduction on ferroelectric and ferroelectric materials (chapters 1 to
8), the book will focus on particular effects associated with ferroelectricity: piezoelec-

X

Preface

tricity (chapters 9 to 11), optical properties (chapters 12 to 16), and multiferroic and
magnetoelectric devices (chapters 17 to 28), reporting up-to-date findings in the field.
I sincerely hope you will find this book as enjoyable to read as it was to edit, and that
it will help your research and/or give new ideas in the wide field of ferroelectric materials.
Finally, I would like to take the opportunity of writing this preface to thank all the authors for their high quality contributions, as well as the InTech publishing team (and
especially the publishing process manager, Ms. Silvia Vlase) for their outstanding
support.
June 2011
Dr. Mickaël Lallart
INSA Lyon, Villeurbanne
France

Part 1
General Ferroelectricity

1
Morphotropic Phase Boundary in
Ferroelectric Materials
1School

Abdel-Baset M. A. Ibrahim1, Rajan Murgan2,
Mohd Kamil Abd Rahman1 and Junaidah Osman3

of Physics and Material Sciences, Faculty of Applied Sciences,
Universiti Teknologi MARA, Selangor
2Gustavus Adolphus College, Saint Peter
3School of Physics, Universiti Sains Malaysia, Penang
1,3Malaysia
2USA

1. Introduction
Certain solid solutions of perovskite-type ferroelectrics show excellent properties such as
giant dielectric response and high electromechanical coupling constant in the vicinity of the
morphotropic phase boundary (MPB). These materials are of importance to applications
such as electrostrictive actuators and sensors, because of the large dielectric and
piezoelectric constants (Jaffe et al., 1971; Sawaguchi, 1953; Kuwata et al., 1982; Newnham,
1997). The term “morphotropic” was originally used to refer to refer to phase transitions due
to changes in composition (Ahart et al., 2008). Nowadays, the term ‘morphotropic phase
boundaries’ (MPB) is used to refer to the phase transition between the tetragonal and the
rhombohedral ferroelectric phases as a result of varying the composition or as a result of
mechanical pressure (Jaffe et al., 1954; Yamashita, 1994; Yamamoto & Ohashi, 1994; Cao &
Cross, 1993; Amin et al., 1986; Ahart et al., 2008). In the vicinity of the MPB, the crystal
structure changes abruptly and the dielectric properties in ferroelectric (FE) materials and
the electromechanical properties in piezoelectric materials become maximum.
The common ferroelectric materials used for MPB applications is usually complexstructured solid solutions such as lead zirconate titanate - PbZr1−xTixO3 (PZT) and Lead
Magnesium niobate-lead titanate (1-x)PbMg1/3Nb2/3O3-xPbTiO3), shortly known as PMNPT. For example, PZT is a perovskite ferroelectrics which has a MPB between the tetragonal
and rhombohedral FE phases in the temperature-composition phase diagram. However,
these materials are complex-structured and require a complicated and costly process to
prepare its solid solutions. Furthermore, the study of the microscopic origin of its properties
is very complicated.
Recently, scientists started to pay attention to the MPB in simple-structured pure compound
ferroelectric materials such as ferroelectric oxides. For example, a recent experimental study
on lead titanate proved that PbTiO3 can display a large MPB under pressure (Ahart et al.,
2008). These experimental results even showed richer phase diagrams than those predicted
by first-principle calculations. Therefore, it is of particular importance to study the
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fundamental theory of dielectric as well as piezoelectric properties of such materials in the
vicinity of the MPB. Such knowledge helps engineering specific simple-structured nonlinear
(NL) materials with highly nonlinear dielectric and piezoelectric properties.
Apart from first principle calculations, an alternative way to investigate the dielectric or the
piezoelectric properties of these materials is to use the free energy formalism. In this
chapter, we investigate the behavior of both the dynamic and the static dielectric
susceptibilities in ferroelectrics in the vicinity of the MPB based on the free energy
formalism. The origin of the large values of the linear and the nonlinear dielectric
susceptibility tensor components is investigated using semi-analytic arguments derived
from both Landau-Devonshire (LD) free energy and the Landau-Khalatnikov (LK)
dynamical equation. We show that, not only the static linear dielectric constant is enhanced
in the vicinity of the MPB but also the second and the third-order static nonlinear
susceptibilities as well. Furthermore, the behavior of the dynamic nonlinear dielectric
susceptibility as a function of the free energy parameters is also investigated for various
operating frequencies. This formalism enables us to understand the enhancement of the
dielectric susceptibility tensors within the concept of ferroelectric soft-modes. The input
parameters used to generate the results is taken from an available experimental data of
barium titanate BaTiO3 (A common simple-structured ferroelectric oxide). The effect of
operating frequency, and temperature, on the dynamic dielectric susceptibility is also
investigated. The enhancement of various elements of particular nonlinear optical NLO
process such as second-harmonic generation (SHG) and third-harmonic generation (THG) is
investigated. The enhancement of these linear and nonlinear optical processes is compared
with typical values for dielectrics and ferroelectrics.
The importance of this calculation lies in the idea that the free energy material parameters
β1 and β2 may be regarded as a function of the material composition. Therefore, this
calculation can be used as one of the general guiding principles in the search for materials
with large NL dielectric susceptibility coefficients. Such knowledge of MPB helps
engineering specific NL materials with highly nonlinear dielectric properties. In addition,
the work presented here may stimulate further interest in the fundamental theory of
nonlinear response of single ferroelectric crystals with simple structure such as BaTiO3 or
PbTiO3. Such pure compounds with simple structure can be used for technological
applications rather than material with complicated structure.
Ishibashi & Iwata (1998) were the first to propose a physical explanation of the MPB on the
basis of a Landau–Devonshire-type of free energy with terms up to the fourth order in the
polarization by adopting a “golden rule” and obtaining the Hessian matrix. They expressed
the static dielectric susceptibility χ ( ω = 0 ) in terms of the model parameters. They found
that χ ( ω = 0 ) diverges at the MPB. In the free-energy formalism, the MPB is represented by
β1 = β2 where β1 and β2 are material parameters represent the coefficients of the second and
fourth-order invariants in the free energy F. They explained the large dielectric and
piezoelectric constants in the MPB region as a result of transverse instability of the order
parameter (Ishibashi & Iwata, 1999a,b,c; Ishibashi, 2001; Iwata et al., 2002a,b). Such transverse
instability is perpendicular to the radial direction in the order-parameter space near the
MPB (Iwata et al., 2005). However, the work by Ishibashi et al. was limited to the study of
the MPB for the static linear dielectric constant only and never extended to include the
nonlinear dielectric susceptibility. Perhaps, this is because the expressions of the nonlinear
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dielectric susceptibility tensor components in terms of the free energy parameters were not
yet formulated.
In earlier work by Osman et al. (1998a,b), the authors started to derive expressions for the
nonlinear optical (NLO) susceptibilities of ferroelectric (FE) in the far infrared (FIR) spectral
region based on the free energy formulation and Landau-Khalatnikov equation. The core
part of this formulation is that the NLO susceptibilities are evaluated as a product of linear
response functions. However, the work by Osman et al. was obtained under the
approximation of a scalar polarization which only allows them to obtain specific nonlinear
susceptibility elements. Soon after that, Murgan et al. (2002), presented a more general
formalism for calculating all the second and third-order nonlinear susceptibility coefficients
based on the Landau-Devonshire (LD) free energy expansion and the Landau-Khalatnikov
(LK) dynamical equation. In their work they provided detailed results for all the
nonvanishing tensor elements of the second and third –order nonlinear optical coefficients
in the paraelectric, tetragonal and rhombohedral phase under single frequency
approximation and second-order phase transitions.
Our aim here is then to utilize the expressions for the NLO susceptibility tensor components
derived by Murgan et al (2002) to extend the study of the MPB to the second and third-order
nonlinear susceptibility. Further, both the dynamic and static case is considered and an
explanation based on the FE soft modes is provided. Because the expressions for the
dielectric susceptibility given by Murgan et al. (2002) do not immediately relate to the MPB,
we will first transform them into an alternative form that shows the explicit dependence on
the transverse optical (TO) phonon mode and the longitudinal optical (LO) modes. The
enhancement of the dynamic nonlinear susceptibility tensors is then investigated within the
concept of the ferroelectric soft-mode with normal frequency ωT . Within the free energy
formulation, the soft-mode ωT is found to include the parameter ( β1 − β2 ) as well as the
parameter (T − Tc ) .

2. Background on morphotropic phase boundary (MPB)
Most studies on MPB is performed on a complex structured ferroelectric or piezoelectric
materials such as PZT or PZN-PT and only recently studies on simple structure pure
ferroelectric materials such as BaTiO3 or PbTiO3 took place. In this section we will shortly
review both theoretical and experimental results on the most common MPB materials and
its main findings. Early experimental work on MPB focused mainly on the behavior of
piezoelectric constant. This is because most of the measurements were based on diffraction
which measure distortion of a unit cell. For example, Shirane & Suzuki (1952) and Sawgushi
(1953) found that PZT solid solutions have a very large piezoelectric response near the MPB
region. Results of this kind are reviewed by Jaffe et al (1971) who first introduced the phrase
“morphotropic phase diagram”. A typical temperature-composition phase diagram for PZT
is shown in Fig.1. The graph is after Noheda et al. (2000a). As shown in Fig. 1, the MPB is the
boundary between the tetragonal and the rhombohedral phases and it occurs at the molar
fraction compositions close to x = 0.47. In addition, the MPB boundary is nearly vertical in
temperature scale. Above the transition temperature, PZT is cubic with the perovskite
structure. At lower temperature the material becomes ferroelectric, with the symmetry of
the ferroelectric phase being tetragonal (FT ) for Ti-rich compositions and rhombohedral (FR)
for Zr-rich compositions. Experimentally, the maximum values of the dielectric permittivity,
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piezoelectric coefficients and the electromechanical coupling factors of PZT at room
temperature occur at this MPB (Jaffe et al., 1971). However, the maximum value of the
remanent polarization is shifted to smaller Ti contents.
For ferroelectrics with rhombohedral and tetragonal symmetries on the two sides of the
MPB, the polar axes are (1,1,1) and (0,0,1) (Noheda et al., 1999). The space groups of the
tetragonal and rhombohedral phases (P4mm and R3m, respectively) are not symmetryrelated, so a first order phase transition is expected at the MPB. However, this has never
been observed and, only composition dependence studies are available in the literature.
Because of the steepness of the phase boundary, any small compositional inhomogeneity
leads to a region of phase coexistence (Kakegawa et al., 1995; Mishra & Pandey, 1996; Zhang
et al., 1997; Wilkinson et al., 1998) that conceals the tetragonal-to-rhombohedral phase
transition. The width of the coexistence region has been also connected to the particle size
(Cao & Cross, 1993) and depends on the processing conditions, so a meaningful comparison
of available data in this region is often not possible.
Various studies (Noheda et al., 1999; Noheda et al., 2000a; Noheda et al., 2000b; Guo et al.,
2000; Cox et al., 2001) have revealed further features of the MPB. High resolution x-ray
powder diffraction measurements on homogeneous sample of PZT of excellent quality have
shown that in a narrow composition range there is a monoclinic phase exists between the
well known tetragonal and rhombohedral phases. They pointed out that the monoclinic
structure can be pictured as providing a “bridge” between the tetragonal and rhombohedral
structures. The discovery of this monoclinic phase led Vanderbilt & Cohen (2001) to carry
out a topological study of the possible extrema in the Landau-type expansions continued up
to the twelfth power of the polarization. They conclude that to account for a monoclinic
phase it is necessary to carry out the expansion to at least eight orders. It should be noted
that the free energy used to produce our results for the MPB means that our results apply
only to the tetragonal and rhombohedral phases, however, since these occupy most of the
(β1 , β2 ) plane, the restriction is then not too severe.
As mentioned above, the common understanding of continuous-phase transitions through
the MPB region from tetragonal to rhombohedral, are mediated by intermediate phases of
monoclinic symmetry, and that the high electromechanical response in this region is related
to this phase transition. High resolution x-ray powder diffraction measurements on poled
PbZr1-xTixO3 (PZT) ceramic samples close to the MPB have shown that for both
rhombohedral and tetragonal compositions the piezoelectric elongation of the unit cell does
not occur along the polar directions but along those directions associated with the
monoclinic distortion (Guo et al., 2000). A complete thermodynamic phenomenological
theory was developed by Haun et al., (1989) to model the phase transitions and singledomain properties of the PZT system. The thermal, elastic, dielectric and piezoelectric
parameters of ferroelectric single crystal states were calculated. A free energy analysis was
used by Cao & Cross (1993) to model the width of the MPB region. The first principles
calculations on PZT have succeeded in reproducing many of the physical properties of PZT
(Saghi-Szabo et al., 1999; Bellaiche & Vanderbilt, 1999). However, these calculations have not
yet accounted for the remarkable increment of the piezoelectric response observed when the
material approaches its MPB. A complicating feature of the MPB is that its width is not well
defined because of compositional homogeneity and sample processing conditions
(Kakegawa et al., 1995).
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Another system that has been extensively studied is the Pb(Zn 1 3Nb 2 3 )O 3 -PbTiO 3 (PZNPT) solid solution. It is a relaxor ferroelectric with a rhombohedral to tetragonal MPB similar
to PZT. It shows excellent properties for applications such as sensors and electrostrictive
actuators (Kuwata et al., 1981; Kuwata et al., 1982; Iwata et al., 2002b; Cross, 1987; Cross,
1994). The giant dielectric response in relaxors and related materials is the most important
properties for applications. This is because the large dielectric response means a large
dielectric constant and high electromechanical coupling constant.

Fig. 1. The temperature-composition phase diagram for PZT where PC is the paraelectric
cubic phase, FT is the ferroelectric tetragonal phase, FR is the ferroelectric rhombohedral
phase and FM is the ferroelectric monoclinic phase. The nearly horizontal line represents
the boundary between the paraelectric phase and the ferroelectric phase while the nearly
vertical line represents the MPB between the tetragonal and the rhombohedral phase. The
open circles represent the results obtained by Jaffe et al., (1971) while the black circles and
squares represent the modifications introduced by Noheda et al., (2000a). The monoclinic
phase existed at the MPB is represented by the dashed area. The graph is after Noheda et
al. (2000a).
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Iwata et al. (2002b; 2005) have theoretically discussed the phase diagram, dielectric
constants, elastic constants, piezoelectricity and polarization reversal in the vicinity of the
MPB in perovskite-type ferroelectrics and rare-earth–Fe2 compounds based on a Landautype free energy function. They clarified that the instability of the order parameter
perpendicular to the radial direction in the order-parameter space near the MPB. Such
instability is induced by the isotropy or small anisotropy of the free-energy function. In
addition, the transverse instability is a common phenomenon, appearing not only in the
perovskite-type ferroelectric oxides, but also in magnetostrictive alloys consisting of rareearth–Fe2 compound (Ishibashi & Iwata, 1999c), in the low-temperature phase of hexagonal
BaTiO3 (Ishibashi, 2001) and in shape memory alloys (Ishibashi & Iwata, 2003; Iwata &
Ishibashi, 2003). They also noted that the origins of the enhancement of the responses near
the MPB both in the perovskite-type ferroelectrics and the rare-earth–Fe2 compounds are the
same. Even more, Iwata & Ishibashi (2005) have also pointed out that the appearance of the
monoclinic phase and the giant piezoelectric response can be explained as a consequence of
the transverse instability as well.
A first principles study was done by Fu & Cohen (2000) on the ferroelectric perovskite,
BaTiO3, which is similar to single-crystal PZN-PT but is a simpler system to analyze. They
suggested that a large piezoelectric response could be driven by polarization rotation
induced by an external electric field rotation (Fu & Cohen, 2000; Cohen, 2006). Recently,
these theoretical predictions of MPB on a single BaTiO3 crystal have been experimentally
confirmed by Ahart et al. (2008) on a pure single crystal of PbTiO3 under pressure. These
results on BaTiO3 and PbTiO3 open the door for the use of pure single crystals with simple
structure instead of complex materials like PZT or PMN-PT (PbMg1/3Nb2/3O3-PbTiO3)
that complicates their manufacturing as well as introducing complexity in the study of the
microscopic origins of their properties (Ahart et al., 2008). Moreover, Ahart et al. (2008)
results on the MPB of PbTiO3 shows a richer phase diagram than those predicted by first
principle calculations. It displays electromechanical coupling at the transition that is larger
than any known and proves that the complex microstructures or compositions are not
necessary to obtain strong piezoelectricity. This opens the door to the possible discovery of
high-performance, pure compound electromechanical materials, which could greatly
decrease costs and expand the utility of piezoelectric materials. For the above mentioned
reasons, we are motivated here to study the NL behavior of a pure single FE with simple
crystal structure such as PbTiO3 or BaTiO3 at the MPB on the basis of the free-energy model.

3. The concept of morphotropic phase boundary (MPB) in the free energy
The first published paper on modeling the MPB using the Landau–Devonshire-type of free
energy was made by Ishibashi and Iwata (1998). The authors basically used the free energy F
as a function of the dielectric polarization in the following form;
F ( P ) = F0 +

α
β
β
⎡ Px2 + Py2 + Pz2 ⎤⎦ + 12 ⎡⎣ Px4 + Py4 + Pz4 ⎤⎦ + 22 ( Px2 Py2 + Py2 Pz2 + Pz2 Px2 )
2ε 0 ⎣
4ε 0
2ε0

(1)

The former expression for the free energy may simply be written in the form
F = F0 + ΔF where F0 is the free energy is for the paraelectric phase. In Eq. (1), α is a
temperature dependent coefficient with α = a (T − Tc ) where a is the inverse of the Curie
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constant, T is the thermodynamic temperature, and Tc is the Curie temperature. The authors
found that the static linear dielectric constant for both tetragonal and rhombohedral phases
diverges at the MPB when β1 = β2 in the free energy function. They proposed a phase
diagram in the T − β2 β1 plane to explain the MPB as a function of the material
parameters β* = β2 β1 . This diagram is reproduced in Fig. 2 for completeness. The vertical
dotted line at β1 = β2 represents the MPB between the rhombohedral and tetragonal phase
for the static linear χ ( ω = 0 ) . The solid longitudinal line represents the boundary between
the high temperature phase (Cubic) and the ferroelectric (FE) phases. It should be noted that
the thermodynamic stability of the FE phases requires that F → ∞ as P → ∞ for any
direction of the polarization P. In the region of the β plane defined by β1 > β2
and β1 + 2β2 > 0 , the cubic-rhombohedral transitions of the second-order occurs. And the
region defined by β2 > β1 > 0 , the cubic-tetragonal transition of the second-order occurs.

Fig. 2. The temperature-composition (T − β2 β1 ) phase diagram with the vertical dotted
line represents the MPB (after Ishibashi & Iwata 1998).
In Eq. (1), if β1 = β2 , the free energy becomes isotropic and therefore, there is no difference
between tetragonal and rhombohedral phases. To explain this, consider the polarization
components Px , Py and Pz taken along a set of orthogonal geometrical axis and the free
energy is represented by a surface where its shape depends on the value of β1 and β2 . The
case of β1 = β2 , the free energy is isotropic and represented by a sphere in the xyz frame of
reference. In the tetragonal phase the free energy surface is elongated in the direction of the
spontaneous polarization to assume the shape of an ellipse (Murgan et al., 2002a). For
example, if the spontaneous polarization is taken along the z-direction, therefore, the
ellipsoid is elongated along this axis as seen in Fig.3 which illustrates the uniaxial nature of
the tetragonal symmetry. The intersection of the isotropic surface and the tetragonal surface
occurs only at the Px − Py plane. In the rhombohedral phase, the spontaneous polarization is
along the ( 1,1,1) direction and the free energy is not only elongated in the z-direction but
also rotated as seen in Fig. 4. At the MPB the energy surface becomes isotropic but still
rotated with reference to the original frame (Murgan et al., 2002a). In the previous theoretical
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Fig. 3. The free energy surfaces for the isotropic and tetragonal systems (After Murgan et
al., 2002a)

Fig. 4. The free energy surfaces for the isotropic and rhombohedral systems. ( After (Murgan
et al., 2002a)
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calculations using the free energy, Haun et al., (1989) had directly related the MPB to the
composition in PbZrO3:PbTiO3 solid solution family where the relation between the material
parameters β1 and β2 were overlooked. In fact Ishibashi & Iwata (1998, 1999a, 1999b)
proposed that the material parameter β* may be considered a function of the mole fraction
composition x passing through 1 at x = 0.55 . However, the relation between the material
parameters β1 and β2 and the composition remains a topic of further investigations.

4. Dielectric susceptibility from Landau-Devonshire free energy
Ishibashi & Orihara (1994) was the first to consider the Landau-Devonshire theory to give
expressions for the nonlinear dynamic dielectric response by using the Landau-Khalatnikov
(LK) equation. They evaluated the NLO coefficients and the third-order nonlinear (NL)
susceptibility coefficients in the paraelectric (PE) phase above the Curie temperature Tc.
Subsequently, Osman et al. (1998a,b) have extended the theory to evaluate the NLO
coefficients in the FE phase. They have demonstrated that all second order χ( 2 ) process
vanishes naturally in the PE phase and that they are non zero in the FE phase due to the
presence of the spontaneous polarization P0 that breaks the inversion symmetry. However,
the former authors considered the free energy to be a function of a scalar polarization P
Soon after that, Murgan et al. (2002), used a more general form of the free energy to.
calculate the dielectric susceptibility elements. In their expression, they considered the free
energy expansion to be a function of a vector polarization Q and additional terms were
added to Eq. (1). They considered a free energy of the following form;
α
⎡Qx2 + Qy2 + Qz2 ⎤⎦
2ε0 ⎣
β
β
α
+ 12 ⎡⎣Qx4 + Qy4 + Qz4 ⎤⎦ + 22 Qx2Qy2 + Qy2Qz2 + Qz2Qx2 +
⎡ Ps2 + 2Qz Ps ⎤⎦
4ε 0
2ε0
2ε0 ⎣
β
β
+ 12 ⎡⎣6Qz2 Ps2 + 4Qz3 Ps + 4Qz Ps3 + Ps4 ⎤⎦ + 22 ⎡⎣( Qz2 + 2Qz Ps + Ps2 ) Qx2 + Qy2 ⎤⎦
4ε 0
2ε0

F ( P ) = F0 +

(

)

(

(2)

)

In the above expression, Ps is the spontaneous polarization with its direction being along the
tetragonal axes (considered in the z-direction). Eq. (2) for the free energy may simply be
written in the form F = F0 + ΔF where F0 is the free energy is for the paraelectric phase and
the polarization components in paraelectric phase is then related to the polarization in
ferroelectric tetragonal phase by Px = Qx , Py = Qy and Pz = Qz + Ps . The magnitude of the
spontaneous polarization Ps is given by the condition of minimum free energy
∂ FE ( P ) ∂Pz = 0 evaluated at Pz = Ps . The above expression for the free energy is more
suitable for many real FE crystals that undergo successive phase transitions where
additional terms are considered in comparison to Eq. (1). An important notice is that most
FE, especially oxide ferroelectrics, exhibits a first-order phase transitions from the PE cubic
phase to the FE phase. However, the phase transition from the cubic PE phase to the various
symmetries of the lower–temperature phases can be treated as second-order provided
certain conditions are fulfilled for lower symmetry groups (Haas, 1965). In the FE phase at
temperatures much lower than the transition temperature, the type of transition is of no
importance for the discussion of their physical properties (Ishibashi & Iwata 1998). Together
ˆ = − ∂F ∂P + E is
with the free energy expression in Eq. (2), LK dynamical equation OP
i
i
i
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utilized to derive various dielectric susceptibility elements (Murgan et al. (2002). The
differential operator Ô = Γ d dt is used in case of relaxational dynamics while
Ô = M d 2 dt 2 + Γ d dt is used for oscillatory dynamics with M and Γ being the effective mass
and the damping constant respectively.
Expressions for the second-order nonlinear susceptibility tensor elements are shown in
table 1 while expressions for third-order nonlinear susceptibility tensor components are
shown in Table 2. In particular, table 1 shows the nonvanishing tensor elements for
second-harmonic generation (SHG) and optical rectification (OR) while Table 2 shows the
nonvanishing tensor elements for the third-harmonic generation (THG) and the intensitydependent (IP) refractive index process. The expressions in both table 1 and Table 2 are all
written in terms of the above linear response functions σ(ω) and s(ω) (Murgan et al.,
2002). For SHG there are three independent elements and a total of seven nonvanishing
elements while for OR there are four independent elements and a total of seven
nonvanishing elements. For THG, there are five independent elements and a total of nine
nonvanishing elements while for IP refractive index, there are eight independent elements
and a total of a total of 15 nonvanishing elements. It should be noted that we were obliged
to reproduce the results in able 1 and 2 to correct various mistakes found in the original
work published by Murgan et al. (2002). The nonlinear dielectric susceptibility elements in
Table 1 and 2 are given in terms of the following linear response functions in tetragonal
symmetry;
Process, and K
SHG
K =1 2
χ(ilm2 ) ( −2 ω; ω, ω)

Symmetric on
interchange
of ( lm )

Susceptibility χ( 2 )
χ(zzz2 )SHG = −

2 )SHG
2 )SHG
χ(zyy
= χ(zxx
=−

χ(ilm2 ) ( 0; −ω, ω)

β2
Ps s ( 2 ω) σ2 ( ω)
ε03

2 )SHG
2 )SHG
2 )SHG
2 )SHG
χ(xzx
= χ(yzy
= χ(xxz
= χ(yyz
=−

χ(zzz2 )OR = −

Optical
rectification (OR)
K=1 2

3
β1 Ps s ( 2ω) s 2 ( ω)
ε 03

β2
Ps σ ( 2 ω) σ ( ω) s ( ω)
ε03

2
3
β1 Ps s ( 0 ) s ( ω)
ε 03

Equation
Number
(3)
(4)
(5)
(6)

2
β2
Ps s ( 0 ) σ ( ω)
3
ε0

(7)

2 )OR
2 )OR
χ(xzx
= χ(yzy
=−

β2
Ps σ ( 0 ) s ( ω) σ* ( ω)
ε 03

(8)

2 )OR
2 )OR
χ(xxz
= χ(yyz
=−

β2
Ps σ ( 0 ) σ ( ω) s * ( ω)
ε 03

(9)

2 )OR
2 )OR
χ(zyy
= χ(zxx
=−

Table 1. The nonvanishing tensor elements for second-harmonic generation (SHG) and
optical rectification (OR) in ferroelectric tetragonal symmetry (Murgan et al. 2002).

13

Morphotropic Phase Boundary in Ferroelectric Materials

Process,

3)
Susceptibility χ(ilmn

and K

THG
)THG
χ(x3,xxx
= χ(y3,)yyy
=

Thirdharmonic
generation
(THG)
K=1 4
Symmetric
on
interchange
of ( lmn )

3 )THG
χ(zzzz
=

~ ( 3 )THG

~ ( 3 )THG

χ xxzz

~ ( 3 )THG

χ zyyz

~ ( 3 )THG

= χ yyzz

~ ( 3 )THG

= χ zxxz

⎡ 18 Ps2β1
⎤
β1
3
s
3
s
s ( 2 ω) − 1⎥
ω
ω
(
)
(
)
⎢
3
2
ε0
⎣ ε0
⎦

~ ( 3 )THG

χ yxxy

= χ xxyy

=

=

⎡ 4β P 2 σ ( 2ω) + 6β1 Ps2 s ( 2ω)
⎤
1 β2
s ( 3ω ) σ 2 ( ω ) s ( ω ) ⎢ 2 s
− 1⎥
3
2
ε
3 ε0
0
⎣
⎦

(14)

⎡2
⎤
1 *
σ ( ω) σ 3 ( ω) ⎢ 2 β22 Ps2 s ( 0 ) − β1 ⎥
3
ε0
⎣ ε0
⎦

⎡ 18β
⎤
β1 3
s ( ω) s * ( ω) ⎢ 2 1 Ps2 s ( 0 ) − 1⎥
ε03
⎣ ε0
⎦

(19)

⎡ 3 P 2β β s ( 0 ) + β2 Ps 2 σ ( 0 ) ⎤
β2 2
σ ( ω) s ( ω) s * ( ω) ⎢ s 1 2
⎥
3
ε0
ε 02
⎣
⎦

(20)

⎡ 2 P 2β σ ( 0 ) 1 ⎤
β2 2
σ ( ω) s ( ω) s * ( ω) ⎢ s 22
− ⎥
3
ε0
ε0
3⎦
⎣

(21)

⎡ 3β P 2 s ( 0 ) + β2 Ps 2 σ ( 0 ) 1 ⎤
β2 2
− ⎥
s ( ω ) σ ( ω ) σ * ( ω) ⎢ 1 s
3
ε0
ε 02
3⎦
⎣

(22)

3) IP
3) IP
χ(zyyz
= χ(zxxz
=

~ ( 3) IP

(17)

⎡ 2β P 2
1⎤
β2 2
s ( ω) σ* ( ω) σ ( ω) ⎢ 22 s σ ( 0 ) − ⎥
3
3⎦
ε0
ε
⎣ 0

χ yyzz = χ xxzz =

χ zzyy = χ zzxx =

(16)

(18)

~ ( 3) IP

3) IP
3) IP
χ(yzzy
= χ(xzzx
=

~ ( 3) IP

β2 3
σ ( ω) σ * ( ω)
3ε 03

(15)

⎡ 2β P 2 s ( 0 ) 2 ⎤
β2 3
σ ( ω ) σ * ( ω) ⎢ 2 s 2
− ⎥
3
ε0
2ε0
3⎦
⎣

~ ( 3) IP

χ xxyy = χ yyxx =

~ ( 3) IP

(12)

(13)

3) IP
3) IP
χ(yxxy
= χ(xyyx
=−

~ ( 3) IP

(11)

⎡ 4β2 Ps2 σ ( 2 ω) + 6β1 Ps2 s ( 2 ω)
⎤
1 β2
2
σ
ω
σ
ω
ω
− 1⎥
3
s
(
)
(
)
(
)
⎢
3
2
ε0
3 ε0
⎣
⎦

3) IP
χ(zzzz
=

Symmetric
on
interchange
of ( lm )

⎡ 2β P 2
⎤
β2
σ ( 3ω) σ3 ( ω) ⎢ 22 s s ( 2 ω) − 1⎥
3
3ε0
⎣ ε0
⎦

(10)

=

3 ) IP
3 ) IP
χ(xxxx
= χ(yyyy
=

Intensitydependent
refractive
index (IP)
K=3 4

⎡ 2β22 Ps2
⎤
1
3
3
σ
ω
σ
ω
(
)
(
)
⎢ 2 s ( 2 ω) − β1 ⎥
3
ε0
⎣ ε0
⎦

Eq.
number

Table 2. The nonvanishing tensor elements for third-harmonic generation (THG) and
intensity-dependent (IP) refractive index in ferroelectric tetragonal symmetry. (Murgan et
al., 2002).
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σ(ω) = ⎡⎣Θ ( ω) + ( α ε 0 ) + ( β2 Ps2 ε02 ) ⎤⎦

−1

s ( ω) = ⎡⎣ Θ ( ω) + ( α ε 0 ) + ( 3β1 Ps2 ε 02 ) ⎤⎦

(23)

−1

(24)

In the above, the frequency-dependent term is Θ ( nω) = − M ( nω) − iΓ ( nω) for oscillatory
dynamics while Θ ( nω) = −iΓ ( nω) for relaxational dynamics and n is an integer number. Ps2
The linear dielectric susceptibility elements χ(ii1) in tetragonal phase is written in terms of
2

these uniaxial linear response functions as
χ(xx1) = χ(yy1) = σ(ω) ε 0

,

χ(zz1) = s(ω) ε0

(25)

I
where the linear dielectric susceptibility tensor χ ( ω) is a 3 × 3 diagonal matrix and the
average linear susceptibility may be given by χ av ( ω) = ( 1 3 ) ( χ xx + χ yy + χ zz ) .

5. The input parameters
To plot the dielectric susceptibility, various input parameter is required. Input parameters
such as a , Tc and M are taken from the available experimental data of BaTiO3 (Ibrahim et al
2007, 2008, 2010). For convenience, we may write the operating frequency ω as some
coefficient f multiplied by the resonance frequency ω0 for FE material. Thus, f = ω ω0 with
ω0 approximated from the simple equation ω0 ≈ + −2 a (T − Tc ) ε 0 M for FE materials in
tetragonal phase (Ibrahim et al., 2007, 2008, 2010). The parameter a = 1 / C where
C = 1.7 × 10 5 K is the Curie constant (Mitsui et al., 1976). This gives a value of
ω0 ≈ 1.4 × 10 14 Hz at room temperature. The thermodynamic temperature T is fixed at room
temperature.
To estimate the value of β1 and β2 , we recall the following equation obtained by Ishibashi
et al., (1998).

ε xx = ⎣⎡ 2β1 ( β2 − β1 ) ⎦⎤ ε zz

(26)

For ferroelectric material, the dielectric constant is approximated by ε xx ≈ χ ii since χ ii  1 .
In tetragonal symmetry, expressions for both ε xx and ε zz may then be obtained by
considering the static limit ω → 0 of equation (5). This gives ε xx = 1 ⎡⎣α + β2 Ps2 ε0 ⎤⎦ and
ε zz = 1 ⎡⎣α + 3 β1 Ps2 ε 0 ⎤⎦ (Murgan et al., 2002). Substituting ε xx and ε zz into Eq. (26) yields the
simple relation β2 = 3β1 . The value of β1 is then estimated from the spontaneous
polarization equation Ps = −ε0 α β1 in tetragonal phase. This yields β1 = 7.58 × 10 −14 m 3 J -1 for
Ps ≈ 0.26 C.m-2 at room temperature. Hence, a value of β2 = 3β1 = 2.27 × 10 −13 m 3 J -1 at room
temperature. It should be noted that the value of β1 and β2 are very sensitive to the value of
the spontaneous polarization. Estimation of the damping parameter Γ for BaTiO3 may also
be done by comparing the dielectric function in Eq. (4) and the equation
ε zz ( ε ) = ε ∞ + ⎣⎡s ( ω) ε 0 ⎦⎤ obtained by Osman et al. (1989a). This yields the relation;
Γ = iMω − i ⎣⎡α ( 1 + 2ε 0 ) ε0 ω ( 1 − ε 0 ) ⎦⎤

(27)

which express Γ as a function of M, α and ω . For fixed values of Ps and ω , we have
numerically found that Γ changes by one order of magnitude (From 10 −6 − 10 −7 ) over the
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range of temperature from T = 0 oC to the T = Tc . On the other hand, the damping
coefficient is relatively not a sensitive function of Ps or ω in such a way that it maintains its
order of magnitude over the relevant range of Ps or ω . A similar procedure was done by
Razak et al. (2002) to estimate the damping parameter of PbTiO3. In fact, each oscillating
mode in the crystal may assume different damping ratio in a real crystal and the stability of
each mode depends on its damping ratio. The average damping parameter of all the
relevant modes is usually obtained. However, for convenience, we have to fix the damping
parameter at specific value within the range 10 −6 − 10 −7 predicted by our Eq. (27). For
example we may approximate the damping constant by Γ ≈ 3.4 × 10 -7 Kg.m 3 .A -2 .s -3 which
corresponds to Ps ≈ 0.22 C.m-2, ω = 1.01ω0 , and T ≈ 387 K.

6. Morphotropic phase boundary (MPB) in linear dielectric susceptibility
The divergence of the static dielectric susceptibility near the MPB for tetragonal and
rhombohedral symmetry was first investigated by Ishibashi and Iwata (see for example
Ishibashi & Iwata 1998). They have derived the static dielectric constant χ ( 0 ) by adopting
a “golden rule” and obtaining the Hessian matrix which is a 3 × 3 matrix composed of the
second derivatives of the free energy as a function of the polarization. They found that the
static limit of χ ( ω → 0 ) diverges at β1 = β2 in a χ ( 0 ) versus beta β* diagram where
β* = β2 β1 . Especially for tetragonal symmetry, the χ ( 0 ) diverges from the right side
toward β* = 1 (See Fig. 2).
In this section, we investigate the dynamic linear dielectric susceptibility χ ( ω) and its MPB
for FE material in tetragonal phase. We will study the effect of operating frequency ω on the
dynamic linear susceptibility as a function of the material parameters β1 and β2 . Therefore,
the divergence of the static limit of the linear dielectric susceptibility χ ( 0 ) at the MPB
(β1 = β2 ) is regarded as a special case. In the static limit, the results obtained here for the
static χ ( 0 ) shows similar divergence as those obtained by Ishibashi et al. (1998). To explain
the behavior of χ ( ω) in terms of FE soft modes, it is necessary to write χ ( ω) in the
following form;

{

}

χ(xx1) = χ(yy1) = Mε 0 ⎡⎣ −ω2 − iω ( Γ M ) + ω2TO ⎤⎦
2
χ(zz1) = ⎡⎣ε 0 M ( −ω2 − iω ( Γ M ) + ωLO
) ⎤⎦

−1

−1

(28)
(29)

We note that in deriving equations (27) and (28), we have used the spontaneous polarization
for tetragonal phase defined by Ps2 = −ε 0 α β1 . In the above equations, χ(1) is written in terms
of the lattice-vibrational modes, particularly, χ(xx1) is written in terms of the transverse-optical
2
(TO) mode characterized by its normal frequency ωTO
= a (T − Tc )( β1 − β2 ) Mε 0 β1 and χ(zz1) is
2
written in terms of its longitudinal-optical (LO) mode ωLO
= 2 a (T − Tc ) ε 0 M . The TO mode
corresponds to the displacement of the free energy perpendicular to the polar axis while the
LO mode corresponds to the displacement along the polar axis. Upon using α = a (T − Tc )
the pole position can be determined by the soft-mode frequency.
2
Since the stability region of the tetragonal phase lies at β2 > β1 , the value of ωTO
is positive.
As anticipated, the soft-mode frequency shows that the term β1 − β2 enters on the same
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footing as the term (T − Tc ) which make the dielectric susceptibility diverges either when
T approaches Tc or when β1 approaches β2 . Therefore, ωTO has a double soft-mode
character and the explicit limits are then ωTO → 0 as β2 → β1 or T → Tc and ωTO → ∞ as
β1 → 0 (instability limit). The reason for the instability can be seen from the spontaneous
polarization Ps2 = −ε 0 α β1 where near the instability limit Ps becomes large and
therefore ωTO . It is important to notice that the instability limit is a kind of an artifact; it
results mainly due to the truncation of the free energy to the fourth order in the polarization.
Thus, when β1 is very small, at least the sixth order terms in the polarization should be
added to the free energy to avoid the instability.
Now the origin of the enhancement of the dielectric susceptibility is clear, when β2 → β1 , the
value of the soft-mode frequency ωTO becomes smaller which leads to a direct enhancement
of the values of χ(xx1) = χ(yy1) as seen in equation (27). The static dielectric constant can then be
derived by setting ω = 0 in equations (27) and (28). This leads to a similar form to those
equations obtained by Ishibashi et al. (1998). These are;
2
χ(xx1) = χ(yy1) = β1 ⎣⎡ a (T − Tc )( β1 − β2 ) ⎤⎦ = 1 mε0 ωTO

(30)

2
χ(zz1) = − 1 ⎣⎡ 2 a (T − Tc ) ⎦⎤ = −1 ε0 mωLO

(31)

In Eq. (29) and (30), the static linear dielectric constant shows that at the MPB, χ(xx1) ( ω → 0 )
and χ(yy1) ( ω → 0 ) diverge when β1 = β2 at all temperatures while χ(zz1) ( ω → 0 ) diverges only at
T → Tc . In Fig. 5(a), we plot the complex dynamic dielectric susceptibility χ(xx1) versus
β* = β2 β1 at single operating frequency f = ω ω0 = 0.1 . A part from the element χ(zz1) which
remains constant over β* because it is a function of the LO mode only, the other element
χ(xx1) shows a resonance-like behavior at certain value of β* . At this peak, the dynamic
response of the dielectric susceptibility is maximized. In a way, this resonance-like behavior
is a function of the material composition through the parameter β* and it is explainable
within the concept of the ferroelectric soft-mode dynamics. We have numerically found that
the value of χ(xx1) at its maximum is 2.4 × 10 4 which give a linear refractive index
n = Re(ε xx ( ω)) ≈ 109 at room temperature. Meanwhile, far from the pole, at β* = 3 , the
dielectric constant is about 800 which results in a linear refractive index of 2.46. In fact, the
value of the dielectric susceptibility decreases gradually from its maximum by increasing
the value of β* . The values of the dielectric constant obtained here for ferroelectric materials
are huge in comparison to typical dielectrics or semiconductors. For amorphous dielectrics
such as fused silica, the dielectric constant is in the range 2.5-3.5 while the linear refractive
index is about 1.46. In typical semiconductors such as GaAs, the dielectric constant is about
13.2 and the linear refractive index is 3.6 (Glass, 1987).
To examine the effect of operating frequency, we plot the average value of the dynamic
linear dielectric susceptibility versus β* for different operating frequencies f (Fig. 5(b)).
Other parameters kept unchanged. The general feature of these curves is that they all show
a peak behavior where the dynamic linear susceptibility is maximum at certain value of β* .
This pole response is a strong function of the operating frequency. For example, curve (i)
shows the linear susceptibility χ(av1) ( ω) versus β* for f = 2 , this gives a maximum value of
χ(av1) ( ω)  796 at β* = 9 . Curve (ii) shows the linear susceptibility χ(av1) ( ω) for f = 1.5 , this gives
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a maximum value of χ(av1) ( ω)  1060 at β* = 5.5 . Upon decreasing the operating frequency
further to f = 1.1 (Curve (iii)), the linear susceptibility χ(av1) ( ω) assumes a maximum value of
1447 at β* = 3.42 . Below the resonance, at
f = 0.95 (Curve (iv)), χ(av1) ( ω) assumes a
*
maximum value of 1676 at β = 2.81 . Far below the resonance, at f = 0.5 (Curve (v)),
χ av(1) (ω ) gives a maximum value of 3185 at β * = 1.5 . Finally, at f = 0.0 (Curve (vi)), the
1
static limit of the linear susceptibility χ av( ) ( 0 ) in this case diverges at β * = 1 . This result for
the static case coincide with the results obtained by Ishibashi (1998) using the Hessian
matrix of the free energy. Therefore, we may generally conclude that, for the dynamic
dielectric susceptibility, a systematic decrease of the operating frequency ω = f ω0 is
accompanied by systematic enhancement of the linear dielectric susceptibility especially at
its peak. However, decreasing the operating frequency is also accompanied a systematic
1
decrease of β * towards β * = 1 . At ω = 0 , the value of χ av( ) ( 0 ) goes to infinity at β * = 1 since
the soft-mode frequency ωTO becomes zero.

Fig. 5. (a) Linear dynamic dielectric susceptibility χ(xx1) versus β* = β2 β1 in tetragonal phase at
room temperature and operating frequencies f = ω ω0 = 0.1 .

7. Morphotropic phase boundary in second-order nonlinear susceptibility
In the free energy formalism, there is only one underlying dynamic equation and the NLO
coefficients take the form of products of linear response functions. This formalism does not
explicitly show the dependence of the NL susceptibility on the MPB or the ferroelectric soft
mode. As shown in Table 1 and table 2, the susceptibility elements takes the form of a
product of linear response functions, s ( nω) if the related suffix is z, and σ ( nω) if it is x or y

18

Ferroelectrics – Physical Effects

and the argument is the related frequency. In this case, it is convenient to transform the
second-order NL susceptibility tensor elements to an alternative form that shows a direct
dependence on the lattice-vibrational modes.

Fig. 5. (b) Linear dynamic dielectric susceptibility χ(av1) versus β* = β2 β1 in tetragonal phase at
room temperature for different operating frequencies f = ω ω0 shows the improvement of
the χ(av1) ( ω) at the MPB.
These are the transverse-optical modes (TO) with normal frequency ωTO and the
longitudinal-optical (LO) mode with frequency ωLO . In this case, the ferroelectric soft mode
is one of these transverse-optical modes that soften when the thermodynamic temperature T
2 ) SHG
approaches Tc or β* approaches 1. For example, The SHG element χ(zyy
may be expressed
explicitly in terms of these modes in the following form;
2
⎧⎪
⎫
⎡ Θ ( 2 ω)
2 ) SHG
2 ) SHG
2 ⎤ ⎡ Θ ( ω)
2 ⎤ ⎪
χ(zyy
= χ(zxx
= −β2 Ps ⎨ε 03 M 3 ⎢
− ωLO
+
ω
⎥⎢
TO ⎥ ⎬
⎣ M
⎦⎣ M
⎦ ⎪⎭
⎪⎩

(32)

This is achieved by substituting the linear response functions σ ( ω) and s ( ω) in tetragonal
symmetry from Eq. (3) and Eq. (4) into Eq. (7) and performing a series of algebraic
manipulations. It should be noticed that the linear response functions for the second
harmonics σ ( 2 ω) s ( 2 ω) in Eq. (33) is responsible for the appearance of the function
2
argument Θ ( 2 ω) where Θ ( 2 ω) = − M ( 2 ω) − iγ ( 2 ω) . The static limits are then obtained by
setting ω = 0 in Eq. (32) and performing further algebraic simplifications. The above secondorder coefficient in Eq. (32) contains a tensor suffix corresponds to the output wave of
frequency 2ω , and others correspond to the input of frequency ω .
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2 ) SHG
2
χ(zyy
( ω = 0 ) = χ(zxx2 )SHG = χ(xzx2 )SHG = β2 Ps ε03 M 3ωTO4 ωLO

(33)

2 )SHG
2
The element χ(zyy
in Eq. (32) contains one longitudinal optical mode ωLO
= 2α ε0 M
corresponds to the output wave of frequency 2ω and one TO mode with frequency
2
ωTO
= 2 α ( β1 − β2 ) ε 0 Mβ1 corresponds to the input frequency ω . Therefore, this element is
expected to assume one peak at certain value of β* . This expectation is assured upon
2 )SHG
plotting χ(zyy
versus β* for different operating frequencies as shown in Fig. 6(a). The main
feature of those curves is that they all display a single pole at certain value of β* . In the
2 ) SHG
static case (curve i), the value of χ(zyy
( ω → 0 ) increases systematically then diverges at the
MPB between the tetragonal and rhombohedral phase where β* = 1 . As seen from Eq. (33),
2 ) SHG
the static value of χ(zyy
( ω → 0 ) only depends on ωLO and ωTO . Since ωLO is not a function of
2 ) SHG
*
β , thus the enhancement in the values of χ(zyy
( ω → 0 ) is mainly due to ωTO . The value of
2
ωTO = 2 α ( β1 − β2 ) ε 0 Mβ1 decreases “softens” systematically when β1 approaches β2 which
2 ) SHG
lead to a direct increment in the value of χ(zyy
( ω → 0 ) till the divergence occur
at β1 → β2 as ωTO → 0 at the MPB. It should be noted that, the association of a high static
dielectric constant with a specific low frequency optical mode is experimentally observed on
FE materials such as strontium titanate, SrTiO3 (Kittel 1995; Sirenko et al., 2000; Katayama et
al., 2007).

2 )SHG
Fig. 6. (a) The nonlinear dielectric susceptibility χ(zyy
( −2ω; ω, ω) versus β* = β2 β1 in
tetragonal phase at room temperature for different operating frequencies f = ω ω0 shows
the improvement of the MPB upon decreasing the operating frequency.

around the MPB and
The other curves in Fig. 6(a) show that both the dynamic value of χSHG
zyy
the corresponding value of β* are functions of the operating frequency. Particularly, at
f = 0.3 (curve ii), the maximum value of χSHG
is found to be around 4.8 × 10 −3 mv -1 at
zyy
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β*  1.2 . At f = 0.5 (curve iii), the maximum value of χSHG
was found to be around
zyy
3.5 × 10 −3 mv -1 at β*  1.5 . At f = 0.6 (curve iv), the maximum value of χSHG
was found to be
zyy
around 1.5 × 10 −3 mv -1 at β*  1.7 . At f = 0.7 (curve v), the maximum value of χSHG
was
zyy
found to be around 0.4 × 10 −3 mv -1 at β*  2 . Therefore, a systematic increase of the operating
frequency ω = f ω0 results in a systematic decrease of the maximum value of χSHG
and a
zyy
systematic increase of the value β* too. Thus the dynamic χSHG
assumes higher values at
zyy
lower frequencies. The peaks exhibited by χSHG
can be viewed clearly upon plotting both
zyy
the real and imaginary parts of the complex χSHG
at single operating frequency
zyy
f = ω ω0 = 0.1 as shown in Fig. 6(b). The graph shows that the single pole exhibited by
χSHG
nearly at β* ≈ 1 results from the resonance-like response exhibited by both real and
zyy
imaginary parts of the complex χSHG
. The values obtained in Fig. 6(a) are typical for SHG in
zyy
BaTiO3 (Murgan et al., 2004). However, the maximum value of χSHG
obtained in Fig. 6(b) is
zyy
dramatically increased ( 2.5 × 10 −2 mV -1 ) at such low frequency. This value is higher than the
typical values of BaTiO3 by about two to three order of magnitude. Needless to say that the
SHG value in ferroelectrics is initially very large (typically χ( 2 )  10 −11 mV -1 ) compared with
the order of magnitude for typical dielectric or semiconductors in the nonresonant region.
This is not surprising for resonant effects in highly polarizable materials such as
ferroelectrics. The TO mode softening may be explained as a result of the well-known
phenomenon of LO-TO splitting, that is, the shift in frequency between longitudinal optical
and transverse optical phonons at the Brillouin zone centre (Waser et al., 2006). In this case,
the softening of the TO modes is caused by a partial compensation of the long-range electric
fields on one hand and the short-range lattice elastic forces on the other hand.

Fig. 6. (b) The real and imaginary part of the nonlinear dynamic dielectric susceptibility
2 )SHG
χ(zyy
( −2ω; ω, ω) versus β* = β2 β1 in tetragonal phase at room temperature and at operating
frequency f = ω ω0 = 0.1 .
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8. Morphotropic phase boundary in third-order nonlinear susceptibility
The expressions for the third-order nonlinear susceptibility elements also consist of products
of linear response functions. Table 2 shows the dynamic nonlinear susceptibility elements
for the third-harmonic generation (THG) is also expressed in terms of the linear response
functions σ ( nω) and s ( nω) . The integer number n may assume one, two or three. The
elements in Table 2 may be written in terms of the TO and LO phonon frequencies following
the same procedure describes in the previous chapter. For example, the third-harmonic
element χTHG
in Eq. (17) may be written as;
zyyz
~ ( 3 )THG

χ zyyz
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−β2
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The linear response functions for the second-harmonics σ ( 2 ω) s ( 2ω) exists in Eq. (17) is
responsible for the appearance of the function argument Θ ( 2 ω) in Eq. (34) where
Θ ( 2 ω) = −4 M ω2 − i 2 Γω . The function argument Θ ( 2 ω) is intrinsic part of the χ( 3 ) response
and they do not result from cascade processes in which two second-order process follow
one another in time (Murgan et al., 2002). In nonlinear optics, a cascaded THG could arise
from SHG followed by sum-frequency generation, or symbolically ω + ω → 2 ω , then
ω + 2 ω → 3ω . The element χTHG
in Eq. (34) (apart from the prefactors and the LO modes)
zyyz
include two terms related to the TO modes. The first term include a TO mode propagating
at the input frequency ω while the second term include a TO mode propagating at 2ω .
Therefore, the element χTHG
is expected to assume a double peak behavior which may lead
zyyz
to a complicated enhancement effects at two different values of β* . In the static limit, Eq. (34)
reduces to the following form;
~ ( 3 )THG

χ zyyz

=

−2β2
4
4
ωLO
3ε M 4 ωTO
3
0

2
⎡ β2 ωLO
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2
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ω
⎣ 1 TO
⎦
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The former equation clearly indicates that the value of χ zyyz

(35)
→ ∞ when the value of

ωTO → 0 at the MPB.

A plot of χTHG
versus β* is shown in Fig. 7(a). In the dynamic case, both the real (The -●- curve)
zyyz
and the imaginary parts (The -o- curve ) of χTHG
assume a double peak behavior at two
zyyz
different values of β* as predicted by Eq. (34). In Fig. 7(b), the value χTHG
is plotted versus
zyyz
β* for different operating frequency. The main feature of these curves is that they all display a
double peak response at certain value of β* as predicted by Eq. (34). The value of χTHG
is
zyyz
generally increased upon decreasing the operating frequency f. As in the second-order case,
this is due to the softening of the TO mode which results in a direct increment of χTHG
.
zyyz
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Fig. 7. (a) The third-order nonlinear susceptibility tensor element χTHG
versus β* = β2 β1 in
zyyz
tetragonal phase at room temperature for operating frequencies f = 1.5 and for the static
case at f = 0.

Fig. 7. (b) The absolute value nonlinear dielectric susceptibility χTHG
versus β* = β2 β1 in
zyyz
tetragonal phase at room temperature for different operating frequencies f = ω ω0 .
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For example, at f = 1.3 (thin solid curve), the maximum value of χTHG
is found to be
zyyz
around 1.15 × 10 −12 m 2 v -2 at β*  4.5 . At f = 1.1 (the dashed curve) the maximum value of
χTHG
is 4.8 × 10 −12 m 2 v -2 at β*  3.5 . At f = 1.01 (solid curve), the maximum value of χTHG
zyyz
zyyz
increases to 9.1 × 10 −12 m 2 v -2 at β*  3 . At f = 0.9 (the -●- curve), the maximum value of
χTHG
further increases to 1.61 × 10 −11 m 2 v -2 at β*  2.7 . In the static case with f = 0 (the –ozyyz
curve), the value of χSHG
diverges at β* = 1 as predicted by Eq. (35). From the numerically
zyy
generated data, the typical value of the dynamic χ( 3 ) in BaTiO3 is found to lie within the
range of 10 −13 to 10 −16 depending on the operating frequency. Similar values of χTHG for
BaTiO3 are found by Murgan et al., (2002). These values for THG in ferroelectrics are very
large compared with typical semiconductors or dielectrics. For example, the χTHG for GaAs is
about 6.7 × 10 −19 m 2 v -2 while it is in the range of 10 −22 − 10 −20 for Glass (Eaton, 1991). From our
numerically generated data, the value of χ( 3 ) in BaTiO3 at its peak is increased by two or
three orders of magnitude in comparison with the values far from its peak.

9. Conclusion
In this chapter we have examined the behavior of both linear and nonlinear dielectric
susceptibility as a function the free energy parameters for different operating frequencies.
Both dynamic and static dielectric susceptibility is examined. Within the free-energy
formulation, the material-dependent nonlinear coefficients β1 and β2 may be assumed as
function of the molar composition. Using both the free energy and Landau-Khalatnikov
equation, the nonlinear dielectric susceptibility is written as a product of the linear
response functions. This form of dielectric susceptibility is transformed into an alternative
form that shows the explicit dependence on the transverse-optical (TO) and longitudinaloptical (LO) modes. The dielectric susceptibility is then investigated within the concept of
the ferroelectric soft-mode with normal frequency ωTO where the material parameters β1
and β2 enters on the same footing as temperature. The divergence of the static dielectric
susceptibility at the MPB occurs when the ferroelectric soft-mode becomes zero as a result
of β1 → β2 or T → Tc . Most dielectric susceptibility elements are systematically enhanced
upon decreasing the operating frequencies. In the vicinity of the MPB, the low-frequency
limit linear dielectric susceptibility is increased by one to two orders of magnitude in
comparison with the non-MPB value of the static dielectric susceptibility. For secondorder NL elements, the dynamic NL susceptibility may assume single or double pole
response. This actually depends on whether the dielectric susceptibility include a softmode corresponding to the input frequency ω or two soft-modes corresponds to both
ω and 2 ω . We found that the second-order NL process is enhanced by two orders of
magnitude in the vicinity of the MPB in comparison with the non-MPB values. We have
also demonstrated the systematic enhancement of the dynamic nonlinear susceptibility
upon increasing the thermodynamic temperature of the material towards the Curie
temperature. Within the third-order process, we have investigated both the THG and the
intensity-dependant (IP) susceptibility. We have found that certain elements within the
THG process assumes a triple-response at three different values of β* . This phenomena
occurs if the NL susceptibility element includes three different soft-modes frequencies
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corresponds to ω , 2 ω and 3ω . Other elements within the third-order NL process may
assume single or double pole in their dynamic response. As in the second-order process,
the third order process is enhanced at the MPB by two to three orders of magnitude. All
nonlinear elements are found to diverge in the static limit upon approaching β* = 1 . It
should be noted that we have investigated the MPB within the tetragonal phase
where β2 > β1 > 0 , it will be very interesting to study the MPB for the rhombohedral phase
within the free energy formalism. Finally we note that this calculation is important for
designing a new material with higher nonlinearity for technological applications. This is
achieved by investigating the MPB where the dielectric response is maximized.
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Relaxor-ferroelectric PMN–PT Thick Films
Hana Uršič and Marija Kosec

Electronic Ceramics Department, Jožef Stefan Institute
Slovenia
1. Introduction
Electroceramic thick films are 2D (planar) structures that, in their simplest form, consist of a
substrate, a bottom electrode, a ceramic film and a top electrode, with the thickness of an
individual layer being typically between 1 and 100 µm. The processing of thick films is
similar to the processing of bulk ceramics, i.e., it involves powder synthesis, shaping and
sintering. The major difference, however, is in the clamping of the film onto the substrate.
The consequences of this are a constrained sintering, a possible reaction with the electrode
or the substrate during firing, and the thermal stresses that are generated during the
cooling. To minimize the chemical interaction of the film and the substrate the sintering
temperature must be kept relatively low in comparison to that for the bulk. This requires a
fine particle size for the powder and additives that form a liquid phase at the sintering
temperature. This liquid phase must also be present to enable the densification under the
constrained conditions, as was predicted and demonstrated in Kosec et al. (1999).
The effect of clamping the active film to the relatively stiff substrate results in smaller
displacements in comparison to substrate-free structures. Due to the mismatch of the
thermal expansion of the thick-film and substrate materials during the processing the
properties of the thick films differ from those of the respective bulk ceramics. Furthermore,
an additional drawback can be the deterioration of the thick film’s properties due to its
chemical interaction with the substrate. To ensure a sufficient displacement required for a
certain application, different solutions have been proposed, such as a reduction in the
thickness of the substrate, the processing of thick-film multilayer structures or the
preparation of “substrate-free” structures.
In the world of technology there is a continuous, global increase of interest in the
miniaturisation of devices, materials and system integration. Thick-film structures are a
good example of the opportunities offered for the miniaturization of electromechanical
systems by the successful implementation of new functional materials and technologies.
Driven by the versatility of conventional thick-film technology, the processing of functional
structures with thick films on different substrates is possible, along with many design
possibilities.
In this chapter the progress in relaxor-ferroelectric Pb(Mg1/3Nb2/3)O3–PbTiO3 (PMN–PT)
thick films is reported. The preparation procedures, the processing of PMN–PT thick films
on different substrates, the structural and electrical characterization as well as PMN–PT
thick-film devices are discussed. The phase composition and functional properties of PMN–
PT thick films are discussed in terms of the thermal stresses generated in the films during
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the thermal treatment. Due to these process-induced stresses the electrical and structural
properties of the films can be changed dramatically in comparison to the unstressed films.
Some representative examples of PMN–PT thick-film applications are described, including a
novel approach to the manufacture of large-displacement “substrate-free” PMN–PT/Pt
actuators using thick-film technology.

2. Relaxor-ferroelectric PMN–PT material
Ferroelectric and piezoelectric films are mostly based on lead oxide compounds, mainly
Pb(Zr,Ti)O3 (PZT) solid solutions. An alternative to PZT are the relaxor-based systems,
where the term relaxor-ferroelectrics is used for solid solutions between relaxors such as
Pb(Mg1/3Nb2/3)O3 (PMN) and ferroelectrics such as PbTiO3 (PT) (Cross, 1987; Damjanovic,
2008). One of the most widely studied relaxor-ferroelectrics is Pb(Mg1/3Nb2/3)O3–PbTiO3
(PMN–PT). These PMN–PT-based materials are characterized by a high dielectric
permittivity, high piezoelectric properties, a high electrostriction, and are suitable for
applications in multilayer capacitors, actuators, sensors and electro-optical devices (Park &
Shrout, 1997a, 1997b).
The morphotropic phase boundary (MPB) in the (1-x)Pb(Mg1/3Nb2/3)O3–xPbTiO3 system is
located close to the x=0.35 composition. The strong piezoelectric properties are related to the
“polarization rotation” between the adjacent rhombohedral phase with the space group
R3m (subsequently referred to as the rhombohedral R3m phase in the text) and tetragonal
phase with the space group P4mm (subsequently referred to as the tetragonal P4mm phase)
through one (or more) intermediate phase(s) of low symmetry, i.e., a monoclinic
(orthorhombic or triclinic) phase (Davis et al., 2006; Noheda et al., 2001). As a consequence,
the observation of a low-symmetry phase, e. g., a monoclinic phase, may suggest strong
electromechanical responses.
It was shown (Singh & Pandey, 2003) that the MPB region of the PMN–PT ceramic material
contains two monoclinic phases with the space groups Cm (subsequently referred to as the
monoclinic Cm phase) and Pm (subsequently referred to as the monoclinic Pm phase) stable
in the composition ranges 0.27 < x < 0.30 and 0.31 < x < 0.34, respectively. For ceramics of the
composition x = 0.35, the coexistence of the monoclinic Pm and the tetragonal P4mm phases
was reported (Alguero et al., 2006, 2007; Carreaud et al., 2005; Singh & Pandey, 2003; Uršič et
al., 2011a), stressing that the phase composition ratio between the monoclinic and the
tetragonal phases depends on different parameters, such as the grain-size effect (Alguero et al.,
2006, 2007; Carreaud et al., 2005) and the poling field (Uršič et al., 2011a) of the ceramics.
PMN–PT ceramics and a single crystal with its composition on the MPB can have the
piezoelectric coefficients d33 as high as 700 pC/N (Kelly et al., 1997; Xia et al. 2007) and 1500–
2800 pC/N (Park & Shrout, 1997a; Shrout et al., 1990; Zhang et al., 2001), respectively. The
commonly used poling electric fields for the PMN–PT material vary from 2 to 3.5 kV/mm
(Alguero et al., 2006, 2007; Leite et al. 2002; Kelly et al., 1997; Xia et al. 2007). On the other
hand, the PMN–PT material with compositions x=0–0.1 shows relaxor behaviour (Cross et
al., 1987; Swartz et al., 1982; Swartz et al., 1984) and are known as good electrostrictive
materials (Kighelman et al., 2001; Uchino et al., 1890; Vikhnin et al., 2003; Zhao et al., 1995 ).
Likewise, the electrostrictive effect of the MPB compositions was also reported to be
relatively high (Bokov & Ye, 2002). Furthermore, due to its large responses to an applied
electric field, the PMN–PT material was investigated as a promising material for actuator
applications (Uršič et al., 2011).
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3. PMN–PT thick films
3.1 Processing of the PMN–PT thick films
The processing of relaxor or ferroelectric thick films has been discussed in the open
literature by many authors. However, because of the lack of an assortment of commercially
available thick-film materials and no conventional processing procedures the investigations
made so far were carried out using different technological procedures and involved thick
films with various compositions. The PMN–PT composition has recently been considered as
an appropriate material for thick-film technology as it exhibits very good functional
properties. The most commonly used method for the deposition of PMN–PT-based thick
films is screen-printing (Akiyama et al., 1999; Gentil et al., 2004, 2005; Kosec et al., 2007,
2010; Uršič et al., 2008a, 2008b, 2010, 2011b). To form good-quality and high-performance
PMN–PT thick films, a fine particle size of the PMN–PT powder is required. One way to
prepare such powder is by mechanochemical synthesis (Kosec et al., 2007, 2010). In fig. 1 a
(FE-SEM) micrograph and an X-ray diffraction (XRD) pattern of the 0.65PMN–0.35PT
powder prepared by mechanochemical syntheses are shown. The families of planes for the
0.65PMN–0.35PT perovskite phase are given in brackets. It was shown by Rietveld
refinement that the powder is not cubic; in fact the best fit was obtained for the monoclinic
Pm phase. The particle size is sub-micrometre, i.e., the distribution is narrow with a median
particle size d50 equal to 0.32 µm (Kosec et al., 2010).

Fig. 1. The FE-SEM micrographs of 0.65PMN–0.35PT powder with 2 mol% excess of PbO
prepared by mechanochemical synthesis. Inset: The XRD pattern of this powder. The
families of the planes for the 0.65PMN–0.35PT perovskite phase are given in brackets.
For the screen-printing process the ceramic pastes are made by mixing the PMN–PT powder
with different binders and organic carriers to obtain the suitable printability. The paste is
then forced through the open areas of the screen onto the surface of the substrate. The
scheme of the screen-printing procedure is shown in fig. 2 (top). After screen-printing the
films are usually sintered for 2 h at temperatures between 800 and 1100°C (Gentil et al.,
2004, 2005; Kosec et al., 2007, 2010; Uršič et al., 2008a, 2008b, 2010, 2011b). To minimize the
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chemical interaction of the film and the substrate the sintering temperature is kept relatively
low in comparison to that for the bulk ceramics, i.e., 1200°C. This requires additives that
form a liquid phase at the sintering temperature.
To obtain a PMN–PT thick film with the desired functional response, the material has to be
dense and without any secondary phase. In the literature the effect of different sintering aids
on the densification of thick films was investigated and the best densification and a large
increase in the grain size was obtained for the sintering aid LiCO3 (Gentile et al., 2005). The
other way that the densification of the PMN–PT can be aided is by the presence of the PbOrich liquid phase originating from the starting composition containing an excess of PbO. To
keep the liquid phase in the film a lead-oxide-rich atmosphere can be created, e. g., using a
packing powder rich in PbO. In the literature the atmosphere was achieved with PbZrO3
packing powder with an excess of PbO, short PZ/P (Gentil et al., 2004; Kuščer et al., 2008;
Kosec et al., 2010; Uršič et al., 2088b, 2010) or with the packing powder PZ/P+PMN (Gentil
et al., 2004). During heating the PbO sublimates from the high-surface-area packing powder,
giving a PbO-saturated atmosphere around the thick film that keeps the PbO liquid in the
film. Since the system is semi-closed, the PbO is lost slowly from the system, first from the
powder and later from the film. Therefore, the time for which the liquid phase is present in
the PMN–PT film depends on the amount of packing powder. The process is shown
schematically in fig. 2 (bottom). The density of the films is proportional to the duration of
the liquid-phase sintering and increases with the amount of packing powder, up to the limit
where the amount of packing powder is too high, and after sintering of the film there is still
enough PbO vapour to keep the PbO in the PMN–PT thick films (Kuščer et al., 2008; Kosec
et al., 2010).

Fig. 2. The scheme of screen-printing (top) and sintering (bottom) of PMN–PT thick films.
In addition to the screen-printing, the successful experiments with electrophoretic deposition
(Chen et al., 2009a, 2009b; Fan et al., 2009; Kuščer & Kosec, 2009), the hydrothermal process

31

Relaxor-ferroelectric PMN–PT Thick Films

(Chen et al., 2008) and sol-gel (Wu et al., 2007; Zhu et al., 2010) were reported. The PMN–PT
thick-films were also prepared as single crystals by a modified Bridgman method and after the
preparation they were bonded on Si substrates (Peng et al., 2010).
The proper selection of the materials, including the compatibility of the functional material
with the electrodes and the substrates, is among the most important for the successful
processing of thick-film structures. The most common substrate material used for PMN–PT
thick films is polycrystalline Al2O3 (alumina) (Gentil et al., 2004, 2005; Kosec et al., 2007,
2010; Uršič et al., 2008a, 2008b, 2010, 2011b, Fan et al., 2009; Kuščer & Kosec, 2009). However,
PMN–PT- and PMN-based thick films were also processed on Si (Gentil et al., 2004; Wu et
al., 2007; Zhu et al., 2010), Pt Pt (Chen et al., 2009a, 2009b; Uršič et al., 2008, 2010), Ti (Chen et
al., 2008), AlN (Uršič et al., 2010) and PMN–PT (Uršič et al., 2010, 2011b) substrates. In fig. 3
the photographs and the scanning-electron-microscope (SEM) micrographs of the 0.65PMN–
0.35PT thick-film on the alumina substrate are shown. In order to prevent the chemical
interactions between the PMN–PT film and the alumina substrate a PbZr0.53Ti0.47O3 (PZT)
barrier layer was processed between the substrate and the bottom electrode (fig. 3(c)) (Kosec
et al., 2010; Uršič et al., 2010). The use of a PZT-based barrier layer to prevent any
film/substrate interactions has been proposed before for (Pb,La)(Ti,Zr)O3 (PLZT) thick
films on alumina substrates (Holc et al., 1999; Kosec et al., 1999).

(a)

(b)

(c)

Fig. 3. (a) Photograph of the 0.65PMN–0.35PT thick film on Al2O3 substrate. SEM
micrographs of (b) the surface and (c) the cross-section of the 0.65PMN–0.35PT thick film on
Al2O3 substrate. The bottom electrode is Pt and the top electrode is sputtered Au. The PZT
barrier layer is interposed between the Al2O3 substrate and the Pt electrode.
3.2 Structural and electrical properties of PMN–PT thick films clamped on rigid
substrates
In comparison with PMN (Gentil et al., 2004) and 0.80PMN–0.20PT (Chen et al., 2009b) thick
films that exhibit relaxor behaviour, the 0.65PMN–0.35PT thick films on alumina substrate
show ferroelectric behaviour (Gentil et al., 2004; Kosec et al., 2007; Uršič et al., 2008b).
However, the properties of PMN–PT thick films depend not only on the material
composition, but also on the compatibility of the functional materials with the electrodes,
adhesion layers, substrate materials and technological parameters relating to their
processing (Gentil et al., 2005; Uršič et al., 2010, 2011b). The films processed on substrates at
elevated temperatures and cooled to room temperature are thermally stressed, due to the
mismatch between the thermal expansion coefficient (TEC) of the film and the substrate.
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Recent investigations (Uršič et al., 2010, 2011b) showed that due to the process-induced
thermal stresses the structural and electrical properties of PMN–PT thick films with the MPB
composition can be changed dramatically in comparison to the unstressed films.
For sake of clarity we now focus on 0.65PMN–0.35PT thick films on thick Al2O3 and
0.65PMN–0.35PT substrates prepared under identical processing conditions, i.e., sintered at
950°C for 2 h and then cooled to room temperature. After cooling to room temperature the
films on the Al2O3 substrates are under compressive thermal stress, while the TEC of the
substrate is higher than the TEC of the film. The basic equation for the thermal stress in a
film clamped to a substrate, regardless of the film’s thickness, is (Ohring, 1992):
σ f (T)  (α s  α f )(T2  T1 )Yf /(1  ν f ) ,

(1)

where αs is the TEC of the substrate (K-1), αf is the TEC of the film (K-1), Yf is the Young`s
modulus of the film (N/m2) and νf is the Poisson`s ratio of the film. If the films are cooled
down to room temperature then T1 is the processing temperature (K), T2 is room temperature
(K) and ΔT = T2 – T1 is the temperature difference (K). Normally, thick films are considered in
the same way as thin films; however, in the case of thick films, the thickness of the film plays
an important role, and this fact cannot be neglected, as we have been able to demonstrate in
Uršič et al., (2011b). The compressive residual stress in the 0.65PMN–0.35PT films on Al2O3
substrates calculated from the basic eq. (1), regardless of the film thickness, is -168.5 MPa.
To evaluate the compressive thermal stress with respect to the film thickness, the x
component of the thermal stress σ (the component parallel to the film surface σx) of a
0.65PMN–0.35PT thick film on an Al2O3 substrate was calculated using the finite-element
(FE) method. The FE analysis of the stress was performed in two steps. First, the influence of
the bottom Pt electrode and the PZT barrier layer were neglected. Fig. 4 (a) shows the
distribution of the σx obtained for the 20-µm-thick 0.65PMN–0.35PT film on a rigid 3-mmthick Al2O3 substrate. Due to the symmetry, the y component of the stress (σy) is equal to the
x component σx. In fig. 4 (b) the σx vs. the position on the top surface of the 20-µm- and 100µm-thick films is shown. The red line in fig. 4 (a) shows the coordinates (x, y = 0, z = 20 or
100) where the σx presented in fig. 4 (b) was calculated. The calculated stress σx in the film is
compressive, with a value in the central position on the top surface (x = 0, y = 0, z = 20 or
100) of -167.4 MPa and -162.7 MPa for the 20-µm- and 100-µm-thick films, respectively. The
decrease of the σx on the boundaries of the films, see fig. 4 (b), is due to the free boundary
condition.
In the second step the influences of the PZT barrier and the Pt bottom-electrode layers were
studied. For this reason, the FE model was updated accordingly. The σx on the top surface of
the 20-µm- and 100-µm-thick films for both models (with and without the Pt and PZT
layers) is shown in fig. 4 (c). No major difference was observed between the solutions of
these two models, which means that the thin PZT barrier layer and the Pt bottom electrode
do not have much influence on the stress conditions in the 0.65PMN–0.35PT film on the
rigid 3-mm-thick Al2O3 substrate. The calculated values for σx in the central position on the
top surface of the film (x = 0, y = 0, z = 20 or 100) for the updated model are -168.1 MPa and
-163.3 MPa for the 20-µm- and 100-µm-thick films, respectively (Uršič et al., 2011b).
In contrast, in the case of 0.65PMN–0.35PT films on 0.65PMN–0.35PT substrates, the film
and substrate are made from the same material and therefore there is no mismatch between
the TEC of the film and the substrate, hence the films on 0.65PMN–0.35PT substrates are not
stressed. Fig. 5 shows SEM micrographs of the 0.65PMN–0.35PT thick-film surface and the
cross-section of the film on the 0.65PMN–0.35PT substrate.
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Fig. 4. (a) The model structure of the 0.65PMN–0.35PT film clamped on the thick alumina
substrate and the σx distribution. The line shows the coordinates (x, y = 0, z = top surface),
where σx was calculated. (b) The σx vs. the position on the top surface of the 20-µm- and 100µm-thick films. Inset: The enlarged central part of the graph. (c) The comparison of the σx
shown in (b) with the updated calculation made for the structure including the Pt bottom
electrode and the PZT barrier layer. Right: Schemes of the cross-section of the film-substrate
structure (Reprinted with permission from [Uršič., H. et al., J. Appl. Phys. Vol. 109, No. 1.].
Copyright [2011], American Institute of Physics).
The 0.65PMN–0.35PT films on Al2O3 substrates were sintered to a high density with a coarse
microstructure, as can be seen in figs. 3 (b) and (c). The median grain size of these films is 1.7
µm ± 0.6 µm. In contrast, the films on the 0.65PMN–0.35PT substrates were sintered to a
lower density and the microstructure consists of smaller grains, i.e., 0.5 µm ± 0.2 µm (figs. 5
(a) and (b)). Hence, the substrates on which the films are clamped influence the
microstructure of the films (Uršič et al., 2010).
Furthermore, in PMN–PT material the MPB shifts under the compressive stress (Uršič et al.,
2011b). In figs. 6 (a) and (b) the measured XRD spectrum, the XRD spectrum calculated by a
Rietveld refinement and the measured XRD spectra in the range from 2θ = 44.4° to 2θ = 45.7°
are shown for 0.65PMN–0.35PT films on Al2O3 and 0.65PMN–0.35PT substrates.
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(a)

(b)

Fig. 5. SEM micrographs of (a) the surface and (b) the cross-section of the 0.65PMN–0.35PT
thick film on the 0.65PMN–0.35PT substrate. The bottom electrode is Pt and the top
electrode is sputtered Au.
The phase composition of the 0.65PMN–0.35PT films under compressive stress is a mixture
of the monoclinic Pm and tetragonal P4mm phases, while the non-stressed films are
monoclinic Pm (Uršič et al., 2010, 2011b). This is in agreement with previous results reported
for bulk 0.65PMN–0.35PT ceramics, where it is shown that the ceramics with larger gains
consist of the monoclinic Pm and tetragonal P4mm phases, while the ceramics with
submicron grains are mainly monoclinic Pm (Alguero et al., 2007). In addition to the grain
size effect, in thick films the residual compressive stresses also influence the phase
composition of the films. This can be clearly seen from the fact that the higher percentage of
tetragonal P4mm phase is obtained for films on Al2O3 substrates rather than for “stress-free”
bulk ceramics sintered at 1200°C with a similar grain size. The 20-m-thick film on the Al2O3
substrate that is under a stress of -168.1 MPa contains 58% of the tetragonal phase and the
rest is monoclinic phase, while the “stress-free” bulk ceramic with the same composition
and similar grain size contains only 14% of the tetragonal phase. Furthermore, if the
0.65PMN–0.35PT film on the Al2O3 substrate is thicker (for example, 100 m), it contains
more monoclinic phase, which is more like the phase composition of the “stress-free” bulk
ceramic (Uršič et al., 2011b).
The dielectric constant () vs. temperature and the hysteresis loops of 0.65PMN–0.35PT thick
films under compressive stress (films on Al2O3 substrates) and unstressed films (films on
0.65PMN–0.35PT substrates) are shown in fig. 7. The films under compressive stress show
ferroelectric behaviour; the phase-transition peak between the high-temperature (HT) cubic
phase and the tetragonal P4mm phase is sharp, with the maximum value of the dielectric
constant max = 20,500 at 1 kHz and no dependence of the peak temperature (Tmax) at which
max is achieved can be observed (Uršič et al., 2008b). These films show saturated
ferroelectric hysteresis loops with a remnant polarization Pr of 21 C/cm2. While the HT
phase-transition peak of the unstressed films is broader, the max is only 2100 at 1 kHz. For
these films the Pr is 8 C/cm2.
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(a)

(b)

Fig. 6. (a) Measured (red), calculated (black) and difference (black curve at the bottom)
curves of the XRD Rietveld refinement for 0.65PMN–0.35PT films deposited on Al2O3 (top)
and 0.65PMN–0.35PT (bottom) substrates. The top marks correspond to the tetragonal phase
and the bottom ones to the monoclinic. (b) XRD diagrams of 0.65PMN–0.35PT thick films on
Al2O3 (top) and 0.65PMN–0.35PT (bottom) substrates in the range from 2θ = 44.4° to 2θ =
45.7°. The refined peak positions of the (002), (200) tetragonal (grey) and the (002), (200),
(020) monoclinic (black) phases are marked. (Reprinted from J. Eur. Ceram. Soc., 30/10,
Uršič, H. et al., Influence of the substrate on the phase composition and electrical properties
of 0.65PMN–0.35PT thick films, pp. (2081–2092), Copyright (2010), with permission from
Elsevier)
Similar behaviour was reported for the 0.65PMN–0.35PT bulk ceramic. The 0.65PMN–
0.35PT ceramics show ferroelectric behaviour. However, when the average grain size of the
0.65PMN–0.35PT ceramics decreases to the submicron range and approaches the nanoscale,
relaxor-type behaviour is observed down to room temperature, which causes a strong
decrease in the electrical polarization (Alguero et al., 2007). From fig. 7 it can be clearly seen
that the grain size effect also influences the properties of 0.65PMN–0.35PT thick films, in a
similar way as in bulk ceramics, while the median grain size of films on the Al2O3 and
0.65PMN–0.35PT substrates is 1.7 µm and 0.5 µm, respectively. However, the reason for
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lower properties of the films on the 0.65PMN–0.35PT substrates is also the lower density of
these films.
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Fig. 7. The dielectric constant () vs. temperature for 0.65PMN–0.35PT (a) thick films under
compressive stress and (b) unstressed films. The hysteresis loops for 0.65PMN–0.35PT (c)
thick films under compressive stress and (d) unstressed films.
3.3 Piezoelectric and electrostrictive properties of PMN–PT thick films
As already mentioned, the PMN (Gentil et al., 2004) and 0.80PMN–0.20PT (Chen et al.,
2009b) thick films exhibit relaxor behaviour. These compositions are known to be good
electrostrictive materials, while the 0.65PMN–0.35PT thick films on alumina substrates show
ferroelectric and piezoelectric behaviour (Gentil et al., 2004; Kosec et al., 2007).
In piezoelectric and ferroelectric materials the mechanical stress  and the strain S are
related to the dielectric displacement D and the electric field E, as indicated in the
constitutive equations:

S  sE  T  d  E

(2)
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D  d T T  εT  E

(3)

where [sE] is the compliance matrix evaluated at a constant electric field, [T] is the
permittivity matrix evaluated at a constant stress and [d] is the matrix of the piezoelectric
coefficients.
The successful design of thick-film structures for various applications can take place only
with a thorough knowledge of the electrical and electromechanical properties of the thick
film. Since the effective material properties of the thick film depend not only on the material
composition but also on the compatibility of the thick-film material with the substrate, the
characterisation of the piezoelectric thick films is required before the design phase. Because
of a lack of standard procedures for the characterization of thick films, special attention has
to be paid to providing the actual material parameters. In order to obtain proper material
parameters some unconventional characterisation approaches have been used, such as a
nano-indentation test for the evaluation of the compliance parameters (Uršič et al., 2008a;
Zarnik et al., 2008) or some standard-less methods for a determination of the piezoelectric
coefficients of the thick films (Uršič et al., 2008a, 2008c).
The piezoelectric coefficients of the thick films differ from the coefficients of the bulk
ceramics with the same composition. One of the main reasons for this is that the films are
clamped by the substrates. For a clamped film the ratio D3/T3 does not represent the
piezoelectric coefficient d33 of the free sample, but an effective piezoelectric coefficient d33eff
(Lefki & Dormans; 1994):

eff
d 33

 d 33  2d 31

νs
 sE13
Ys

(sE11

E
 s12
)

,

(4)

where d33 and d31 are the direct and the transverse piezoelectric coefficients, respectively,
(C/N), sE13, sE11, sE12 are the elastic compliance coefficients at a constant electric field (m2/N),
νs is the Poisson`s ratio of the substrate, and Ys is the Young`s modulus of the substrate
(N/m2).
Since for PMN–PT material d31 < 0, s13 < 0 and d31 is relatively large, the effective coefficient
measured for the films is lower than that of the unclamped material (d33eff< d33). Generally,
the characteristics of thick-film bending actuators mainly depend on the transverse
piezoelectric coefficient d31eff . The material parameters reported in the open literature for
PMN–PT thick films processed on Al2O3 substrates are collected in Table 1. As is evident
from these data, the elastic compliance of the 0.65PMN–0.35PT thick films was higher than
those of the bulk ceramics, while the piezoelectric coefficients d31 and d33 were smaller in
comparison with the bulk coefficients.
As the magnitude of the electric field strength increases in 0.65PMN–0.35PT thick films the
contribution of the second-order electrostrictive effect also prevails (Uršič et al., 2008a,
2008b). The equation for the strain in the 0.65PMN–0.35PT material under an applied electric
field is:
Si = dijEk + Mij Ek2,

(5)

where S is the strain, E (V/m) is the electric field, d (m/V) is the piezoelectric coefficient and
M (m2/V2) is the electrostrictive coefficient of the 0.65PMN–0.35PT material.
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Coefficient (unit)

0.65PMN–0.35PT on Al2O3
(Uršič et al., 2008a)

0.655PMN–0.345 PT bulk
ceramics (Alguero et al.,
2005)

s11E (10-12 m2/N)

23.1

13.5

s33E (10-12

m2/N)

24.8

14.5

s12E (10-12

m2/N)

-8.20

-4.8

s13E (10-12

m2/N)

-10.1

-5.9

s44E (10-12 m2/N)

53

31.0

s66E (10-12 m2/N)

62.5

36.6

d31 (10-12

-100

-223

140–190* (Gentil et al., 2004; Kuščer et al.
2009; Kosec et al., 2007, 2010; Uršič et al.,
2011b)

480

C /N)

d33 (10-12 C /N)

*authors present the coefficient d33, of the 0.65PMN–0.35PT thick film; however, following the reported
experiments this coefficient is d33eff

Table 1. The elastic and piezoelectric properties of the 0.65PMN–0.35PT thick films on Al2O3
substrates. For comparison the properties of bulk 0.655PMN–0.345PT are added.
The second-order electrostrictive effect was measured for the 0.65PMN–0.35PT thick film on
the alumina substrate. Measurements of displacement vs. time at different voltage
amplitudes and displacement vs. voltage amplitude for the 0.65PMN–0.35PT thick film on
the Al2O3 substrate are shown in figs. 8 (a) and (b), respectively. The second-order
electrostrictive coefficient M33 for the thick films is 7.6· 10-16 m2/V2 (Uršič et al., 2008b). In
comparison with the M33 of 0.65PMN–0.35PT single crystals, i. e., from 13 to 40· 10-16 m2/V2
(Bookov & Ye, 2002), the measured electrostrictive coefficient for the 0.65PMN–0.35PT thick
film is lower. There are several parameters that could reduce the electrostrictive coefficients
of films, i.e., clamping of the film to the substrate and a lower dielectric constant in the films
compared to single crystals. However, in comparison to the M33 value for PMN (x=0) thin
films, which is 8.9· 10-17 m2/V2 (Kighelman et al., 2001), the value for thick films with the
MBP composition is much higher.
3.4 PMN–PT thick-film functional structures for certain applications
The designers of 0.65PMN–0.35PT thick-film functional structures for certain applications
should be aware of all the above-mentioned technological effects influencing the resulting
properties of thick films. Since the effective material properties of the 0.65PMN–0.35PT thick
film depend not only on the material composition, but also on its compatibility with the
substrate and the electrodes, and the technological parameters relating to the film
processing, the characterisation of these films is required before the design phase. Due to its
large responses to an applied electric field the PMN–PT material has been investigated as a
promising material for actuator applications (Uršič et al., 2008a, 2008b). The disadvantage of
the PMN–PT material is that it can be depoled by the application of negative electric field,
due to a switch of the domain walls.
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(a)

(b)
Fig. 8. (a) Measurements of displacement vs. time at different voltage amplitudes for the
0.65PMN–0.35PT thick film on the Al2O3 substrate. Measurement frequency 200 Hz. (b) The
displacement vs. voltage amplitude for the 0.65PMN–0.35PT thick film on the Al2O3
substrate. The dotted line (quadratic fit) between the measured values is just a guide to the
eye. (Reprinted with permission from Uršič, H. et al., J. Appl. Phys. Vol. 103, No. 12.].
Copyright [2008], American Institute of Physics).
Recently, single-crystal thick films bonded to Si substrates were prepared for highfrequency ultrasonic transducers. The transducer exhibited a good energy-conversion
performance with a very low insertion loss. This insertion loss is significantly better than
what could be obtained using devices with conventional piezoelectric materials, such as PZT
and polyvinylidene fluoride PVDF (Peng et al., 2010).

40

Ferroelectrics – Physical Effects

Driven by the versatility of conventional thick-film technology, various designs of thick-film
piezoelectric actuators are possible. The simplest thick-film piezoelectric actuator design is a
free-standing cantilever beam that can be realized as a bimorph or multimorph multilayer
structure. In combination with the materials and technologies enabling 3D structuring, even
arbitrarily shaped thick-film actuator structures can be feasible. According to the type of
displacement, the most common thick-film piezoelectric actuators are categorised as
cantilever- (or bending) and membrane-type actuators. The bending-type actuators are
generally capable of larger displacements, but exert a weak generative force. Due to the
clamping to the substrate they have smaller displacements in comparison to the substrate-free
structures. Furthermore, the properties of the thick films differ from those of the respective
bulk ceramics; in particular, the piezoelectric properties are weaker and can even be reduced
by an interaction with the reactive substrates. All these effects should be considered in the
design of the structure and the technological procedure (Uršič et al., 2011c).
A novel approach to manufacturing large-displacement PMN–PT/Pt actuators by using
thick-film technology based on the screen printing of the functional layers was developed
(Uršič et al., 2008a). The actuators were prepared by screen-printing the PMN–PT films over
the Pt electrodes directly onto Al2O3 substrates, which results in a poor adhesion between
the electrodes and the substrates, enabling the PMN–PT/Pt thick-film composite structures
to be simply separated from the substrates. In this way, “substrate-free” actuator structures
were manufactured. The scheme of the cross-section and the photograph of the top view of
the PMN–PT/Pt actuators are shown in fig. 9 (a) and (b). The PMN–PT/Pt actuator during a
measurement of the displacement is shown in fig. 9 (c).

Fig. 9. (a) The scheme of the cross-section and (b) the photograph of the top view of the
PMN–PT/Pt bimorph actuators. (c) The actuator during the measurement of displacement.
The measurements were performed at the tip of the actuator’s cantilever.
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Fig. 10. (a) The bending displacement vs. applied electric field for the PMN–PT/Pt actuator
and the linear finite-element model of the actuator bending (line). (b) The normalized
displacement for the PMN–PT/Pt thick-film actuator in comparison with the data from the
literature. Legend A: 0.65PMN–0.35PT/Pt thick-film actuator (Uršič 2008a), B: 0.65PMN–
0.35PT+0.90PMN-0.10 actuator (Hall et al., 2006), C: 0.65PMN–0.35PT+0.90PMN–0.10PT
actuator (Hall et al., 2005), D: PZT-thick film on alumina substrate, (Belavič et al. 2006;
Zarnik et al., 2007). (Reprinted from Sens. Actuat. B Chem., 133 /2, Uršič, H. et al., A largedisplacement 65Pb(Mg1/3Nb2/3)O3–35PbTiO3/Pt bimorph actuator prepared by screen
printing, pp. (699–704), Copyright (2008), with permission from Elsevier).
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The measurements of bending displacements were performed at the tip of the actuator’s
cantilever. The displacement vs. applied electric field for the PMN–PT/Pt actuator is shown
in fig. 10 (a). In addition, the linear FE model of the actuator displacement is added. The
measured normalized displacement (displacement per unit length) of these actuators is very
high, i.e., 55 µm/cm at 3.6 kV/cm (Uršič et al., 2008a). The comparison between the
normalized displacements of PMN–PT/Pt thick-film actuators and PMN–PT actuators from
the literature is shown in fig. 10 (b).
The characteristics of the actuators made by using PMN–PT differ from those of the linear
piezoelectric actuators (e.g., PZT actuators), mainly because of the high electrostrictive effect
in the PMN–PT material. This effect takes place particularly at larger electric fields (fig.
10(a)). However, under low applied electric fields, i.e., lower than 1.5 kV/cm for the MPB
compositions (Feng et al., 2004; Uršič et al., 2008a), the major effect is the linear piezoelectric
effect (fig. 10(a)). Hence, at low electric fields, not just PZT, but also PMN–PT actuators
show a linear response to the applied electric field. For some applications, the 1.5 kV/cm is a
large input value, for example, in mobile devices where a voltage of only 10 V is normally
used (Ko et al., 2006). In any case, the PMN–PT material can be appropriate for bending
actuators in applications operating at higher voltages, where the linearity of the response to
the applied electric field is not required.
PMN–PT thick films have many potential applications. Depending on the application,
different constructions and realisations of the PMN–PT thick-film structures are possible.
The state of the art in the processing of PMN–PT structures is the development of new,
effective functional structures with the desired output for specific applications. There are
still a number of challenges to be faced in the production of PMN–PT structures and many
possibilities for further improvements in their performance to meet the industrial demands
for production.

4. Conclusion
The progress in PMN–PT thick films is a consequence of the growing opportunities offered
by micro-electromechanical systems. The relaxor-ferroelectric PMN–PT compositions are
considered as appropriate materials for thick-film technologies, where they exhibit very
good functional properties.
To form good-quality and high-performance PMN–PT thick films, a fine particle size of the
PMN–PT powder is required. One way to prepare such a powder is mechanochemical
synthesis. The most commonly used method for the deposition of PMN–PT-based thick
films is screen-printing; however, a few experiments with electrophoretic deposition, the
hydrothermal process and sol-gel were also reported. The proper selection of the materials,
including the compatibility of the functional PMN–PT material with the electrodes and the
substrates, is among the most important factors for the successful processing of PMN–PT
thick-film structures.
The process-induced residual stresses in the thick-film structure and the possible reactions
between the thick film and the reactive substrate may change considerably the functional
properties of the films. The clamping of the PMN–PT film to the substrate influences the
electro-active response of the film. In addition, the interactions between the PMN–PT film
and the substrate may result in a deterioration of the material’s functional properties.
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New research has shown that the thermal residual stresses in the films have a great
influence on the structural and electrical properties of the films. The difficulty is in
separating the influence of the thermal stresses from the influence of the microstructure,
while the thermal stresses and the microstructure have a great influence on the properties of
the films. However, lately the phase composition of 0.65PMN–0.35PT thick films was
compared to the phase composition of 0.65PMN–0.35PT bulk ceramics with a similar
microstructure. In this way it was shown that the thermal residual stresses have a great
influence on the phase composition of the thick films and, furthermore, that in PMN–PT
thick films the morphotropic phase boundary shifts under the compressive stress.
PMN–PT thick films have many potential applications, although their production faces
many challenges arising from the successful integration of different material systems. From
all the latest discoveries we can conclude that a proper selection of a material compatible
with the functional PMN–PT layer is of key importance for the successful processing of
PMN–PT thick films and their integration into applicable structures. With the proper
selection of the substrate material, the designer of PMN–PT thick-film structures can control
the structural and electrical properties of the active thick film. Structures including piezoactive PMN–PT single-crystal layers and large displacement “substrate free” PMN–PT/Pt
thick-film actuators were reported.
The state of the art is the development of new, effective methods for processing PMN–PT
thick films with even better functional properties, new procedures for the characterization
of thick films and the investigation of innovative design solutions for PMN–PT thick-film
structures in different applications. There are still a number of challenges to be faced in
the production of PMN–PT thick-film structures and the many possibilities for further
improvements in their performance to meet the industrial demands for mass production.
However, the basis for future investigations in this field would seem to be the
development of new relaxor-ferroelectric thick films with the desired properties for
specific applications.
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1. Introduction
Binary borate and polytitanates compounds have currently been of considerable interest to
the scientific community due to unique properties of barium titanate, barium polytitanates
[Kong, 2010; Wakino, 1990], betta barium borate[Chen, C. & Liu, 1986] and recently revealed
high negative thermal expansion of crystallized barium di-borate glass samples
[Hovhannisyan, 2006]. It has also been revealed recently, that the single crystal of barium
di-tanate is high-temperature ferroelectric with Curie temperature equal to 450-500°C
[Waghmare et al., 2004; Akishige et al., 2006]. Park with co-authors reported a new barium
titanium oxoborate crystal of Ba3Ti3O6(BO3)2 and found out that the second harmonic
generation (SHG) efficiency of this crystal is equal to 95% of the well known LiNbO3 [Park
et al., 2004]. These data have even strengthened the interest of studying the ternary BaOTiO2-B2O3 system even more.
Binary BaO-TiO2 and BaO-B2O3 systems are investigated rather in detail by various authors.
The following eight binary barium titanates known in the BaO-TiO2 system are: Ba2TiO4
(2BaT), BaTiO3 (BaT), BaTi2O5 (Ba2T), Ba6Ti17O40 (6Ba17T), Ba4Ti13O30 (4Ba13T),
BaTi4O9(Ba4T), Ba2Ti9O20(2Ba9T) and BaTi5O11 (Ba5T) [Rase & Roy, 1955; O’Bryan &
Thomson, 1974]. Levin with co-authors have studied the BaO-B2O3 system and constructed
its melting diagram. They discovered four Ba3B2O6 (3BaB), BaB2O4 (BaB), BaB4O7(Ba2B) and
BaB8O13 (Ba4B) compounds [Levin & McMurdie, 1949; Levin & Ugrinic, 1953]. Hubner
synthesized three new Ba4B2O6 (4BaB), Ba2B2O5(2BaB) and Ba2B10O17 (2Ba5B) compounds
[Hubner, 1969]. However, these compounds are not visible on the BaO-B2O3 systems
diagram constructed earlier by Levin with co-authors [Levin & McMurdie, 1949; Levin &
Ugrinic, 1953].
Pavlikov with co-authors have studied the TiO2-B2O3 system and didn’t reveal binary
compounds in it [Pavlikov et al., 1976]. Simple eutectic which is very close to B2O3 (~2.9
mol% TiO2) was found and the presence of liquid immiscibility is supposed in the field of
compositions containing 25-55 mol% of TiO2 [Pavlikov et al., 1976]. One binary oxygen
containing titanium boron compound- titanium borate, synthesized by Schmid is known
now [Schmid, 1964]. Also the formation of TiBO3 was revealed during interaction between
borate glass melts and titanium alloy [Brow & Watkins, 1987].
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Vicat & Aleonard for the first time have obtained BaTi(BO3)2 (BaTB) ternary compound
related to “Nordenskiöldine” group borates [Vicat & Aleonard, 1968]. Millet and coauthors studied BaTiO3-TiO2-BaB2O4 subsystem in BaO-TiO2-B2O3 system and have found
the second incongruent melting at 950°C ternary Ba2Ti2B2O9 (2Ba2TB) compound.
Between 950-960 °C it decomposes with formation BaTiO3 and liquid [Millet et al., 1986].
Authors [Zhang et al., 2003] have studied subsolidus phase relations in the ternary BaOTiO2-B2O3 system. They confirmed only the existence of two known BaTB and 2Ba2TB
ternary compounds in this system. The pure 2Ba2TB phase has not been obtained under
authors experiment conditions [Zhang et al., 2003]. It was in equilibrium with BB, BT, B2T
and 4B13T.
However, Park with co-authors considered, that the Ba2Ti2B2O9 composition was formulated
incorrectly and should be re-formulated as Ba3Ti3B2O12, or more precisely Ba3Ti3O6(BO3)2
[Park et al, 2004]. Kosaka et al. have confirmed the data of Barbier's group and have shown
necessity of reformulation of Ba2Ti2B2O9 (2Ba2TB) compound as Ba3Ti3O6(BO3)2 (3Ba3TB)
[Kosaka et al., 2005]. They have synthesized new glass ceramic composition with 3Ba3TB
crystalline phase in the BaO-TiO2-B2O3 system and have found that its powder sample SHG
intensities is 68 times as large as a-quartz powders .
Sholokhovich & Varicheva have studied [50PbO+50B2O3, mol%]-PbTiO3 -BaTiO3-Ba(BO2)2
section of PbO-BaO-B2O3-TiO2 fourfold system and observed eutectic at 32 mol% BaTiO3
(m.p.906°C ) in the pseudo-binary Ba(BO2)2-BaTiO3 system [Sholokhovich & Varicheva,
1958]. Goto & Cross studied pseudo-binary BaTiO3-BaB2O4 system for BaTiO3 single crystals
growth and also found simple eutectic with m.p.942°C at 32 mol% BaTiO3 [Goto & Cross,
1969]. Simple eutectic with m.p.1010°C has also been found in BaB2O4-BaTi(BO3)2 pseudobinary system at 32 mol% BaTi(BO3)2 [Hovhannisyan, 2004].
Interest to glass formation in ternary barium titanium borate system is mainly connected
with developing the new composition of glass ceramics on the basis of barium titanates
[Matveev et al, 1966; Bhargava et al., 1988a, 1988b, 1988c; Cerchez et al., 2000; Boroica et al.,
2004], betta barium borate [Pernice et al., 1998; Feitosa et al., 2006] and 3Ba3TB [Kosaka et
al., 2005]. We are fully confident, that experts and researchers will show interest to ceramics
and glass ceramics on the basis of binary barium titanates and ternary barium boron
titanates for a long time. However, it will be difficult to them to develop new practical
compositions without presence of the first of all the phase diagram and glass forming
diagram.
Hovhannisyan with co-workers have made the first attempt of the ternary BaO-TiO2-B2O3
system both glass forming and phase diagram construction [Hovhannisyan et al., 2008]. A
large area of glass formation has been revealed in the BaO-TiO2-B2O3 system depending on
melt's cooling ways. The new incongruent melted ternary Ba2TiB2O7 (2BaTB) compound has
been reveled during the same composition glass crystallization. Clear correlation between
glass forming ability and eutectic and peritectic areas has been observed in the investigated
BaO-TiO2-B2O3 system [Hovhannisyan et al., 2008].
However, our further studies of glasses and glass ceramics in this system have shown
necessity of both glass forming and phase diagram correction in the ternary BaO-TiO2-B2O3
system. Another aim of this work is both known and novel stoichiometric ternary barium
titanium borates compounds investigations in glassy, glass ceramic and ceramic states. On
the other hand we are seriously interested in giving additional information concerning the
existence of two Ba2Ti2B2O9 and Ba3Ti3O6(BO3)2 compounds.
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2. Experimental
About two hundred samples of various binary and ternary compositions have been
synthesized and tested in BaO-TiO2-B2O3 system. Compositions were prepared from
“chemically pure” grade BaCO3, H3BO3 and TiO2 at 2.5-5.0 mol % intervals. The most part of
samples has been obtained as glasses by various cooling rates depending on melts glass
forming abilities: as bulk glass plates with thickness 6,5 ÷7mm by casting on metallic plate
(up to 10 K/s), as monolithic glass plates with thickness up to 3mm by casting between two
steel plates(~102 K/s), and glass tapes through super cooling method ( 103÷104 K/s). The
glass melting was performed at 1400-1500°C for 30-60 min with a 25–30 g batch in a 50 ml
uncovered Pt crucible, using an air atmosphere and a “Superterm 17/08” electric furnace.
Chemical composition of some glasses was controlled and corrected by results of the
traditional chemical analysis. The final analysis results indicate a good compatibility of
calculated and analytical values of B2O3, BaO and TiO2 .
Samples of compositions laying outside of a glass formation field or having high melting
temperature, have been obtained by solid-phase synthesis. Mixes (15-20 g) were carefully
frayed in an agate mortar, pressed as tablets, located on platinum plates and passed the
thermal treatment in “Naber”firm electric muffles. After regrinding powders were tested by
DTA and X-ray methods. The synthesized samples of binary barium borate system
compositions containing 60 mol% and more of BaO and also compositions containing over
90mol % B2O3 had very low chemical resistance and were hydrolyzed on air at room
temperature. In this connection the synthesized samples were kept in a dryer at 200°C.
DTA and X-ray diffraction data of glass and crystallized glass samples have been used for
phase diagram construction in the ternary BaO-TiO2-B2O3 system. The DTA analysis
(platinum crucible, powder samples weight ~600 mg, heating rates 7.5 or 15K/min) on Q1500 type derivatograph were carried out. Glass transition -Tg, crystallization peaks -Tcr,
melting -Tm and liquidus -TL temperatures have been determined from DTA curves.
Reproducibility of temperatures effects on DTA curves from melting to melting was ±10K.
The accuracy of temperature measurement is ±5 K.
Thermal expansion coefficient (TEC) and glass transition temperature (Tg) measurements
were made on a DKV-4A type vertical quartz dilatometer with a heating rate of 3K/min.
Glass samples in the size of 4×4×50 millimeters have been prepared for TEC measurement.
The dilatometer was graduated by the quartz glass and sapphire standards. The TEC
measurement accuracy is ±(3÷4)·10-7K-1, Tg ±5 °C.
X-ray patterns were obtained on a DRON-3 type diffractometer (powder method, CuKα–
radiation, Ni-filter). Samples for glass crystallization were prepared with glass
powder pressed in the form of tablets. Crystallization process was done in the electrical
muffles of “Naber” firm by a single-stage heat treatment. This was done within 1-60 hours
around a temperature at which the maximum exothermal effects on glasses by DTA were
observed.
Crystalline phases of binary and ternary compounds formed both at glasses crystallization
and at solid-phase synthesis have been identified by using JCPDS-ICDD PDF-2 release 2008
database [ICDD, 2008].
Computerized methodic of ferroelectric hysteresis test and measurement of ferroelectric
properties such as coercive field and remanent polarization at wide temperature (up to
250°C and frequency (10-5000Hz) ranges was used. Methodic based on the well known
Sawyer – Tower’s [Sawyer & Tower, 1930] modified scheme, which is allowing to
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compensate phase shifts concerned with dielectric losses and conductivity. The desired
frequency signal from waveform generator is amplifying by high voltage amplifier and
applying to sample. The signals, from the measuring circuit output, proportional to applied
field and spontaneous polarization are passing throw high impedance conditioning
amplifiers, converting by ADC and operating and analyzing in PC. The technique allows to
perform tests of synthesized glass ceramics obtained by means of controlling crystallization
of thin (above 30 micrometer thick) monolithic tape (film) specimens by applying up to
300kV/cm field to our thin samples (~50 micrometer thick) and obtain hysteresis loops for
wide diversity of hard FE materials.

3. Results
3.1 Glass forming and phase diagrams of the of the BaO-TiO2-B2O3 system
The traditional method of phase diagram construction based on solid-phase sintered
samples investigation takes long time and is not effective. The glass samples investigation
technique is progressive, because the DTA curves have registered all processes taking place
in glass samples, including the processes of glass crystallizations, quantity of crystal phases
and temperature intervals of their formation and melting.
However, inadequate amount of glass samples restrict their use during phase diagram
construction. The super-cooling method promotes the mentioned problem solving and open
new possibilities for phase diagrams construction.
3.1.1 Glass forming diagram of the BaO-TiO2-B2O3 system
Figure 1 shows the experimental data on glass formation in the BaO-TiO2-B2O3 system
obtained by different authors from 1957 to 2008 [Imaoka & Yamazaki, 1957; Matveev et al.,
1966; Bhargava et al, 1987; De Pablos & Duran, 1993; Kusumoto & Sekiya, 1994;
Hovhannisyan et al., 2008]. For defining the glass forming ability of the pointed system, the
authors of the mentioned works used different amounts of melt, glass melting crucibles,
temperature–time melting regimes, and technological methods of melt cooling. The
obtained data are hardly comparable and are “torn away” from the two main factors in glass
formation: the liquidus temperature (TL) and melt cooling rate.
Figure 2 shows corrected glass formation diagram in the BaO-TiO2-B2O3 system based on
phase diagrams of the BaO–B2O3, BaO–TiO2, and B2O3–TiO2 binary systems and controllable
melt cooling rates. Using the term “diagram,” but not the glass formation region, we take
into account the interrelation between the phase diagram and the glass forming ability of the
system.
Super cooling technique constructed by our group allowed to expand the borders of glass
formation in studied system. The largest glass forming area have been obtained under high
melts cooling rates equal to (103-104 ) K/s (Fig.2-1). It includes: compositions content 2.5÷3.0
mol% TiO2 around eutectic area e9 (~2.9 mol% TiO2) with m.p. ~450°C in the binary B2O3–
TiO2 system [Pavlikov et al., 1976]; compositions content 30÷35 mol% BaO around eutectic
area e7 (~31.5 mol% BaO) with m.p. 1317°C in the binary BaO–TiO2 system[Rase & Roy, 1955;
O’Bryan &Thomson, 1974], which include BaTi2O5 composition. Area of glass formation
from both these areas moves to eutectic areas e1 (16,5 mol% BaO) with m.p. 878°C [Levin &
McMurdie, 1949; Levin & Ugrinic, 1953] and ~ 31.5 mol%B2O3 content compositions in the
binary BaO–B2O3 system and includes Ba2B2O5 and BaB2O4 compositions (Fig.2-1). The
transparent glass tapes have been obtained firstly for Ba3Ti3B2O12 (3Ba3TB) composition by
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its melt high cooling rate (103-104 ) K/s (Fig.2-1). The 3Ba3TB glass composition (Table 3) is
located practically on the border of glass formation (Fig.2-1).

Fig. 1. Glass forming regions in the BaO-TiO2-B2O3 system according to the data of the
authors: 1- [Imaoka & Yamazaki, 1957]; 2- [Matveev et al., 1966]; 3-[Bhargava et al, 1987]; 4[De Pablos & Duran, 1993]; 5- Kusumoto & Sekiya, 1994]; 6-[Hovhannisyan et al., 2008].
Loss of melts cooling speed to ~102 K/s has naturally led to narrowing of glass formation
area (Fig.2-2). However, this cooling rate is enough for monolithic glass plates with
thickness up to 3mm fabrication by melts casting between two steel plates. The ternary
BaTi(BO3)2 (BaTB), Ba2Ti2B2O9 (2Ba2TB) and Ba2TiB2O7 (2BaTB) compounds have been
obtained as bulk glass samples by this way. It was big surprise, that monolithic glass
samples have been obtained for ternary glass compositions close to e5 eutectic area(37.5
mol%B2O3) with m.p.915°C in the binary BaO–B2O3 system and containing about 3÷4 mol%
TiO2 (Fig.2-2).
The further reduction of melts cooling rate to ~ 10 K/s has allowed to reveal field of glass
compositions with low crystallization ability and stable glass formation in the studied
ternary BaO-TiO2-B2O3 system (Fig.2-3).
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Fig. 2. Glass forming diagram in the BaO-B2O3-TiO2 system depending of melts cooling
rates: (103-104 ) K/s; 3~102 K/s; 2-up to 10K/s;
Earlier we have reported about transparent glass sheets formation in the field of
compositions being between eutectic e1 in the binary B2O3–TiO2 system and ternary eutectic
E1[ Hovhannisyan et al., 2008]. However, the present studies have not confirmed previous
data. It was possible to obtain transparent glass sheets only in the narrow field of
compositions close to eutectic e1 area (Fig.2).
3.1.2 DTA study of the stoichiometric glass compositions in the BaO-TiO2-B2O3
system
The glass nominal compositions in the BaO–TiO2–B2O3 system examined in the present
study and their DTA and dilatometric characteristics are given in Table 1. DTA curves for
glasses corresponding to ternary and binary stoichiometric compositions are shown in Fig.
3, giving the peaks due to the glass transition, crystallization, melting, and liquidus
temperatures.
On the DTA curve of the 33.33BaO · 33.33TiO2 · 33.33B2O3 (mol%) glass composition strong
exothermic effect with maximum at 680ºС and endothermic effect with minimum at 1080ºС
were observed, which show the crystallization and congruent melting of one well known
crystalline BaTiB phase (Fig. 3, curve 1).
The similar picture is seen on the DTA curve of the 42.85BaO · 42.85TiO2 · 14.28 B2O3(mol%)
glass composition corresponding to stoichiometric 3Ba3TB crystalline compound: we have
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strongly expressed exothermic effect at 625 ºС and endothermic effects at 975ºС, which
show the crystallization and melting of one crystalline phase (Fig. 3, curve 3).

Fig. 3. DTA curves (heating rate 7.5K/min) of studied glass compositions (mol%)
corresponding to stoichiometric compounds: 1-33.3BaO · 33.3TiO2 · 33.3B2O3 (BaTB), 240.0BaO · 40.0TiO2 · 40.0B2O3 (2Ba2TB), 3- 42.85BaO · 42.85TiO2 · 14.28B2O3 (3Ba3TB), 450.0BaO · 25.0TiO2 · 25.0B2O3 (2BaTB), and 5-33.3BaO · 66.7TiO2 (Ba2T)
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On the DTA curve of the 40BaO · 40TiO2 · 20B2O3 (mol%) glass composition three
exothermic effects clear observed: two effects at 640ºС(small) and at 660ºС(high) are
combined and third is weakly expressed at 690ºС, which show processes of glass
crystallization and probably of three phases formation (Fig.3, curve 2). Endothermic effect at
temperature interval 955-1020 ºС (minimum at 975 ºС) is connected with the formed
crystalline phases melting.
Glass compositions, mol%
Sample BaO
TiO2
B2O3

Derivatographical characteristics
Dilatometric characteristics
Tg , °С Tcr, °С
Tm, °С TL, °С Tg , °С TEC (α20-300)· 107K-

BaTB
33.33
2Ba2TB 40.0

33.33
40.0

33.33
40.0

555
510

3Ba3TB 42.85
2BaTB 50.0
Ba2T
33.33

42.85
25.0
66.67

14.30
25.0
---

510
475
670

1

680
640,
660,
690
625
560, 740
740

1080
975

1080
1090

600
570

88
107

975
940
1310

1260
1110
1370

--512
---

--115
---

Table 1. Chemical compositions, derivatographical (glass transition -Tg, crystallization peak
-Tcr, melting -Tm, liquidus temperature-TL) and dilatometric characteristics (glass transition
temperature -Tg, thermal expansion coefficient -TEC) of BaO – TiO2 – B2O3 system glasses.
Two exothermic effects is seen on the DTA curve of the 50BaO · 25TiO2 · 25B2O3 (mol%)
glass composition: strongly expressed effect at 585 ºС and small diffused effect with
maximum at 740°C(Fig. 3, curve 4). Both effects are connected with two crystalline phases
formation. According to [Hovhannisyan et al., 2008] the first phase is new crystalline
compound, formulated by us as Ba2TiB2O7. The 2BaTiB composition melted incongruently at
940 ºС with melt and BaTiO3 formation. The second weakly expressed endothermic effect
on DTA curve at 1110ºС is associated with BaTiO3 dissolution in a melt (Fig. 3, curve 4).
On the DTA curve of the 33.3BaO · 66.67TiO2 (mol%) glass composition strongly expressed
exothermic effect with maximum at 740ºС and endothermic effect with minimum at 1320ºС
were observed, which show the crystallization and melting of one crystalline phase (Fig.3 ,
curve 5). According to [Rase & Roy, 1955] the 33.3BaO · 66.67TiO2 (mol%) composition is
melted incongruently at 1310ºС with melt and BaTiO3 formation.
3.1.3 TEC study of the stoichiometric glass compositions in the BaO-TiO2-B2O3
system
The isolines diagram of BaO-TiO2-B2O3 system glasses TEC values is given on Fig.4. It is
clear observed common regularity, that the increase of barium oxide amounts in glasses of
binary BaO-B2O3 system leads to increase of glasses TEC values. The same tendency is
observed for glasses of ternary compositions: increasing of BaO amounts leads to increase
glasses TEC values from 60 to 120 · 10-7К-1. The substitution of B2O3 for TiO2 in the area of
low BaO content glass compositions (20-25 mol%) practically does not influence on the their
TEC value. The same tendency is observed for the high BaO content glass compositions (5560 mol%). It is seen in the central area of compositions that TEC values increase with the
substitution of B2O3 for TiO2. However, the major factor influencing on TEC value of studied
glasses is the BaO amount in their compositions (Fig.4).
TEC values of glasses corresponding to the ternary barium titanium borates given in Table
3. The glass composition corresponds to BaTiB2O6 (33.33BaO·33.33TiO2·33.33B2O3, mol%) has
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TEC=88·10-7К-1 and Tg=555°C calculated from dilatometric curve. Reduction the B2O3 and
TiO2 amount together with increasing of BaO amounts in glass compositions leads to
increase TEC and reduction Тg values: for glass composition 40BaO·40TiO2·20B2O3, mol %
(Ba2Ti2B2O9) TEC=107·10-7К-1 and Тg= 570°C; for glass composition 50BaO·25TiO2·25B2O3,
mol % (Ba2TiB2O7) TEC=115·10-7К-1 and Тg=512°C (Table 3).

Fig. 4. BaO-TiO2-B2O3 system’s glasses TEC (α20-300•10-7К-1) values isolines
3.1.4 Phase diagram of the BaO-TiO2-B2O3 system
3.1.4.1 Phase diagram of the pseudo-binary BaTiO3 -BaTi(BO3)2 system
The introduction of BaTB compound in pseudo-binary BaTiO3 -BaTi(BO3)2 system sharply
reduced the melting point of initial barium titanate , reduced the crystallization abilities and
resulted in the formation of simple eutectic area at 72 mol% BaTB content (38 BaO · 38 TiO2
· 24 B2O3, mol%) with melting point 1020°C(Fig.5 A).
Available inconsistent data about existence of Ba2Ti2B2O9 crystalline compound promoted
more careful study of the BaTi(BO3)2 –BaTiO3 pseudo binary system. High sensitivity of our
DTA equipment have allowed to reveal temperatures intervals of processes taking place in
initial glass powder samples. Existence on DTA curve of 42.85BaO · 42.85TiO2 · 14.28B2O3
(mol%) glass composition corresponding to stoichiometric 3Ba3TB crystalline compound
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only one strongly expressed exothermic (625 ºС) and endothermic (975 ºС) effects showed
on existence of one crystalline phase. Really, X-ray analysis of products of 42.85BaO ·
42.85TiO2 · 14.28B2O3 (mol%) glass powder samples crystallized in an interval 600-900 ºС
has revealed presence of only one 3Ba3TB crystalline phase (Fig.6, curves 1-4). X-ray
diffraction patterns of glass crystallization products identification have shown their full
conformity with the known references data [Park et al., 2004; ICDD, 2008, File # 074-4273].
3Ba3TB compound is stable up to 950 ºС. It decomposes on BaT and BaTB in temperature
interval 950-1020 ºС (Fig.5, A; Fig. 6, curve 5). The BaTiO3 and melt formation is the result of
3Ba3TB composition incongruent melting at temperature higher 1020 ºС (Fig 6, curve 6). We
have revealed that the 3Ba3TiB crystalline compound melted incongruently at 975 ºС, with
the formation of melt and barium titanate. The dissolution of these phases in a melt lead to
the appearance on a DTA curve of the second, weakly expressed endothermic effect in an
interval 1020-1260ºС (Fig.3, curve 3).

Fig. 5. Phase diagram of the pseudo-binary BaTiO3 - BaTi(BO3)2 system (A) and
temperatures intervals of ternary Ba3Ti3B2O12 (B) and Ba2Ti2B2O9 (C) compounds existence
on diagram.
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Fig. 6. XRD-patterns of the crystallized powder glass samples corresponding to Ba3Ti3B2O12
composition: curve 1- 600°C 60h; curve 2- 660°C 24h, curve 3- 700°C 24h, curve 4- 900°C
24h, curve 5- 950°C 24h, curve 6- 1050°C 24h (samples 2-6 have been water quenched from
heat treatment temperature).
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The other picture was observed at the 40BaO · 40TiO2 · 20B2O3 (mol%) glass composition
crystallization. X-ray identification of products of 40BaO · 40TiO2 · 20B2O3 (mol%) glass
crystallization at temperature interval 640÷660 ºС (first and second exothermic effects
expressed on its DTA curve) within 24h has shown presence of new unknown crystalline
phase in both samples. In our point of view it is new crystalline Ba2Ti2B2O9 compound,
which formed as single phase at the same composition glass crystallization. The x-ray
powder diffraction patterns of new crystalline Ba2Ti2B2O9 phase could be indexed on a
orthorhombic crystal symmetry with lattice cell as follows : a=9.0404 Å, b=15.1929 Å,
c=9.8145 Å; unit cell volume V=1348.02Å³, Z =6, calculated density (D calc.)= 3.99g/cm³; D
exp.=3.25g/cm³; α;β;γ =90,00°(Table 2).

Table 2. X-ray characteristics of Ba2Ti2B2O9 crystalline compound obtained at 40.0BaO ·
40.0TiO2 · 20.0B2O3(mol%) glass composition crystallization at 640°C, 24 hours.
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3.1.4.2 Phase diagram of the pseudo-binary BaB2O4-BaTiO3 system
Study of pseudo-binary system BaB-BaT has revealed some interesting regularity. The liquidus
curve constructed by us is the same as constructed by the Goto & Cross [Goto & Cross, 1969]
(Fig.7). We have confirmed presence of pseudo-binary eutectic point with m.p.940°C
containing 32 mol% BaTiO3 (Fig.7). We have confirmed also information about existence of
new crystalline Ba2TiB2O7 (2BaBT) compound, which has been reported earlier at this system
glasses crystallization [Hovhannisyan et al., 2008]. Strong exothermic effect at narrow
temperature interval 560-590°C with maximum at 585°C is observe on DTA curve of 50.0BaO ·
25.0TiO2 · 25.0B2O3 (mol%) glass composition (Fig.3, curve 4). The 2BaBT composition has
incongruent melting at 940°C and decomposes on BaT and melt. Its liquidus temperature
obtained from DTA curve and is equal to 1150°C(Fig.3, curve 4). The 2BaBT compound is not
stable and is observed in narrow temperature interval (570-650°C) (Fig.7. A).

Fig. 7. Phase diagram of the pseudo-binary BaB2O4- BaTiO3 system (A) and position of
Ba2TiB2O7 compound on it (B).
The pure 2BaBT phase crystallizes from the same glass composition crystallization at 585°C,
24 hours. The X-ray characteristics of Ba2TiB2O7 were determined and are given in Table 3.
The X-ray powder diffraction patterns of 2BaBT could be indexed on a rhombic crystal
symmetry with lattice cell as follows : a=10.068 Å, b=13.911 Å, c=15.441 Å; unit cell volume
V=2629.17Å³, Z =12, calculated density (D calc.)= 4.23g/cm³; D exp.=4.02g/cm³; α;β;γ
=90,00°.
3.1.4.3 Phase diagram of the BaO-TiO2-B2O3 ternary system
First of all we have deleted eutectic point e1, which has been for the first time wrongly put
by Levin with co-workers on the binary BaO-B2O3 diagram [Levin & McMurdie, 1949; Levin
& Ugrinic, 1953], and then is repeated in our recent publications [Hovhannisyan, R. et al,
2008, Hovhannisyan, M. et al, 2009]. Such imperfect data very often committed many
authors first of all at binary borate system diagram constructions [ACerS & NIST, 2004].
Because, this point indicate only sharp increase of liquidus temperature which is connected
with stable phase separation, typical for many binary borate systems (Fig.8).
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Table 3. X-ray characteristics of Ba2TiB2O7 crystalline compound obtained at 50.0BaO ·
25.0TiO2 · 25.0B2O3(mol%) glass composition crystallization at 585°C, 24 hours
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Fig. 8. Phase diagram of the BaO-TiO2-B2O3 system
Seven ternary eutectic points E1-E7 have been reveled as result of phase diagram
construction (Fig.8, table 3). The phase diagram evidently represents interaction of binary
and ternary compounds taking place in the pseudo-ternary systems. The ternary eutectic E1
with m.p. 850°C has been determined among Ba4B and BaTB compounds and TiO2; ternary
eutectic E2 with m.p. 835°C has been formed among Ba4B, 2Ba5B and BaTB compounds;
ternary eutectic E3 with m.p. 850°C has been formed among 2Ba5B , Ba2B and BaTB
compounds; ternary eutectic E4 with m.p. 860°C has been formed among Ba2B, BaB and
BaTB compounds; ternary eutectic E5 with m.p. 865°C has been formed among BaT, 2BaB
and BaB compounds; ternary eutectic E6 with m.p. 930°C has been formed among BaT, BaB
and BaTB compounds; ternary eutectic E7 with m.p. 1000°C has been formed among BaT,
BaTB compounds and TiO2 (Fig8, Table 4).
Clear correlation between glass forming ability and both binary and ternary eutectic areas
has been observed in the investigated ternary system (Fig.2).
3.2 Crystallization behavior of the stoichiometric glass compositions in the BaO-TiO2B2O3 system
3.2.1 Crystallization behavior of the stoichiometric glass BaTi(BO3)2 composition
The BaTi(BO3)2 ternary compound (BaTB) is related to “Nordenskiöldine” group borates
with common formula Me2+Me4+B2O6 with well known dolomite-type structure [Vicat &
Aleonard, 1968; Bayer, 1971]. The “layer-type” structure of calcite and dolomite is
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Point

Tm , (°C)

E1
E2
E3
E4
E5
E6
E7

850
835
850
860
865
930
1000

Composition, mol%
B2O3:BaO:TiO2
76.0:20.0:4.0
75.0:21.0:4.0
63.5:32.0:4.5
58.0:38.0:4.0
35.0:62.0:3.0
31.5:45.0:23.5
22.6:32.1:45.3

Table 4. The melting temperature (Tm) and compositions for ternary eutectic points in the
BaO-B2O3-TiO2 system
responsible for the strong anisotropy of the “Nordenskiöldine” group borates [Bayer, 1971].
It is very stable compound occupied dominating position in BaO-TiO2 -B2O3 system phase
diagram (Fig.8). It has congruent character of melting at 1080oC (Fig.3, curve1). We have
given a preference to study the process of directed crystallization of BaTiB composition
based on above stated.
Thermal treatment at 670-690°C, 1 h is enough for full crystallization of the pressed powder
glass samples. X-ray diffraction patterns of crystallization products (Fig.9, curve1) are
identical to the references data [Vicat & Aleonard, 1968; ICDD, 2008, File # 35-0825].
The other pictures were observed for monolithic samples (Fig.9, curve 2). X-ray diffraction
patterns determined from crystallized (630°C 4h+ 690°C 24h) tape samples surface
indicated reorientation of crystalline structure, leading to increase of intensity of following
reflexes : 5.47 Å (003) from 7% up to 70% (10 time), 2.51 Å (110) from 35 to 100%(3 time), 3.85
Å (102) from 75 to 100%.
At monolith glass sample crystallization at 630°C 4h+ 690°C 12h under direct current (DC)
voltage 3.0 kV/cm X-ray diffraction patterns of samples surface again indicate reorientation
of crystalline structure: reflexes 5.47 Å (003) decrease from 70% to 46%, 3.85 Å (102) decrease
from 100 to 60%, 2.51 Å (110) from 100 to 42%, and reflex 2.97 Å (003) again began 100%
(Fig.9, curve3).
X-ray diffraction patterns of BaTB glass tape sample surface crystallized at 630°C 12h+
690°C 12h (Fig.8, curve4) indicate very strongly change of crystalline structure in relation to
a sample received by a traditional powder method: reflex 5.47 Å (003) increase from 7% to
100 %, 3.85 Å (102) decrease from 100 to 10%, 2.51 Å (110) decrease from 100 to 42%, 2.97 Å
(003) decrease from 100 to 35%, 2.73 Å increase from 3 to 51% , 1.82 Å increase from 3 to 43%
again began 100% (Fig.9, curve4). Part of reflexes practically disappeared (are not visible) at
the given regime of X-ray record: 2.73, 2.28, 2.15, 2.10, 2.06, 1.92, 1.61, 1.52 Å.
X-ray diffraction patterns of BaBT glass tape sample surface crystallized under DC 3kV/cm
at 630°C 1h+ 690°C 4h again indicate reorientation of crystalline structure (Fig.9, curve5).
Processes of reorientation of the crystal structure, similar occurring with a monolithic
sample are observed: reflexes 5.47 Å (003) sharply decrease from 100% to 38%, reflex 2.97 Å
(003) again began 100%, 3.85 Å (102) increase from 10 to 58%, 2.51 Å (110) increase from 42
to 78% (Fig.9, curve5). Well observable reflexes 2.72, 2.62, 2.15, 2.10, 1.92, 1.61, 1.60, 1,52 Å
have again appeared. Such impression is created, that under DC action the re-oriented
structure tends to return to structure inherent in the initial sample received on powder
technology.
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Fig. 9. XRD-patterns of the BaTB samples and [hkl]-indices attributed to the peaks of the
BaTiB2O6 crystallized glasses:
curve 1- pressed powder sample crystallized at 690°C 1h.
curve 2- monolithic glass sample crystallized at 630°C 4h+ 690°C 12h;
curve 3- monolithic glass sample crystallized at 630°C 4h+ 690°C 12h under DC 3kV/cm
curve 4- tape glass sample crystallized at 630°C 12h+ 690°C 12h
curve 5- tape glass sample crystallized at 630°C 1h+ 690°C 4h under DC 3kV/cm
3.2.2 Crystallization behavior of the stoichiometric glass Ba3Ti3O6(BO3)2 composition
Having confirmed existence of 3Ba3TiB there was a necessity to study temperature intervals
of its stability. We’ll try to do it through glass powder samples crystallization using its DTA
data (Fig.3, curve 3). Formation of pure 3Ba3TiB compound clear observed on X-ray
diffraction patterns of the same composition glass powder samples crystallization at 600°C
60h - temperature of the crystallization beginning on the DTA curve (Fig.6, curve 1). The
further increasing of thermal treatment temperatures (660, 700, 800 and 900°C) lead to
indication only pure 3Ba3TiB crystalline compound in products of glass crystallization
(Fig.6, curves 2-4). X-ray diffraction patterns of crystallization products (Fig.6, curves 1-4)
are identical to the references data [Park et al., 2004; ICDD, 2008, File # 074-4273]. We have
revealed that the 3Ba3TiB compound in an interval 950-1020°C decomposes with BaTiO3 and
BaTB formation (Fig.6, curve5). The 3Ba3TiB compound is melted incongruently at 975°C
(Fig.3, curve 3), with formation of melt and BaTiO3 at temperatures higher 1020 °C (Fig.6,
curve 6).
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3.2.3 Crystallization behavior of the stoichiometric glass Ba2Ti2B2O9 composition
Denying of existence of (2Ba2TiB) stoichiometric compounds from Barbier group [Park et
al., 2004] after Ba3Ti3B2O12 (3Ba3TiB) synthesis and characterization have increased an
intrigue around 2Ba2TiB compound. According to references data both compounds had
Hexagonal cell and very closed cell parameters: a = 8.7110 Å, c = 3.9298 Å for 3Ba3TiB)
[ICDD, 2008, File#074-4273] and a= 8.7210 Å, c = 3.933 Å for 2Ba2TiB [Millet et al., 1986]. It
was impossible to pure synthesis of both compounds through solid phase reaction. We’ll try
to do it through glass tapes crystallization.
It was big surprising for us, when on the DTA curve of the 40BaO · 40TiO2 · 20B2O3 (mol%)
glass composition three exothermic effects have been observed: two effects at 640ºС (small)
and at 660ºС (high) are combined and third is weakly expressed at 690ºС (Fig.3, curve 2). Xray identification of products of 40BaO · 40TiO2 · 20B2O3 (mol%) glass composition
crystallization at temperatures 640 and 660 ºС within 24h has shown presence of new
unknown Ba2Ti2B2O9 crystalline phase in both samples(Fig.10, curves 2, 3). Its X-ray
characteristics have been determined and are given in Table 2. X-ray identification of
crystallization products have shown of 2Ba2TB phase formation starting from 600 ºС (Fig.10,
curve1).
The third exothermic effect on 2Ba2TiB glass DTA curve (Fig.3, curve 2) at 690 ºС is
connected with its decomposition and 3Ba3TiB, BaTiB compounds formation (Fig.10, curves
4, 5). Process of 2Ba2TB sample decomposition is continues up to 950 ºС 24h. At this
temperature the 3Ba3TiB phase is disappear and the BaTiO3 phase starts to appear together
with BaTiB phase (Fig.10, curve 6). And finally we observed disappearance of both 3Ba3TB
and BaTB phases at temperatures higher 1020°C (Fig.10, curve7).
The strong endothermic effect of melting with minimum at 975 is observed on DTA curve
(Fig.3, curve 2). According to references data [Millet et al., 1986] the 2Ba2TiB composition
between 950-960 °C decomposes with BaTiO3 and liquid formation. In our cases together
with BaTiO3 we have identified the BaTB in temperature interval 950-1020°C (Fig.10, curve
6) , and BaTiO3+ melt us results of incongruent melting at temperatures higher 1020 °C
(Fig.10, curves 7).
The same picture as for powder samples is observed for crystallized glass tapes of 2Ba2TB
composition. We have X-ray amorphous transparent tape glass sample after thermal
treatment at 600°C 6h (Fig.11, curve1). Only new, pure 2Ba2TB phase is formed at next steps
of thermal treatment: 640°C 24h, and 660°C 24h (Fig.11, curves 2,3). The 2Ba2TB compound
decomposes with 3Ba3TB and BaTB phases formation at thermal treatment at 700°C 24h
(Fig.11, curve 4).
3.2.4 Crystallization behavior of the stoichiometric glass Ba2TiB2O7 composition
X-ray identification of glass powder samples of 50BaO · 25TiO2 · 25B2O3 (mol%)
compositions thermal treated in an interval 570- 650 24 h have shown pure 2BaTB
compound formation (Fig.12, curve1). The 2BaTB compound decomposes on two phases:
BaTiO3 and BaB2O4 at temperature interval 650-940ºС (Fig.12, curves 2, 3).
3.2.5 Crystallization behavior of the stoichiometric glass BaTi2O5 composition
Using our super cooling technique and special two step melting technology we have
obtained BaTi2O5 (B2T) compound in glass state (glass tapes with thickness 0.03 – 0.4mm)
and have studied processes of it crystallization. The initial glass tape sample thermal treated
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Fig. 10. XRD-patterns of the crystallized powder glass samples corresponding to Ba2Ti2B2O9
composition:
curve 1- 600°C 60h;
curve 2- 640°C 24h;
curve 3- 660°C 24h;
curve 4- 700°C 24h;
curve 5- 740°C 24h;
curve 6- 950°C 24h;
curve 7- 1020°C 24h (samples 2-7 have been water quenched from heat treatment
temperature).
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Fig. 11. XRD-patterns of the crystallized tape glass samples corresponding to Ba2Ti2B2O9
(2Ba2TiB) composition:
curve 1- 600°C 6h;
curve 2- 640°C 24h;
curve 3- 660°C 24h;
curve 4- 700°C 24h
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Fig. 12. XRD-patterns of the crystallized powder glass samples corresponding to Ba2TiB2O7
composition:
curve 1- 585°C 24h;
curve 2- 730°C 24h;
curve 3- 800°C 24h;
at 680°C 12h is X-ray amorphous (Fig.13, curve1). The further increase of crystallization
temperature (680°C 12h +740°C 12h) results in occurrence of BaTi2O5 peaks [ICDD, 2008,
File # 34-0133] with preservation of a transparency of a tape sample (Fig.13, curves 2,3). The
BaTi2O5 is dominating crystalline phase at studied crystallization regimes (Fig.13, curves 3-
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4). However, we do not exclude presence of barium polytitanates in glass crystallization
products in quantities not influencing on the end-product properties. We have observe on
X-ray patterns strongly reorientation of formed barium di-titanate crystalline phase: reflex
8.247 Å (hkl 002) increase from 9% and become 100% and 3.47 Å (hkl 401) decrease from
100% to 0 (Fig.13, curves 2,3).

Fig. 13. XRD-patterns of the crystallized BaTi2O5 glass tape samples obtained by super
cooling technique:
curve 1- initial tape sample thermal treated at 680°C 12h -transparent;
curve 2- tape sample (680°C 12h +740 °C 12h)-transparent;
curve 3- tape sample 740 °C 12h- transparent;
curve 4- tape sample 900-1000 °C 12h, casting in water

4. Ferroelectric properties of stoichiometric glasses in BaO-TiO2-B2O3 system
The ferroelectric (polarization - electric field) hysteresis, is a defining property of ferroelectric
materials. In the last twenty years it has become a subject of intensive studies due to potential
applications of ferroelectric thin films in nonvolatile memories. In ferroelectric memories the
information is stored as positive or negative remanent polarization state. Thus, the most
widely studied characteristics of ferroelectric hysteresis were those of interest for this
particular application: the value of the switchable polarization (the difference between the
positive and negative remanent polarization, PR − (−PR), dependence of the coercive field Ec on
sample thickness, decrease of remanent or switchable polarization with number of switching
cycles, polarization imprint, endurance, retention [Damyanovich, 2005]. Electric field induced
polarization measurement was used for ferroelectric characterization of known and revealed
first time new ternary BaTi(BO3)2 , Ba2Ti2B2O9, Ba3Ti3B2O12, Ba2TiB2O7 and binary BaTi2O5
stoichometric compositions glass ceramics.
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4.1 Polarization behavior of BaTi(BO3)2 , Ba3Ti3B2O12, Ba2Ti2B2O9, Ba2TiB2O7 glass
ceramics
Electric field induced polarization (P) and remanent polarization(Pr) were measured at room
temperature for BaBT, 3Ba3TiB, 2Ba2TiB, 2BaTiB glass tape samples crystallized using
various regimes (Fig.14).
Linear P–E curves are observed up to fields of 40-120 kV/cm for all measured samples with
thickness 0.04-0.08mm. The polarization becomes nonlinear with increasing of applied
electric field, and at 140-400 kV/cm the remanent polarization 2Pr values were found 0.35,
3.89, 0.6 and 0.12 µC/cm2 for the BaBT (Fig.14, A), 3Ba3TiB (Fig.14, B), 2Ba2TiB (Fig.14, C)
and 2BaTiB (Fig.14, D) crystallized glass tape samples respectively. According to obtained
results it is possible to conclude that samples are ferroelectrics. The highest remanent
polarization value (2Pr=3.89 µC/cm2 ) has 3Ba3TiB crystallized glass tape sample (Fig.14, B).

Fig. 14. Dependence of polarization (P) on electric field (E) for crystallized stoichiometric
glass compositions:
BaTiB2O6 glass tape sample of 0.08 mm in thickness crystallized at 700°C 24h
Ba3Ti3B2O12 glass tape sample of 0.07 mm in thickness crystallized at 900°C 12h
Ba2Ti2B2O9 glass tape sample of 0.08 mm in thickness crystallized at 640°C 24h
Ba2TiB2O7 glass tape sample of 0.04 mm in thickness crystallized at 580°C 12h
4.2 Polarization behavior of BaTi2O5 glass ceramic
Electric field induced polarizations were measured at room temperature for BaTi2O5 glass
tape samples crystallized at various regimes. The high value of polarization (P~10µCu/cm2)
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and remanent polarization (2Pr = 6,2 µCu/cm2) we observe for strongly oriented transparent
glass ceramic at applied field 220 kv/cm (Fig.15).

Fig. 15. Dependence of polarization (P) on electric field (E) for BaTi2O5 crystallized glass
tape (740°C 12h) of 0.08 mm in thickness

5. Discussion
Revision of phase diagrams of very complex ternary BaO-TiO2-B2O3 system has allowed us
to study it more precisely. For this purpose glass samples have been used as initial testing
substance for phase diagram construction. It is a very effective method, because it is possible
to indicate temperature intervals of all processes taking place in glass samples: glass
transition, crystallization, quantity of formed crystalline phases and their melting. Whereas,
samples prepared by traditional solid phase synthesis are less informative and often lose a
lot of information.
On the other hand super cooling technique created by our group allowed us to expand
borders of glass formation from stable glass forming barium tetra borate up to binary dibarium borate and up to barium di-titanates which, together with compositions
corresponding to ternary BaTB, 2BaTB, 2Ba2TB, 3Ba3TB compounds, have been obtained as
glass tape with thickness of 30-400 microns (Fig.2). Large area of glass formation has
allowed to have enough quantity of samples for DTA and X-ray investigations and BaOTiO2-B2O3 system phase diagram construction.
There are very stable congruent melted binary barium titanate and barium borate and
ternary barium boron titanate (BaTB) compounds in the ternary system. They have
dominating positions in ternary diagram and occupied the biggest part of it (Fig.8).
However, mutual influence of these stable compounds and not-stable binary (Ba2T) and
ternary compounds (2Ba2TB, 3Ba3TB and 2BaTB) lead to formation of seven ternary eutectic
points (Table2), which have essential influence on liquidus temperature decrease and glass
formation. Ternary eutectics E5, E6 and E7 together with binary eutectics e7 and e6 have
allowed to outline the field of barium titanate crystallization on the BaO-TiO2-B2O3 system
phase diagram. The BaTiO3 is very stable compound and occupies dominating position on
the phase diagram (Fig.8). Ternary eutectics E5, E6 and E4 together with binary eutectics e4
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and e5 have allowed to outline the field of barium borate crystallization. The BaB2O4 is very
stable compound also and occupied enough position on the studied ternary phase diagram
(Fig.8). Ternary eutectics E1, E2, E3, E4, E6 and E7 have allowed to determine the field of
crystallization of BaTB ternary compound. The BaTB is very stable compound also and
occupies dominating position in the central part of the studied ternary BaO-TiO2-B2O3
system phase diagram (Fig.8).
The clear correlation between glass forming and phase diagrams has been observed in
studied system. The glass melting temperature and level of glass formation depending on
the cooling rate of the studied melts are in good conformity with boundary curves and
eutectic points (Fig.2 and 8). It is possible to ascertain confidently, that glass formation can
serve as the rapid test method for phase diagram construction.
Common regularities of bulk glass samples TEC changes in studied BaO-TiO2-B2O3 system
have been determined: increase of BaO amounts leads to increase glasses TEC values from
60 to 120 · 10-7К-1. The substitution of B2O3 for TiO2 practically doesn't influence glasses TEC
value (Fig.4).
We have tried also to answer in discussion among various scientific groups about the
existence of 2Ba2TB and 3Ba3TB compounds [Millet et al., 1986; Zhang et al., 2003; Park et al,
2004; Kosaka et al., 2005]. We have revealed for the first time through glass samples of
stoichiometric 3Ba3TB composition examination, that 3Ba3TB compound is very stable in an
interval of 600-950°C. It decomposes in temperature interval 950-1020°C with BaTiO3 and
BaTB phase formation. Then, at temperature higher than 1020°C, it has incongruent melting
with melt and BaTiO3 formation (Fig.5A).
The next unexpected result was obtained at glass samples corresponding to 2Ba2TB
composition crystallization. First of all we have revealed on its DTA curve the presence of
three exothermic effects with maximums at 640, 660 and 690°C. We have confirmed the
existents of 2Ba2TB compound in temperature interval 600-670°C. Its new X-ray powder
diffraction patterns could be indexed on a orthorhombic crystal symmetry with lattice cell as
follows : a=9.0404 Å, b=15.1929 Å, c=9.8145 Å; unit cell volume V=1348.02Å³, Z =6, calculated
density (D calc.)= 3.99g/cm³; D exp.= 3.25 g/cm³; α;β;γ =90,00°(Table 2). However, its X-ray
characteristics don’t coincide with earlier reported data [Millet et al., 1986].
As a result of the pseudo-binary BaB2O4-BaTiO3 system reinvestigation, a new ternary
Ba2TiB2O7 compound has been revealed and characterized at the same composition glass
crystallization in the temperature interval of 570-650°C. The X-ray powder diffraction patterns
of 2BaBT could be indexed on a rhombic crystal symmetry with lattice cell as follows :
a=10.068 Å, b=13.911 Å, c=15.441 Å; unit cell volume V=2629.17Å³, Z =12, calculated density
(D calc.)= 4.23g/cm³; D exp.=4.02 g/cm³ ; α;β;γ =90,00°. X-ray characteristics of both 2Ba2TB
and 2BaTB compounds were determined and are given in Tables 2 and 3.
Study of the directed crystallization processes have allowed to reveal, that at the given way
of casting the oriented germs are induced in the glass tape, which at the further heat
treatment results in oriented transparent and opaque GC formation (Fig.9). The impact of
external electric field changes the direction of crystalline BaTiB2O6 phase growth, i.e.
reorients them (Fig.9).
Electric field induced polarization (P) and remanent polarization(Pr) were measured at room
temperature for BaBT, 3Ba3TiB, 2Ba2TiB, 2BaTiB glass tape samples crystallized at various
regimes. All tested samples are ferroelectrics and shown loop of hysteresis.
Linear P–E curves are observed up to fields of 40-120 kV/cm for all measured samples with
thickness 0.04-0.08mm. The polarization becomes nonlinear with an increase of applied electric
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field, and at 140-400 kV/cm the remanent polarization 2Pr values were found 0.35, 3.89, 0.08
and 0.12 µC/cm2 for the BaBT (Fig.14, A), 3Ba3TiB (Fig.14, B), 2Ba2TiB (Fig.14, C) and 2BaTiB
(Fig.14, D) crystallized glass tape samples respectively. According to obtained results it is
possible to conclude that samples are ferroelectrics. Tha 3Ba3TiB crystallized glass tape sample
(Fig.14, B) has the highest remanent polarization value (2Pr=3.89 µC/cm2 ).
Studies of crystallization processes of barium di-tatanate compositions glass tapes also have
led to unexpected results. As far as it is difficult to receive this composition in glassy state as
appeared so difficultly to crystallized it. All time we obtained transparent glass ceramics,
which has residual polarization equal to 6,2 µCu/ cm2 comes nearer to barium di-titanate
single crystal (6,8 µCu/ cm2 [Akishige et al., 2006]). For comparison the value of residual
polarization of known barium titanate is equal to 25µCu/ cm2. However, the barium dititanate has Tc= 470°C [Akishige et al., 2006] as for BaT its value equal to 124°C.

6. Conclusion
The earlier published phase and glass forming diagrams of the ternary BaO-TiO2-B2O3
system have been revised and reconstructed. Seven ternary eutectics have been determined
in it. Existence of three ternary Ba2TiB2O7, Ba2Ti2B2O9 and Ba3Ti3B2O12 incongruently melted
compounds have been confirmed at the same glass compositions crystallization,
temperatures borders of their existence and their X-ray characteristics have been
determined.
The new Ba2TiB2O7 and Ba2Ti2B2O9 compounds have been characterized. The X-ray
powder diffraction patterns of Ba2TiB2O7 could be indexed on a rhombic crystal symmetry
with lattice cell as follows: a=10.068 Å, b=13.911 Å, c=15.441 Å; unit cell volume
V=2629.17Å³, Z =12, calculated density (D calc.)= 4.23g/cm³; D exp.=4.02g/cm³; α;β;γ
=90,00°. It is stable in temperature interval 570-650 °C. The Ba2Ti2B2O9 X-ray powder
diffraction patterns could be indexed on a orthorhombic crystal symmetry with lattice cell
as follows a=9.0404 Å, b=15.1929 Å, c=9.81455 Å; unit cell volume V=1348.02Å³, Z =6,
calculated density (D calc.)= 3.99g/cm³; D exp.=3.25g/cm³; α;β;γ =90,00°. It is stable in
temperature interval 600-670 °C. The Ba3Ti3B2O12 is very stable compound in temperature
interval 600-900°C.
The influence of various methods of melts casting on glass forming ability in the ternary
BaO-TiO2-B2O3 system is investigated. The expanded glass formation area changes from
stable glass forming barium tetra borate up to binary di-barium borate and up to barium dititanate. Clear correlation between glass forming ability and eutectic areas have been
revealed in investigated system.
Common regularities of bulk glass samples TEC changes in studied BaO-TiO2-B2O3 system
have been determined: increasing of BaO amounts leads to increase glasses TEC values from
60 to 120 · 10-7К-1. The substitution of B2O3 for TiO2 practically don’t influence on glasses
TEC value.
All synthesized tapes glass ceramics are ferroelectrics. The transparent barium di-titanate
glass ceramics has high residual polarization value equal to 6,2 µCu/ cm2.
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1. Introduction
The discovery of the piezoelectric properties of poly(vinylidene fluoride) (PVDF) by Kawai
[Kawai, 1969], and the study of its pyroelectric and nonlinear optical properties [Bergman et
al., 1971; Glass, 1971] led to the discovery of its ferroelectric properties in the early 1970s.
Since that time, considerable development and progress have been made on both materials
and devices based on PVDF. This work helped establish the field of ferroelectric polymer
science and engineering [Nalwa, 1995a]. There are many novel ferroelectric polymers, such
as poly(vinylidene fluoride) (PVDF) copolymers, poly(vinylidene cyanide) copolymers,
odd-numbered nylons, polyureas, ferroelectric liquid crystal polymers and polymer
composites of organic and inorganic piezoelectric ceramics [Nalwa, 1991 and Kepler &
Anderson, 1992 as cited in Nalwa, 1995b; Nalwa, 1995a]. Among them, PVDF, and its
copolymers are the most developed and promising ferroelectric polymers because of their
high spontaneous polarization and chemical stability.
Ferroelectricity is caused by the dipoles in crystalline or polycrystalline materials that
spontaneously polarize and align with an external electric field. The polarization of the
dipoles can be switched to the opposite direction with the reversal of the electric field.
Similar to inorganic ferroelectric materials such as PbZr0.5Ti0.5O3 (PZT) and SrBi2Ta2O9 (SBT),
organic ferroelectric materials exhibit ferroelectric characteristics such as Curie temperature
(the transition temperature from ferroelectrics to paraelectrics), coercive field (the minimum
electric field to reverse the spontaneous polarization) and remanent polarization (the
restored polarization after removing the electric field). However, the low temperature and
low fabrication cost of organic ferroelectric materials enable them to be used in a large
number of applications, such as flexible electronics.
In this chapter, the discussion is focused on poly(vinylidene fluoride-trifluoroethylene)
[P(VDF-TrFE)], one of the most promising PVDF ferroelectric copolymers. The main
objective of this chapter is to describe the ferroelectric properties of P(VDF-TrFE) copolymer
and review the current research status of ferroelectric devices based on this material. The
chapter is divided in six sections. The first section introduces the topic of organic
ferroelectrics. The second section describes the material properties of the ferroelectric phase
of P(VDF-TrFE) including phase structures, surface morphology, crystallinity and molecule
chain orientation. Next, the electrical properties such as polarization, switching current, etc.
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are discussed. In section four, the fundamental ferroelectric polarization switching
mechanisms are introduced and the models for P(VDF-TrFE) thin films are reviewed. The
nucleation-limited-switching (NLS) model, based on region-to-region switching kinetics for
P(VDF-TrFE) thin film will be emphasized. The fifth section reviews the impact of annealing
temperature, film thickness and contact dependence for P(VDF-TrFE) based ferroelectric
capacitors. Finally, the most important results from this chapter will be summarized, and
one of the P(VDF-TrFE) copolymer’s potential applications as flexible non-volatile
ferroelectric random access memory will be briefly discussed.

2. Material properties of P (VDF-TrFE) copolymer
P(VDF-TrFE) is a random copolymer synthesized using two homopolymers, PVDF and
poly(trifluoroethylene) (PTrFE). The chemical formula is shown in Figure 1. PVDF is a
crystalline polymer, has a monomer unit of -CH2-CF2-, in between polyethylene (PE) ( -CH2CH2-) and polytetrafluoroethylene (PTFE) (-CF2-CF2-) monomers. The similarity of PVDF to
these two polymers gives rise to its physical strength, flexibility and chemical stability
[Tashiro, 1995]. Its ferroelectric properties originate from the large difference in
electronegativity between fluorine, carbon and hydrogen, which have Pauling’s values of 4.0,
2.5 and 2.1, respectively [Pauling, 1960]. Most of the electrons are attracted to the fluorine side
of the polymer chain and polarization is created [Salimi & Yousefi, 2004; Fujisaki et al., 2007].
The Curie temperature of PVDF is estimated to be above the melting temperature at 195-197
oC [Lovinger, 1986, as cited in Kepler, 1995]. The melting of the ferroelectric phase and
recrystallization to the paraelectric phase may happen in the same temperature range. The
addition of TrFE (-CF2-CFH-) into the PVDF system plays an important role in the phase
transition behavior. TrFE modifies the PVDF crystal structure by increasing the unit cell size
and inter-planar distance of the ferroelectric phase, as seen from X-ray diffraction
measurements [Tashiro et al., 1984; Lovinger et al.., 1983a, 1983b, as cited in Tashiro, 1995]. The
interactions between each unit and between dipole-to-dipole are reduced, resulting in a lower
Curie temperature. Therefore, it allows the copolymer to crystallize into the ferroelectric phase
at temperatures below the melting point. The copolymer crystal structure, phase transition
behavior and ferroelectric properties are affected by the ratio of VDF/TrFE content and the
synthesizing conditions [Yamada & Kitayama, 1981]. The experimental data from UT Dallas
shown in this chapter are for P(VDF-TrFE) copolymer with 70/30 (VDF/TrFE), synthesized
using a suspension polymerization process. The ferroelectric properties are measured and
tested at room temperature, except if stated otherwise.

Fig. 1. The chemical formula of P(VDF-TrFE) random copolymer [Naber et al., 2005].
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2.1 Phase structures
When the P(VDF-TrFE) copolymer chains are packed and form a solid material, there are
four types of crystalline phases. The phase configurations are very similar to PVDF,
including phase I (β), phase II (α), phase III (γ), and phase IV (δ) [Xu et al., 2000]. Among
these four phases, only the β phase is the polar phase with a large spontaneous polarization
along the b axis which is parallel to the C-F dipole moment, and perpendicular to the
polymer chain direction (c axis) [Hu et al., 2009.]

(a)

(b)

Fig. 2. (a)The schematic of the β phase crystal structure for P(VDF-TrFE) copolymer in the
ab plane (the c axis is normal to the ab plane), and (b) along the c axis of the all-trans (TTTT)
zigzag planar configuration from the top view.
The schematic of the β phase crystal structure is shown in Figure 2. The molecules are in a
distorted, all-trans (TTTT) zigzag planar configuration. When the polymer is cooled from its
melt state, it crystallizes into the α phase. This crystal is nonpolar with the molecules in a
distorted trans-gauche-trans-gauche’ (TGTG’) configuration, which is the state with the
lowest energy. In the γ phase, the crystal has polar unit cells with molecules in the T3GT3G’
configuration, and the dipole moment is smaller than phase I (β). For the δ phase, the crystal
has the same configuration as the α phase, but with a different orientation of the molecules’
dipole moments in the unit cell [Kepler, 1995]. Different phases can be achieved by using
different processing conditions. The material can transition between phases by using
annealing, stretching and poling methods [Tashiro et al., 1981, as cited in Tashiro 1995]. In
this chapter, the discussion is focused on the polar β phase.
2.2 Surface morphology of β phase crystals
The mechanics and aggregation characteristics of the polymeric chains can be different
when forming each crystalline phases, resulting in different surface morphologies. This can
be studied using atomic force microscopy (AFM). Figure 3 shows a 3D 1µm×1µm AFM
image of a typical P(VDF-TrFE) film. The rod-like shape of the grains is attributed to the β
phase crystallites. The size of the grains and the roughness of the surface are related to the
annealing conditions and are sensitive to the maximum processing temperature [Park et al.,
2006; Mao et al., 2010a]. The sample shown in Figure 3 corresponds to a 210 nm spin coated
film annealed at 144 oC for 2 hours in vacuum. The length of the grains is approximately 180
nm with a surface RMS roughness of 14.6 nm [Mao et al., 2010a].
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Fig. 3. AFM tapping mode height image of a 210 nm P(VDF-TrFE) film annealed at 144 oC
for 2 hours in vacuum.
2.3 X-ray analysis for β phase crystals
X-ray Diffraction (XRD) can be used to study the crystalline characteristics. The diffraction
angle corresponds to the inter-planar spacing and orientation of the crystal planes, and the
diffraction intensity indicates the quantity of the corresponding crystal planes, which relates
to the degree of crystallinity. The crystal structure of P(VDF-TrFE) is normally related to the
composition (mole ratio of VDF/TrFE) of the copolymer and the annealing process. In the β
crystal phase of P(VDF-TrFE), the unit cell is orthorhombic, with each chain aligned and
packed with the CF2 groups parallel to the b axis [Lando et al, 1966; Gal’perin & Kosmynin,
1969; Hasegawa et al, 1972, as cited in Tashiro, 1995], as indicated in Figure 2 (a). Figure 4
shows the XRD results from a 210 nm P(VDF-TrFE) (VDF/TrFE of 70/30) film annealed at
144 oC and measured at room temperature. The diffraction peak at 2θ=19.9o is attributed to
the (110) and (200) orientation planes, which are associated with the polar β phase. From the
position of this sharp peak, the inter-planar spacing b is determined to be 4.5 Å [Mao et al,
2010a]. The strong diffraction peak indicates a high degree of crystallinity in the β phase.
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Fig. 4. XRD results for 210 nm β phase P(VDF-TrFE) (VDF/TrFE of 70/30) film annealed at
144 oC and measured at room temperature
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2.4 Vibrational analysis for β phase crystals
Molecular vibration analysis is a key to understanding the dynamics of a material. Fouriertransform infrared spectroscopy (FT-IR) can be used to detect the vibrational mechanics of a
material system by monitoring the absorption of infrared energy. The incident electromagnetic field from the IR source interacts with the molecular bonding of the P(VDF-TrFE)
film, resulting in a large absorption when the molecular vibration and the electric field
component of the IR are perpendicular to each other. Each phase of the P(VDF-TrFE)
polymer will provide a characteristic FT-IR spectrum. Details of the absorption band
assignments can be found in the literature [Kobayashi et al, 1974; Reynolds et al, 1989; Kim
et al, 1989]. Here we only discuss the three intense bands, 1288 cm-1, 850 cm-1, and 1400 cm-1
associated with the β phase of P(VDF-TrFE). The 1288 cm-1 and 850 cm-1bands belong to the
CF2 symmetric stretching with the dipole moments parallel to the polar b axis [Reynolds et
al, 1989]. The 1400 cm-1 band is assigned to the CH2 wagging vibration, with the dipole
moment along the c axis. As illustrated in Figure 5 [Mao et al, 2010], a polarized IR source
with the electrical component parallel to the substrate (p-polarized) is used to measure two
P(VDF-TrFE) thin film samples. The strong absorption bands at 1288 cm-1 and 850 cm-1 in
spectrum A (sample A) indicates that the polar b axis of the P(VDF-TrFE) copolymer chain is
perpendicular to the substrate and the planar zigzag chains are aligned parallel to the
substrate [Hu et al, 2009]. However, in spectrum B (sample B), week absorption bands
observed at 1288 cm-1 and 850 cm-1 indicate that the b axis is tilted away from the direction
normal to the substrate. Additionally, the strong absorption band at 1400 cm-1 band
indicates the polymer chain (c axis) is tilted, and a significant number of the molecules are
aligned normal to the substrate, which is undesirable for vertical polarization [Park et al,
2006; Mao et al, 2010a].
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Fig. 5. FT-IR analysis of the β phase of P(VDF-TrFE) polymer films (A and B) with different
polymer chain alignment characteristics. In sample A, the polymer chains are aligned
parallel to the substrate, and in sample B, the polymer chains are tilted and some portions
are aligned perpendicular to the substrate.

3. Electrical properties of P(VDF-TrFE) film
The fabrication of the polymer films into devices and the electrical characterization of the
ferroelectric properties are introduced here. The discussion focuses on ferroelectric
capacitors (FeCap), which is the fundamental device for studying this material.
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3.1 Deposition of P(VDF-TrFE) films
There are two common methods to prepare P(VDF-TrFE) thin films. The first one is the melt
and press method[Yamada & Kitayama, 1981]. The copolymer crystallizes into α or γ phases
when it is slowly cooled to room temperature from the melt. The film has a high degree of
crystallinity. Stretching or poling process is required to achieve the β phase crystals. For the
melt and press fabrication process, the film thickness is usually > 1 µm. Spin coating from
solution is another common fabrication method. By changing the weight percentage of the
polymer in solution, spin coating can be used to produce films with thickness ≤100 nm.
Different crystal phases can be achieved from polymer dissolved in different solvents. Spin
coat from 2-butanone or cyclohexanone solutions allow the film to be crystallized into the β
phase directly. Another method of making ultra thin film reported by A.V. Bune et al. [Bune et
al., 1998] is Langmuir-Blodgett deposition, which results in films which are a few monolayers
thick and can be switched at 1 V. After making the films, thermal annealing is always used to
increase the degree of crystallinity. The annealing will be discussed in section 5.
3.2 Electrical characterization methods for polarization
The application of an electric field across the FeCap with an amplitude higher than the
coercive field will reverse the polarity of the dipoles, and induce a switching current flow
through the external closed loop. The total number of dipoles determines the electric
displacements or polarization of the film. By integrating the switching current in the time
domain, the total number of the switched dipoles or charges can be calculated. Two types of
waveforms are commonly used to measure the polarization, the triangular wave for
hysteresis loop characterization and a sequence of pulses for the standard Positive Up
Negative Down (PUND) method [Kin et al, 2008; Mao et al., 2010b], as shown in figures 6 (a)
and (b), respectively.
(b)
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Fig. 6. The polarization measurement waveforms for (a) hysteresis loop and (b) PUND
characterizations.
In the hysteresis loop measurement, the first triangular wave is used for initialization of the
ferroelectric capacitor, followed by the second waveform for polarization measurement in
both positive and negative directions. In the PUND measurement, switching polarization
(Psw) and nonswitching polarization (Pns) are measured. Psw corresponds to the current
integration in the polarization switching transient, and Pns corresponds to the current
integration when the polarization has the same direction as the applied electric field. They
are defined as [Mao et al., 2010b]
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Psw  Ps  Pr

(1)

Pns =Ps -Pr

(2)

where Ps and Pr represent the spontaneous polarization and remanent polarization,
respectively. The five sequential pulses represent initialization, measurement for Psw, Pns in
positive and negative directions, respectively.
3.3 Hysteresis loop measurement
The hysteresis loop is one of the most important tools to characterize ferroelectrics. A
significant amount of information can be extracted from the hysteresis loop. Similar to other
ferroelectrics, P(VDF-TrFE) copolymer exhibits remanent polarization. Figure 7 (a) shows
the hysteresis loops measured at 1 Hz with different applied voltages for a FeCap with
P(VDF-TrFE) film thickness of approximately 154 nm. As the voltage increases to 8 V, the
FeCap starts to show hysteresis characteristics, and saturates at above 10 V. Ps and +/-Pr are
plotted as a function of voltage in Figure 7 (b). Ps and Pr increase rapidly at voltage > 6 V,
and saturate at 8.2 µC/cm2 and 6.9 µC/cm2, respectively. The coercive voltage (Vc) is
defined as the voltage when dP/dV reaches maximum, which is approximately 6.7 V,
corresponding to a coercive field (Ec) of 0.44 MV/cm.
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Fig. 7. (a) Hysteresis loops measured at different voltages for P(VDF-TrFE) FeCap, and (b) Ps
and +/-Pr as a function of applied voltage.
3.4 PUND measurement
In the PUND method, a circuit is used to measure the currents in polarization switching and
nonswitching transients, or measure the displacement and polarization of the FeCaps. In
order to measure the polarization switching transient, we use a function generator to bias
the FeCap, and measure the voltage across a linear resister using an oscilloscope, as shown
in Figure 8. The transient current can be calculated by dividing the voltage with the
resistance. Psw and Pns can be calculated by integrating the current in the time domain.
Typical PUND measurement data from a P(VDF-TrFE) based FeCap (size of 300µm ×
300µm) are plotted in Figure 9. V1 and V2 represent the voltages measured from channel 1
and 2 of the oscilloscope, respectively. Rescaling V2 by 1/R (1000 ohms in the measurement)
gives the transient current. The 1st, 3rd and 5th pulses induce large responses, representing
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the polarization switching of the dipoles, while the 2nd, 4th, and 6th pulses correspond to the
nonswitching transient with small current responses, because the dipoles have already
aligned in the same direction as the applied electric field. The sharp response for
polarization switching indicates the fast rotation of the dipoles, and the large difference
between the switching and nonswitching responses indicates a large remanent polarization.
Psw and Pns are calculated from the transient switching current to be 11.2 µC/cm2 and 1.3
µC/cm2, respectively. The switching current is a function of the applied electric field.

Fig. 8. The circuit schematic used to measure the currents in the switching and nonswitching
transients using the PUND method.
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Fig. 9. The switching and nonswitching transient measurement of a P(VDF-TrFE) based
FeCap using the PUND method.
3.5 Capacitance-voltage measurement
The nonlinearity of the dielectric response to electric field is also present in P(VDF-TrFE), as
shown in Figure 10. An FeCap with P(VDF-TrFE) thickness of 154 nm is measured at 100
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KHz. The dielectric permittivity is a function of dP/dV, which corresponds to the slope of
the polarization-voltage plot. The dielectric constant is measured to be between 7.8 and 11,
depending on the electric field [Mao et al., 2010a]. The peaks in the capacitance correspond
to the polarization reversal of the dipoles, and the electric field for the peak capacitance
corresponds to the coercive field [Lohse et al., 2001].
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Fig. 10. The capacitance-voltage response of a 154 nm thick P(VDF-TrFE) based FeCap.

4. Polarization switching kinetics of P(VDF-TrFE) thin films
Understanding the kinetics of polarization switching is important to the application of
ferroelectric materials. The polarization dipole reversal mechanism of inorganic ferroelectric
materials such as lead zirconate titanate (PZT) has been studied for many years. The
switching kinetics in a single crystal ferroelectric is found to follow the classical model
called the Kolmogorov-Avrami-Ishibashi (KAI) model [Lohse et al., 2001; Tagantsev et al,
2002]. The KAI model was developed by the group of Ishibashi, based on the statistical
theory of Kolmogorov and Avrami (KA) [Kolmogorov, 1937; Avrami 1939; Avrami 1940;
Avrami 1941, as cited in Lohse et al., 2001], which was originally developed for the
modeling of the crystallization process in metals. However, for polycrystalline ferroelectric
thin films, the switching kinetics were frequently found to disobey the KAI model [Lohse et
al., 2001; Tagantsev et al, 2002]. In this section, the polarization switching mechanism and
the KAI model will be briefly discussed, and correlated with a model based on region-byregion switching for P(VDF-TrFE) thin films[Tagantsev et al, 2002]. Some alternative models
for P(VDF-TrFE) will also be briefly introduced.
4.1 The polarization switching mechanism and KAI model
Ferroelectric polarization is defined as the electric dipole moment, or the displacement of
charge density away from the center of the unit cell in the crystal lattice. The polarization
direction can be switched by applying an electric field. The polarization switching process is
commonly considered to be controlled by two mechanisms; domain nucleation and
expansion [Merz, 1956; Kimura & Ohigashi, 1986]. The switching time is a function of the
electric field, and for these two mechanisms, the switching time for each mechanism has a
different dependence on the electric field. The domain nucleation process has an exponential
relationship and can be expressed as [Merz, 1956]
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τ 0  τ ae

(

E0

E

)n

(3)

where E0 is the activation field, τa is the switching time at E= E0, which corresponds to the
fastest switching speed of the material, and n is a constant related to the dimension of the
domain growth. For domain expansion, the reciprocal of 1/τ0 has a linear relationship as
described in equation (4) [Merz, 1956];
1
~ µ(E  E1 )
τ0

(4)

where µ is the mobility of the domain expansion and E1 is a limiting electric field similar to a
coercive field strength. The polarization switching of the ferroelectric is considered to be a
combination of these two processes. Therefore, for a single crystal material, it exhibits a total
switching time τ0, which is a function of applied electric field.
The KAI model describes the switching polarization phenomenon as initially being a
uniform formation of the reversal nucleation centers, followed by the unrestricted expansion
and overlapping of the domains throughout the sample. The volume of polarization can be
mathematically expressed as [Lohse et al., 2001; Tagantsev et al, 2002];
pt  1  e

( t

τ0

)n

(5)

where p(t) is the volume of the ferroelectric that has been switched in time t, τ0 is the
switching time and n is a dimension constant. The electric displacement D can be expressed
as [Tajitsu et al., 1987];
D  εE  P  εE  2Pr (1  e

n
 t

 τ0 

)

(6)

where ε, E, P and Pr are the linear dielectric permittivity, electric field, polarization and
remanent polarization, respectively.
Due to the nature of polycrystalline ferroelectric thin films, the KAI assumptions are not
always met. It was observed in many cases that the switching time increases and the
distribution of the switching time broadens as the film thickness decreases [Lohse et al.,
2001; Tagantsev et al, 2002]. In the P(VDF-TrFE) system, Tajitsu et al. proposed that the
increase of switching time for thinner films correspond to the increase in the activation field,
which is caused by the formation of a surface layer [Tajitsu, 1995]. Nakajima et al, found that
the increase in the switching time happens for FeCaps with Al contacts, but for Au contact
FeCaps, the switching time is independent with film thickness [Nakajima et al., 2005]. The
film thickness and contact dependence of polarization switching will be discussed in section
5. To explain the broadening of the switching time distribution for P(VDF-TrFE) thin films,
alternate methods have been proposed to model the polarization switching kinetics. They
are introduced and discussed below.
4.2 Region-by-region switching
The polarization switching process in a ferroelectric is affected by many factors, especially
the nucleation rate of reversal domains, domain dimension, and the mobility of the domain
wall [Tagantsev et al, 2002]. Different from single crystal materials, AFM and TEM studies
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Normalized switching polarization

suggest that the switching process in thin films occur region-by-region [Colla et al., 1998;
Ganpule et al. 2000; Kim et al., 2010]. The polarization switching process in one region does
not necessarily expand through the neighboring regions and switch the whole film.
Therefore, the switching of each region is independently determined by its own
characteristics, such as nucleation rate and domain dimension. Based on this analysis,
Tagantsev et al proposed a model called nucleation-limited-switching (NLS) for the
polarization switching of a ferroelectric thin film [Tagantsev et al, 2002]. In this model, the
assumption is that each region switches independently, and in each region, the switching
process is dominated by the nucleation time of the first reversal domain. The switching of
the whole system is controlled by the statistics of domain nucleation, instead of domain
expansion in the KAI model.
For the P(VDF-TrFE) copolymer, polarization reversal originates from the rotation of the
carbon-fluorine and carbon-hydrogen covalent bonding around the central chain of the
polymer [Furukawa et al., 2006]. In thin film P(VDF-TrFE), the activation field for domain
expansion is small (approximately 0.87 MV/cm) [Kim et al., 2010] compared to domain
nucleation (approximately 7.8-12 MV/cm) [Tajitsu, 1995; Nakajima et al., 2005; Kusuma et
al., 2010]. Therefore, the polarization switching dynamics are dominated by domain
nucleation. Because of polycrystalline nature of thin films, they consist of many grains
separated by grain boundaries. The NLS model better describes the switching process of this
system. Therefore, it can be used to model the switching polarization as a function of time
[Mao et al., 2010b].
In Figure 11, Ps is shown as a function of time for a FeCap with a P(VDF-TrFE) film
thickness of 100 nm using the PUND method. The experimental data and the calculated
response using the NLS model are plotted as symbols and solid lines, respectively. The
polarization dispersion at a pulse width equal to 1 s (corresponding to log (t) = 0) is due to
the high dc conductance of the devices caused by the increased dielectric leakage at high
voltage and low frequencies [Nakajima et al., 2005]. These points are not included in the
model calculation. The agreement between the experimental data and the model suggests
the region-by-region polarization switching process in P(VDF-TrFE) system is a reasonable
description.
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Fig. 11. The relationship of the normalized switching polarization and applied voltage pulse
width in positive region. The symbols are experimental data and the lines are the calculated
response using the NLS model. Reprinted from [Mao et al, 2010b] with permission.
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Since the nucleation limited switching dynamic of P(VDF-TrFE) thin film dominate this
switching polarization, the polarization switching time (τ) can be described as the delay time
for domain nucleation, while the time for domain expansion can be neglected. The
difference in domain dimensions, region sizes and especially the distribution of the
nucleation centers and the nucleation rate of the reversal polarization among each region
leads to a distribution of switching times throughout the film. For each region, τ is a
function of applied voltage, characterized by an individual activation voltage (V0). The
dispersion of τ, characterized by τmax and τmin, corresponding to the maximum and
minimum V0 among all regions in the film can be extracted from the model and plotted as a
function of applied voltage (symbols), as shown in Figure 12. The exponential relationship
of τ and applied voltage follows equation (3). τmax is used to fit equation (3) (plotted as the
solid line in Figure 12), τ0 and E0 can be extracted as 5 ns and 9.6 MV/cm.
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Fig. 12. Experimental τmax and τmin data from Figure 11 plotted as a function of applied
voltage, and the fitting for τmax in positive polarization region. Reprinted from [Mao et al,
2010b] with permission.
Figure 11 shows the switching dynamics (+/-Psw versus time) for P(VDF-TrFE) with a
distribution as long as three decades, compared to eight decades for the 135 nm Pb(Zr,Ti)O3
system reported in the literature[Tagantsev et al, 2002]. The reduced range of switching
dynamics in P(VDF-TrFE) films indicates a more uniform distribution of switching time, or
activation field among the regions. One of the reasons could be the more uniform size of the
regions and distribution of nucleation centers within the regions. Additionally, P(VDF-TrFE)
has a much higher activation field of 9.6 MV/cm compared to Pb(Zr,Ti)O3, 0.77 MV/cm,
therefore, the reversal polarization domain nucleation kinetics at room temperature for
P(VDF-TrFE) are less dependent on thermal activation [Stolichnov et al., 2003; Mao et al.,
2010b]
4.3 Surface roughness based model
As the film thickness decreases, the surface roughness becomes significant, resulting in a nonuniform electric field distribution. For the broadening of the switching time distribution,
Nakajima et al proposed a model based on surface roughness [Nakajima et al., 2005]. The non-
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uniform distribution of electric field on the ferroelectric thin film leads to different values of
switching time on different regions, and causes the broadening of the switching time.
Using this method, the authors plotted the thickness distribution vs. average film
thickness of four P(VDF-TrFE) samples (symbol) and fit the data with the Gaussian
distribution function (line); as shown in Figure 13 (a). The electric field distribution across
the film surface can be determined, which is correlated to the switching time using
equation (3). The electric displacement D and polarization P can be calculated using
equation (6). The calculated switching time distributions for different film thicknesses are
plotted in Figure 13 (b) [Nakajima et al., 2005]. As seen for the 50 nm P(VDF-TrFE) films,
the maximum amplitude of the surface roughness is approximately 20 nm, which causes a
significant broadening of the switching time distribution, based on the model calculation
shown in Figure 13 (b). Compared to the experimental results in Figure 19 (a) by the
authors, the model predicts the correct trend, but the predicted distribution is slightly
broader.

Fig. 13. The surface roughness for (a) The thickness distribution vs. the average film
thickness of four P(VDF-TrFE) (75/25) copolymer thin films from 50-330 nm, and (b) the
calculated differential switching time distribution at electric field of 120 MV/m. Reprinted
from [Nakajima et al., 2005] with permission.
4.4 Other model for P(VDF-TrFE) thin films
The switching kinetics of P(VDF-TrFE) thin films were also studied by Kimura et al [Kimura
& Ohigashi, 1986], who proposed a model based on the defects in the crystalline phase. The
defects can modulate the local electric field in the surrounding material and prevent domain
growth. The effect of defects can be described as a dipole moment ∆µ, therefore, the C-F
dipole moment can be affected by the defects and deviated from its intrinsic value. The ∆µ is
non-uniformly distributed, which can broaden the distribution of switching time in the film
[Kimura & Ohigashi, 1986].
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5. Annealing, film thickness and contact dependence
The fabrication process and device structure are significant factors that need to be
understood to optimize device performance. Thermal annealing, P(VDF-TrFE) film
thickness and contacts are discussed in this section.
5.1 Thermal annealing
The main purpose for annealing P(VDF-TrFE) films is to increase the degree of crystallinity
of the β phase and remove the residual solvent in the film [Mao et al., 2010a]. The
microstructure and electrical performance of the polymer are related to the annealing
temperature, time and temperature ramp up and cool down rate. The two phase transition
temperatures, the Curie temperature (Tc) and the melting temperature (Tm) are critical in the
annealing process [Mao et al., 2010a]. When heating above Tc, the ferroelectric materials
loses spontaneous polarization and becomes paraelectrics. It is necessary to anneal the
sample in the paraelectric phase, since the thermal energy allows the polymer chains to
rearrange their orientation and position to form a more crystalline structure after cooling
[Furukawa et al, 2006]. For P(VDF-TrFE) copolymer, if the films are annealed at
temperatures above Tm, the β phase decreases and recrystallizes into the α or γ phase when
slowly cooled down. Therefore, to achieve high β phase crystallinity films of P(VDF-TrFE),
Tc < Tanneal < Tm is required for annealing.
The annealing effects on the microstructure of the P(VDF-TrFE) film can be studied from the
point of view of surface morphology, degree of crystallinity and molecular chain
orientation. The characteristics of the β phase P(VDF-TrFE) have been discussed in section 2.
For 70/30 P(VDF-TrFE) films (Tc=118 oC, Tm =144 oC) annealed at temperatures below Tm,
increasing the annealing temperature causes a dramatic increase in grain size, as shown in
the AFM height images in Figure 14 (a)-(d). The increase in the crystallinity of β phase is
reflected in the XRD results, as the diffraction intensity increased for the (110), (200)
diffraction peaks at 2θ=19.9o, which is shown in Figure 15. When annealed above Tm, the β
phase grains disappeared and the characteristics of the surface morphology change
significantly (Figure 14 (e)). The melting and recrystallization process are also recognized as
a decrease of the crystallinity of β phase in XRD data (Figure 15). The surface roughness
increases dramatically as the annealing temperature increase above Tc [Mao et al., 2010a].
The effects of annealing on molecular bond and polymer chain orientation can be clearly
detected using polarized FT-IR, as discussed in section 2. Figure 16 [Mao et al. 2010a] shows
the p-polarized FT-IR results for the P(VDF-TrFE) film annealed at different temperatures.
When annealed below Tc (at 65 oC), the molecular and polymer chains do not have sufficient
energy to align, therefore, they have a random orientation, as shown by the low IR
absorption at 850 and 1288 cm-1. When annealed above Tc but below Tm, the higher thermal
energy allows the polymer chains to start to reorient and align parallel to the substrate, as
indicated by the increase of the IR absorption at 850 and 1288 cm-1 (118-144 oC). Annealing
above Tm, the polymer chains start to rotate and partially align normal to the substrate, and
the β phase decreases, observed by the increase of the IR absorption at 1400 cm-1 and the
decrease of the 850 and 1288 cm-1 bands.
For the electrical properties of P(VDF-TrFE) FeCaps, Ps, Pr and Ec of the FeCap depend
mainly on the molecular and polymer chain orientation of the β phase crystals, as shown in
Figure 17. The FeCaps were annealed at different temperature before the deposition of the
top contacts. In Figure 17, FeCaps annealed below Tc or above Tm show low Ps, Pr and large
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Ec. When annealed between Tc and Tm, high Ps, Pr and low Ec are achieved, with negligible
difference as a function of temperature.

XRD intensity of (110) (200) peaks

Fig. 14. AFM 1µm×1µm height images of P(VDF-TrFE) film annealed at different
temperatures. (a) 65 oC, (b) 118 oC, (c) 133 oC, (d) 144 oC, and (e) 154 oC. The height scales are
30 nm for (b), (c), (d), 10 nm for (a), and 100 nm for (e). All of the images were collected at
room temperature.

Tc=118 oC
Tm=148 oC

60

80 100 120 140 160
o
Annealing temperature ( C)

Fig. 15. XRD intensity of (110), (200) orientations after different annealing temperatures. The
(110), (200) diffraction peaks at 2θ=19.9o are attributed to the β phase of P(VDF-TrFE).
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Fig. 16. Polarized FT-IR results for P(VDF-TrFE) films annealed at different temperatures.
The different absorption at 850, 1288 and 1400 cm-1 bands represent the annealing
temperature affects on polymer chain alignment. Reprinted from [Mao et al., 2010a] with
permission.

Fig. 17. The hysteresis loops of P(VDF-TrFE) FeCaps annealed at different temperatures.
Reprinted from [Mao et al., 2010a] with permission.
5.2 P(VDF-TrFE) film thickness dependence
For P(VDF-TrFE) copolymers, Ec is large, approximately 0.5 MV/cm, and depends on the
VDF/TrFE ratio. For low voltage applications, it is necessary to reduce the film thickness,
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while maintaining good ferroelectric properties. It has been shown that as the film thickness
decreases, the grain size decreases, along with a decrease in the degree of crystallinity [Mao
et al., 2010a]. The x-ray diffraction angle (2θ) for the (110) (200) orientation of the β phase
remains constant, indicating that the inter-planar spacing, b, in the crystal lattice does not
change for thinner films [Mao et al., 2010a].
Merz studied the film thickness dependence of switching kinetics for BaTiO3 crystals and
found the activation field increases as the film thickness decreases, which is attributed to the
formation of an interfacial layer between the ferroelectric crystal and the contacts [Merz,
1956]. Based on Merz’s approach, Tajitsu [Tajitsu, 1995] and Xia et al [Xia et al., 2001]
studied the switching kinetics of P(VDF-TrFE) FeCaps with Al contacts for different
ferroelectric film thicknesses. Their experimental data suggest that the increase in
polarization switching time as the P(VDF-TrFE) film thickness decreases can possibly be
explained by the formation of an interfacial layer.
In Merz’s approach, the thickness dependence of E0 for thin films can be expressed as [Merz,
1956]
β
E0  E 01   
d

(7)

where E01 is the activation field for thick films, β is an experimental fitting parameter and d
is the film thickness.
The interfacial layer can be treated as a dielectric layer electrically connected in series with
the ferroelectric film; therefore, from [Merz, 1956]
Vtotal  Vf  Vit

(8)

where Vtotal, Vf and Vit are the total applied voltage, voltage drop across the ferroelectric film
and the interfacial dielectric layer, respectively. The charge continuity at the boundary of the
two interfaces can be expressed as [Merz, 1956]
Vtotal ε f  dit

1
Vf
ε it  d f

(9)

where εf and εit are the dielectric permittivity of the ferroelectric and interfacial layers, df and
dit are the thickness of the ferroelectric and interfacial layers, respectively. Due to df >> dit
and εf/df << εit/dit [Xia et al., 2001], (9) can be rewritten as [Xia et al., 2001]


ε f  dit
E f  E total  1 

ε it  (d f  dit ) 


(10)

where Ef and Etotal are the electric field across the ferroelectric material and the applied
electric field.
Xia et al characterized P(VDF-TrFE) FeCaps with the film thickness ranged from 600 to 120
nm, and used this approach to analyze the switching time dependence. If the interfacial
model is not incorporated, a clear thickness dependence of switching time can be found
(Figure 18 (a)), as the switching time increases for thinner films. When the interfacial layers
are taken into account, switching time is much less dependent on film thickness, as shown
in Figure 18 (b).
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(a)

(b)

Fig. 18. (a) Switching time as a function of 1/E with different film thicknesses for (from right
to left) 600, 370, 200, 150, 120 nm films and (b) switching time as a function of Ef using the
interfacial layer model. Reprinted from [Xia et al., 2001] with permission.
5.3 Contact dependence
Metal is the most commonly used material for FeCap contacts. For organic electronic
systems, the physical and chemical processes on the interface need to be considered when
metal is deposited on the organic materials. Reactive metals such as Ti, Ni and Al can react
with the organic materials and form an interfacial layer, which can degrade the electrical
properties [Xu et al., 2009]. For P(VDF-TrFE) copolymer, Ti and Ni can react with the
fluorine atom in the –CF2- components and create TiFx and NiFx at the interface, respectively
[Xu et al., 2009; Chen & Mukhopadhyay, M., 1995]. For chemically inert metals, such as Au,
less chemical reaction occurs between the metal atom and P(VDF-TrFE). However, it is easy
for the metal to diffuse into the low density polymer film, creating a large leakage current
for thinner films.
Nakajima et al studied the P(VDF-TrFE) FeCaps using different contact metals as Al and Au.
The switching time distribution broadens as the film thickness decreases for FeCap with
both contacts. However, the authors found that the switching time increase with decreasing
film thickness only for the FeCaps with Al contact, not for Au contact FeCaps. The authors
suggest that the increase of the switching time is attributed to an interfacial dielectric layer
formed when Al is deposited on P(VDF-TrFE), which is in agreement with the above
discussion. This interfacial layer helps reduce the leakage current, while degrading the
polarization switching speed. No interfacial layer is formed between P(VDF-TrFE) and Au.
Therefore, the switching time does not increase with decreasing film thickness.
It has also been demonstrated that by using polymeric electrodes, device performance and
reliability can be improved. The improvement can be attributed to better adhesion, wetting
and similar chemical properties of the surface, compared to metal contacts. Naber et al
found that adding a conducting polymer poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonicacid) (PEDOT: PSS) on top of Al or indium-tin-oxide (ITO) for bottom
contact improves both the Pr and switching time for films as thin as 65 nm of P(VDF-TrFE)
[Naber et al., 2004]. Xu et al demonstrated that both polypyrrole-poly(styrene sulfonate) and
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PEDOT-PSSH can be used as buffer conducting polymer layers for P(VDF-TrFE) top and
bottom contacts. Improved device performance with higher Pr and faster switching speeds
were achieved. A Pr of more than 70% of its initial value can be achieved after 1×107 cycles
of switching for 50 nm thick P(VDF-TrFE) film devices, as shown in Figure 20 [Xu et al.,
2007, 2009]. Xu et al also found that the conducting polymer buffer layers improve the
degree of crystallinity of the thin films [Xu et al., 2009].

Fig. 19. The polarization switching behaviors for (a) Au contact FeCap, and (b) Al contact
FeCaps. Reprinted from [Nakajima et al., 2005] with permission.

Fig. 20. Hysteresis loops for 50 nm of P(VDF-TrFE) film with Ti as the top and bottom
contacts; (a) with two PEDOT-PSSH buffer layers between P(VDF-TrFE) and Ti for top and
bottom contacts, (b) without buffer layers. Solid lines and dashed lines are the measurement
before and after 1×107 cycles of switching, respectively. Reprinted from [Xu et al., 2009] with
permission.
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6. Conclusions
In this chapter, the material and electrical properties, and the ferroelectric polarization
switching kinetics of P(VDF-TrFE) copolymer have been reviewed. The ferroelectric
properties originate from the large difference in the electronegativity between the fluorine,
carbon and hydrogen atoms. The polymer phase structure, surface morphology,
crystallinity, and molecular chain orientation associated with the ferroelectric β phase have
been discussed. The P(VDF-TrFE) copolymer exhibits a high spontaneous polarization > 8
µC/cm2 (depending on fabrication process and mole ratio of VDF/TrFE) and a square like
hysteresis loop. The sharp peak in the switching current indicates the fast rotation of the
dipole around the polymer chain.
To illustrate the switching kinetics of P(VDF-TrFE) thin films, two basic polarization
switching mechanisms, reversal polarization nucleation and domain wall expansion were
reviewed. A commonly accepted statistical model (KAI) for single crystal polarization
switching was discussed and extended to models to explain the switching time broadening
for P(VDF-TrFE) thin films, including the nucleation-limited-switching (NLS) model based
on region-to-region switching kinetics, surface roughness based model, etc. The NLS model
can be successfully used to fit P(VDF-TrFE) switching data and τ0 and E0 can be extracted as
5 ns and 9.6 MV/cm.
The annealing temperature, film thickness and contacts were then discussed. For annealing
above Tc but below Tm, the grain size and the crystallinity of the (110) (200) orientation of the
β phase increases, the polymer chains align parallel to the substrate with the polarization
dipole moment perpendicular to the substrate. At annealing above Tm, the surface
morphology changes significantly, the degree of crystallinity in the β phase decreases
dramatically, and the polymer chains tend to align normal to the substrate. As the film
thickness decreases, the grain size and degree of crystallinity decrease. The increase
switching time as film thickness decreases can possibly be explained by the formation of an
interfacial layer. For the contact, reactive metals induce an interfacial layer, which causes an
increase in the switching time. P(VDF-TrFE) FeCaps with Au contacts do not have this film
thickness effect, but as the film becomes thinner than 100 nm, the diffusion of Au atoms
increases the leakage current. Therefore, thin films with high quality are required. Using
conducting polymers, such as PEDOT: PSS and polypyrrole-poly(styrene sulfonate) as a
buffer layer for the contacts show improved electrical performance in remanent
polarization, switching time and reliability for thin film P(VDF-TrFE) based FeCaps.
One of the most important applications of P(VDF-TrFE) copolymer is ferroelectric
nonvolatile memory (FeRAM). The two stable states of the ferroelectric material in positive
and negative directions can be used as digital data “1” and “0”, and the remanent
polarization leads to data storage with the power off (nonvolatile). Due to the low
temperature, solution process of P(VDF-TrFE) films, it is compatible with large area and
flexible electronic applications. Even though the polarization switching speed of P(VDFTrFE) is slow (~1 µs) compared to PZT (~ 10 ns), it is much faster than the conventional flash
memory(100 µs) in writing and programming. Moreover, it is reliable with more than 1×107
cycles of switch [Mao et al., 2011a], and can be used in low voltage applications [Fujisaki et
al., 2007]. The memory cell can be constructed by combining access transistors with the
ferroelectric capacitors. The circuit structure depends on the number of access transistors
and ferroelectric capacitors [Arimoto & Ishiwara, 2004]. One transistor-one capacitor (1T1C)
FeRAM elements based on P(VDF-TrFE) were recently demonstrated by the authors [Mao,
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et al., 2011b]. Ferroelectric transistors can also be fabricated using P(VDF-TrFE) for each bit
in FeRAM [Naber et al., 2005; Lee et al., 2009], however, the reliability still needs to be
improved for future applications.
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1. Introduction
Ferroelectrics are multifunctional materials exhibiting a host of appealing properties
resulting from the presence of the spontaneous polarization, which is a polarization
occurring in the absence of an applied electric field, due to a structural transformation
taking place at a certain temperature (Uchino, 2000; Lines & Glass, 1977). Among the most
important properties are: ferroelectricity-the ability to switch the spontaneous polarization
by the application of a suitable electric field; piezoelectricity-the ability to produce a voltage
by the application of a mechanical stress, or the ability to change the strain by applying a
voltage; pyroelectricity-the ability to generate current when heated/cooled; birefringencedifferent refraction indices along the polar axis and on other crystalline directions, etc. It is
thus of no wonder that ferroelectric materials, especially those with perovskite structure
(e.g. Pb(Zr,Ti)O3, known as PZT, or BaTiO3) , quickly found a lot of applications in the
electronic industry, security, medicine, different type of automations, etc. In most of the
applications the ferroelectrics are used as capacitors, either as bulk ceramics or single
crystals or as thin films of polycrystalline or epitaxial quality (Izyumskaya et al., 2008;
Dawber et al. 2). Also, most of the applications are based on the application of an external
voltage on the ferroelectric capacitor, leading unavoidable to the occurrence of a leakage
current. If in the case of bulk ferroelectrics, especially in the form of ceramics, the leakage is
usually negligible, only the currents due to polarization variations being of significant value
(e.g. pyroelectric or reversal currents), in the case of the thin films the leakage currents can
be so large that they hidden any contribution from polarization variation. This fact is not
acceptable in applications which are based on reading currents due to polarization changes
under the influence of an external voltage, as is the case for the read/write process in nonvolatile ferroelectric memories (Scott J. F., 2000). Solutions to reduce the leakage can be
found only if the conduction mechanism is correctly understood, as well as the impact of
leakage on other macroscopic properties. For example, the leakage can have a significant
impact on the hysteresis loop, considering that the loop is obtained by the integration of the
charge released during the polarization switching. A large leakage current, over-imposed on
the switching current will alter the hysteresis, masking the presence of ferroelectricity in the
analyzed sample. Therefore, the study of the charge transport in ferroelectric thin films is of
high importance for all the applications using ferroelectric capacitors subjected to an applied
external voltage, in order to indentify the conduction mechanisms responsible for the
leakage current (Chentir et al. 2009; Pabst et al. 2007; Meyer et al., 2005; Horii et al., 1999).
Traditionally, the possible conduction mechanisms in ferroelectric thin films are divided in
two major classes (Pintilie L. & Alexe M., 2005; Pintilie L. et al., 2005):
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Bulk limited: ohmic-type conduction; space charge limited currents (SCLC); PoolFrenkel emission from the deep traps (PFE); hopping.
2. Interface limited: thermionic emission over the potential barrier at the electrode
interface, known also as Schottky emission (SE); electric field assisted tunneling or
Fowler-Nordheim tunneling (FNT).
For very thin films, direct tunneling is also possible. The classic way to investigate the
charge transport through ferroelectric films is to record the current-voltage (I-V)
characteristic, eventually at different temperatures, and then to see if the experimental curve
fits one of the above mentioned conduction mechanisms. Problems occur when more than
one conduction mechanisms fit the experimental data. For example, when representing the
I-V characteristic in log-log scale we may find that on some voltage range the slope is near
unity and that on a higher voltage range the slope is near 2. In between could be a very narrow
voltage range where the slope is much higher, usually around 10. From these data we may
conclude that at low voltage the conduction is ohmic and that at high voltage the conduction is
dominated by trap controlled space charge limited currents. However, the same set of
experimental data may fit the Schottky emission or the Pool-Frenkel emission if we draw the
Ln(I)~V1/2 representation. Some more insight can bring the temperature measurements,
considering that the temperature dependence is not exactly the same for the above mentioned
conduction mechanisms. Even more information can be obtained by recording the I-V
characteristic on films with different thicknesses, because different conduction mechanisms
may have different thickness dependencies (e.g. SCLC varies as d-3, with d the thickness of the
film, while the hopping is proportional with d) (Kao &Hwang, 1981).
The classic recipe was applied on a large amount of samples, of different ferroelectric
materials. The idea was to find the dominant conduction mechanism in each material and,
consequently, to find ways to reduce the leakage current. However, there are some
problems if considering the existing literature regarding the origin of the leakage current in
ferroelectric thin films:
Several conduction mechanisms were found for the same material. This is because the
effect of the structural quality on the charge transport is not considered. Whatever is
pure polycrystalline, textured or epitaxial the ferroelectric thin film capacitor is
regarded as a black box on which a voltage is applied in order to read a current. It is
neglected the fact that any structural defect can impact the density of the free carriers or
their mobility.
Different metals are used for electrodes, neglecting the fact that the metal-ferroelectric
interface is part of the ferroelectric capacitor on which the I-V measurement is
performed. The fit of the experimental data with one or another of the conduction
mechanisms is performed without investigating the interface properties and behavior,
whatever the metal contact is ohmic or rectifying (Tang et al., 2003; Nunez & Nardelli,
2008).
The tendency to generalize a model to different ferroelectric materials, neglecting the
subtle structural details. For example, the origin of the ferroelectricity in PbTiO3 and
BaTiO3 is thought to be the same. However, the ferroelectric phase in PbTiO3 is stable
up to a higher temperature than in BaTiO3. This is because of the different natures of the
Pb-O and Ba-O bonds. The Ba-O bond is nearly an ideal ionic bond, while the Pb-O
bond has a high degree of covalency. Thus, sharing the electrons helps to stabilize the
spontaneous polarization(Cohen, 1992). Consequently, we should expect different
electronic properties for PbTiO3 and BaTiO3 including different mechanisms for the
charge transport.
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The effect of the ferroelectric polarization on the charge transport is not considered. In
an ideal, monodomain, ferroelectric the elemental dipoles are oriented head-to-tail to
give the macroscopic polarization. It means that the bulk has a zero net charge. All the
polarization charges are located near the electrode interfaces, positive on one side and
negative on the other. These sheets of bound charges must have a certain effect on the
interface properties, as for example the barrier height or the width of the depleted
region.
In the following pages some of the above mentioned problems will be analyzed in more
details. First, several considerations regarding the metal-ferroelectric interface and the effect
of the local microstructure on the charge transport will be presented. Then the conduction
mechanisms in some prototype perovskite ferroelectric thin films will be analyzed,
discussing the differences and the similarities. The last part will be dedicated to phenomena
related to charge transport, as for example the integration method applied to obtain the
hysteresis loop or the photovoltaic/photoconductive properties of perovskite ferroelectrics.

2. The ferroelectric capacitor and its electrical properties
The prototype sample for current-voltage (I-V) measurements is the ferroelectric capacitor.
The sample consists of two inter-connected systems: the electrode interfaces, including the
possible presence of a depletion region, and the bulk. In the following part the influence of
the polarization charges on the specific properties of the interface (built-in potential,
maximum electric field, capacitance) will be analyzed. Further on, the effect of the
microstructure on the electric properties of ferroelectrics, with special emphasis on charge
transport, will be discussed by comparing polycrystalline and epitaxial films.
2.1 Metal-ferroelectric interface
The ferroelectric capacitor consists of a slab of ferroelectric material with two metal layers
deposited on opposite faces of the slab in such a way that the ferroelectric polarization is
perpendicular on the metal electrodes. In the ideal case the electric dipoles inside the
ferroelectric are head-to-tail oriented, so that they end with a sheet of positive charge near
one electrode interface and one sheet of negative charge near the other interface. The bulk of
the film is free of any net polarization charges because these cancel each other except the
interfaces with the electrodes.
Considering this, it is expected that the charges associated to ferroelectric polarization which
are present near the electrode interfaces will affect the quantities specific to classic metalsemiconductor Schottky contacts. Therefore, a model was developed to take into
consideration the effect of polarization charges on the interface properties. Here, the main
results of the model will be summarized (Pintilie L. & Alexe M., 2005).
The equations giving the specific quantities of a Schottky contact are the following:
The built-in potential
Vbi '  Vbi 
-

P

 0 st

(1)



The maximum field at the interface
Em 

2 qN eff V  Vbi '

 0 st



P

 0 st

(2)
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The width of the depleted region

w

2 0 st V  Vbi '
qN eff

(3)

The notations are: Vbi – the built-in potential in the absence of the ferroelectric polarization;
P – ferroelectric polarization; δ – the distance between the polarization sheet of charge and
the physical metal-ferroelectric interface; 0 – the permittivity of the vacuum; st – the static
dielectric constant; q – the electron charge; Neff – the effective density of space charge in the
depleted region (takes into consideration the ionized donors and acceptors, but also the
trapping centers carrying a net charge after capturing a charge carrier). It can be seen that all
the specific quantities are affected by the presence of the polarization charges. More of that,
the effect is not symmetric, because the polarization charges have opposite signs at the two
interfaces. It results that the presence of the polarization can make a symmetric structure,
with same metals as electrodes, asymmetric. The band diagram of such a structure is
presented in fig. 1.

Fig. 1. The band diagram for a metal-ferroelectric-metal structure. The notations are: B.C.conduction band; B.V.-valance band, Vbi-the built-in voltage in the absence of the
ferroelectric polarization; Vbi’-the built-in voltage with polarization; B0-the potential barrier
in the absence of the ferroelectric polarization.
The figure was made for the case of a p-type ferroelectric, but the discussion is valid also in
case of a n-type material. It can be seen that the band bending increases near the interface
with positive polarization charge because this charge will reject the holes (positive charges)
from the interface region. This will lead to a larger built-in potential compared to the case
when the polarization is missing. The opposite takes place to the other interface, were the
negative polarization charge will attract holes, leading to a smaller band bending. The
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conclusion is that the presence of the ferroelectric polarization makes the metal-ferroelectricmetal (MFM) structure asymmetric from the point of view of interfaces behavior. This will
have consequences on all the electric properties, including the charge transport.
It worth to notice that the above results are valid no matter the ferroelectric film is
polycrystalline or epitaxial. Differences may come from the density of the grain barriers. If
the films are columnar, then it may have the same behavior from the point of view of
interfaces as in the case of an epitaxial film. The overall film properties will be dominated by
the interfaces. If there are several grains in between the electrodes, then the behavior may
change, leading to a less and less visible effects from the part of electrode interfaces as the
number of the grain barriers between the electrodes increases. The truly polycrystalline
films are expected to behave as bulk ceramics, with properties dominated by the bulk and
much reduced influence from the metal-ferroelectric interface. This aspect will be discussed
in more detail in the following paragraph.
2.2 Microstructure and the electric properties of ferroelectrics
The fig. 2 shows the capacitance-voltage (C-V) characteristics obtained in the case of two
ferroelectric films, with nominally the same composition (PZT 40/60, were 40/60 is the
Zr/Ti ratio), but with different microstructure: one polycrystalline, with top and bottom Pt
electrodes, and one epitaxial, with top and bottom SrRuO3-SRO electrodes. Therefore, both
MFM structures are, nominally, symmetrical.

Fig. 2. The C-V characteristics in the case of an epitaxial PZT film (left) and in the case of a
polycrystalline PZT film. The films have the same composition and about the same
thickness.
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Figure 2 reveals how deep can be the effect of the microstructure on the shape of the C-V
characteristic, but also on the value of the dielectric constant. For example, in the case of the
epitaxial films the switching is marked by sharp peaks in the capacitance, accompanied by
abrupt changes in the capacitance values once the polarization was reversed. In the case of
polycrystalline films the switching produces rounded, broad peaks, with no abrupt changes
in the capacitance value. The value of the dielectric constant, calculated as for a plan-parallel
capacitor, is higher for the polycrystalline films. This fact can be explained by the presence
of grain boundaries, which can bring an additive contribution to the polarization charges.
Although hard to be comprehended, any interfacial charge brings an additive contribution
to the overall capacitance of the film, which can be simulated as a parallel-connected
capacitor to the ideal ferroelectric capacitor (no other charges in the film except the
polarization ones).
The results of the C-V measurements correlate well with those of the hysteresis ones, shown
in figure 3. The measurements were made in the same conditions: at 1 kHz and using a
triangular shape voltage for the dynamic mode; at 100 Hz and using a delay time of 1
second, with triangular shape voltage pulses, for the static mode. Figure 3 shows an almost
rectangular loop in the case of the epitaxial film, while in the case of the polycrystalline film
the loop is elongated along the voltage axis. Several observations can be made when
analyzing the two loops:

Fig. 3. The hysteresis loops in the case of an epitaxial PZT film (left) and in the case of a
polycrystalline PZT film. The films have the same composition and about the same
thickness. With black is the hysteresis loop recorded in the dynamic mode; with red is the
hysteresis loop recorded in the static mode.
-

The switching is much faster in the epitaxial film. The switching comprises three
distinct steps: the nucleation of ferroelectric domains with opposite direction of
polarization; the growth of the ferroelectric domains with polarization parallel to the
applied electric field (Tagantsev et al., 2002; Shur et al., 2001; Lohse et al., 2001); the
compensation of the depolarization field occurring just after the switching is taking
place (Jiang et al., 2007). The models proposed for switching considers only the first two
steps, which can be very fast (switching times of the order of nanoseconds). However,
the third step is the one who define the switching speed in the hysteresis
measurements, because the compensation of the depolarization field is the slowest
process. The compensation is made with free charges coming from the bulk of the
ferroelectric or from the external circuitry including the metal electrodes. It comes that
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the electrical time constant, defining the ability of the MFM system to respond to a
rapid change in the polarization charge near the metal-ferroelectric interfaces, is the
most important time factor in setting up the shape of the hysteresis loop. If the
compensation is fast, then the hysteresis loop is rectangular, which is possible for
epitaxial films having larger concentration of free carriers (lower resistivity ) and
lower static dielectric constant st. We remind here that the hysteresis measurement was
performed with a triangular voltage wave, thus the voltage can be converted into time.
A small voltage domain for switching means, in fact, a short time for compensating the
depolarization field. A large voltage domain for switching, as is the case for the
polycrystalline film, means a long time for compensation of the depolarization field.
This fact can be explained by the much larger amount of structural defects, especially
grain boundaries, acting as trapping-scattering center for the free carriers, thus reducing
their concentration and mobility. The consequence is a much higher resistivity for
polycrystalline films compared to very high quality epitaxial ones, where only point
defect can exist. The point defects may contribute to the decrease of resistivity if they
act as donors or acceptors in the ferroelectric material. Another effect of the grain
boundaries in polycrystalline films is the increase of the static dielectric constant due to
the extrinsic effects. Therefore, both the increase of resistivity and dielectric constant
leads to a slower response time of the polycrystalline film to any change in
polarization state. It was assumed that the resistance of the external circuitry is much
smaller than that of the MFM structure, and that the capacitance of the external
circuitry is parallel connected to the capacitance of the MFM structure, and is of
negligible value.
The coercive voltage is smaller in the case of epitaxial film, considering that the
thicknesses are about the same. This fact suggests that the absence of grain boundaries
is beneficial for polarization switching in the sense that these are no longer obstructing
the movement of the ferroelectric domains.
The remnant polarization is much higher in the case of the epitaxial film. This is, again,
and effect of the microstructure. The slow compensation of the depolarization field in
polycrystalline film leads to the so-called back-switching phenomena, reflected in a
wide voltage domain for switching (Picinin et al., 2004; Wu et al. 2008). The final
consequence is an elongation of the hysteresis loop along the voltage axis and a large
difference between the remnant polarization and the saturation polarization. Once the
applied external field is removed, a large part of the polarization becomes randomly
oriented due to local fields generated by the charged defects, and because of the
incomplete compensation of the depolarization field. These phenomena are not present
in the epitaxial film, where the saturation polarization is practically equal with the
remnant polarization, fact which leads to a rectangular shape of the hysteresis.
The way to interpret the linear part of the hysteresis loop will be discussed later on in the
chapter. The microstructure will have a strong effect on the current-voltage characteristics
(I-V) as well (see figure 4).
Regarding the I-V characteristics from figure 4, it can be seen that the current density
increases as the quality of the film is enhanced. This fact is consistent with the discussion
regarding the hysteresis loop. A very good epitaxial film is associated to a low resistivity,
suggested by the rectangular shape of the hysteresis, thus the current density is high. In
polycrystalline films, all the structural defects, especially the grain boundaries, are affecting
the charge transport either by trapping carriers (lower concentration) or by scattering the
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carriers (lower mobility). The effect is a significant increase in the resistivity, reflected in a
lower current density compared to the epitaxial layers.

Fig. 4. The I-V characteristics in the case of PZT films with different structural qualities. In
all cases the electrodes were from the same metal.
An interesting phenomenon was observed in the epitaxial films, while analyzing the
recorded charge and current hysteresis loops. We remind here that the actual equipments
used for investigating the ferroelectric properties of thin films allows the simultaneous
recording of the current and of the integrated charge which gives the hysteresis loop. It was
observed that in the films containing defects spreading from one electrode to the other the
hysteresis loop opens in a strange way (see figure 5). At low voltages the film shows a very
large leakage current and no ferroelectric hysteresis. By the gradual increase of the applied
voltage, at some voltage value, the leakage current drops abruptly and the well-known
shape of the ferroelectric hysteresis is obtained. This phenomenon can be explained by
admitting that the defects spreading between the electrodes can act as conduction paths, of
very low resistance, leading to large currents at relatively low voltages. At some voltage,
these paths breakdown similar to a normal fuse in an electric circuit, thus the high
conduction paths disappear and the behavior of the ferroelectric film returns to normal. This
assumption is supported by the finding that stacking faults occur in ferroelectric thin films,
where an oxygen atom is missing, leading to a row of Pb atoms between electrodes acting as
metal wires in a fuse (Vrejoiu & al., 2006). Threading dislocations may also play the role of
low conduction paths. The “fuse like” behavior is not present in high quality films, free of
stacking faults or dislocations.
Considering the effect of microstructure on the current density and on the shape of the I-V
characteristics, it is natural to assume that the conduction mechanisms are different in
epitaxial and polycrystalline films. Further on in the chapter only the epitaxial films will be
considered. This is because the interest is to obtain information about the intrinsic properties
of the material. Such information can be obtained by using single crystal-like quality films,
not polycrystalline samples. In the last case the intrinsic properties of the material are
masked by the dominance of the extrinsic contributions coming from the structural defects.
Therefore, it is not recommended to take the values obtained for dielectric constant,
polarization, resistivity, etc. in the case of polycrystalline films as materials constant for a
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certain ferroelectric material. These quantities are too much dependent on microstructure,
which explains very well the large spread of values in the literature, covering orders of
magnitude. In order to obtain the intrinsic properties it is necessary to use high quality
epitaxial films, and even in this case the results may be altered by the presence of point
defects and of the strain imposed by the substrate. In any case the results are much closer to
the intrinsic values than in the case of polycrystalline films.

Fig. 5. Left-the hysteresis loops obtained on a fresh contact (black line) and on the same
contact after a few cycles up to high voltages to breakdown the high conduction paths
existing in the defective epitaxial film. The microstructure is shown in the right TEM
photograph.

3. Conduction mechanisms in some representative ferroelectric materials
In the following pages the conduction mechanisms in epitaxial films of PZT20/80, BaTiO3
and BiFeO3 will be analyzed. All the films were grown by pulsed laser deposition on
SrRuO3/SrTiO3 (SRO/STO) substrates. We mention here that the identification of the
dominant conduction mechanism had required extensive current measurement at different
temperatures and thicknesses of the films.
3.1 Conduction mechanism in epitaxial PZT20/80
A series of high quality epitaxial PZT20/80 films, with different thicknesses, were grown by
PLD in order to investigate the charge transport mechanism (Vrejoiu & al., 2006). The
thickness dependence of the I-V characteristics measured at room temperature is presented
in figure 6. It can be observed that:
The characteristics are relatively symmetric with voltage polarity, and they have the
same shape. However, the small asymmetry for positive and negative voltages suggests
that the Pool-Frenkel emission from the traps is not the dominant conduction
mechanism, as the I-V characteristic should be symmetric in this case.
The spread in current density values is not so large, being below one order of
magnitude for thicknesses between 50 nm and 270 nm. This finding suggests that SCLC
is not the dominant conduction mechanism in epitaxial PZT. In the case of SCLC
mechanism the current density varies as d-3, where d is the thickness. For a 5 times
thickness variation the current density should differ with more than two orders of
magnitude, which is not the case.
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It can be concluded that the dominant conduction mechanism at room temperature is not
bulk limited, but is interface limited (Pintilie L. & al., 2007). Current measurements at
different temperatures were performed in order to distinguish between Schottky emission
over the barrier and Fowler-Nordheim tunneling through the potential barrier at the metalPZT interface. The results of the temperature measurements are presented in figure 7.

Fig. 6. The thickness dependence of the I-V characteristics in the case of epitaxial PZT20/80
films. Measurements performed at room temperature. The delay time for current
measurements, meaning the time between changing the voltage and reading the current,
was 1 second.

Fig. 7. The temperature dependence of the I-V characteristics in the case of epitaxial
PZT20/80 films. Measurements performed on a sample with thickness of 230 nm.
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The temperature measurements had revealed two temperature domains:
Below 130 K the FN tunneling is the dominant conduction mechanism, the current
density being practically independent of temperature.
Between 130 K and 350 K the dominant conduction mechanism is the Schottky
emission. Over 350 K the film suffer breakdown.
It is interesting to note also that the asymmetry is more pronounced at low temperatures.
This is due to the fact that the two SRO/PZT interfaces were processed slightly different.
The bottom one had suffered a temperature annealing during the deposition of the PZT film
and is influenced by the strain imposed by the thick STO substrate. The top SRO/PZT
interface had suffered a shorter temperature annealing and is less exposed to strain.
Therefore, the density of the interface defects affecting the interface properties can be
different. This fact can induce asymmetry at different temperatures if one considers that the
occupancy of the interface states is temperature dependent. Further on calculations will be
made only for the positive part of the I-V characteristic, which is assumed to be related to
the bottom SRO/PZT interface (less defective interface). The analysis was done by using the
following equation for the current density (Cowley & Sze, 1965; Levine, 1971):

 q 
qEm
J  A * T 2 exp     0B 
 kT 
4 0 op








(4)

where A* is Richardson’s constant, B0 is the potential barrier height at zero applied field, Em
is the electric field, T is the temperature, and op is the dynamic (high frequency) dielectric
constant. The electric field Em should be the maximum field at the Schottky interface. Two
representations can be used:
One at constant temperature
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One at constant voltage

The apparent potential barrier at a give voltage V is given by:
 app   0B 

qEm
4 0 op

(7)

Details regarding calculations and discussion can be found elsewhere (Pintilie L. & al., 2007).
Important fact is that the potential barrier rendered by using the classical equation for
thermionic (Schottky) emission over the potential barrier is of only 0.12-0.13 eV, which is
very low compared to other reports on polycrystalline PZT films. Another problem is that
the value of the effective Richardson’s constant is too low, of about 10-7 A/cm2K2. The
conclusin is that the classical Schottky emission is not working properly in this case. This
theory can be used only if the mean free path of the injected carriers is larger than the film
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thickness. In the case of ferroelectrics, even they are of epitaxial quality, the mean free path
is of about 10-20 nm. This value is considerably lower compared to the film thickness, which
is usually above 100 nm. For the case when the mean free path is smaller than the film
thickness then the Schottky-Simmons equation has to be used (Simmons, 1965):
 2 meff kT 
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meff stands for the effective mass, and  is the carrier mobility in PZT. The following
representation was used to obtain the potential barrier:
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The obtained value is of only 0.12 eV, like in the case of classical Schottky emission. The
solution to explain such a low value for the potential barrier is to take into consideration
the fact that the ferroelectric polarization is affecting the maximum electric field at the
interface, like in equation (2). Considering equation (2) in equation (8), there can be two
possibilities:
1.

2qN eff V
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then the current density can be written as:
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From equation (10) it can be seen that the potential barrier is reduced with a term
dependeing on ferroelectric polarization. The „apparent” potential barrier, the one which is
estimated from the graphical representation (9), is:
 0app   0B 

qP
4 02 op st

(11)

The real potential barrier can be obtained after adding the polarization term. For the
epitaxial PZT the polarization is around 100 C/cm2, while the static and optic dielectric
constants are 80 and 6.5 respectively. With this numbers, the contribution of the polarization
term in equation (11) is about 0.6 eV. This value must be added to the one of 0.13 eV
obtained from the graphical representation, leading to a potential barrier at zero volts of
about 0.73 eV.
2.

2 qN eff V
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 0 st

then the current density can be written as:
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Returning to the equation (8) and to the representation (9), the pre-exponential term is
dependent on the applied electric field. It was found that the pre-exponential term has a
linear dependence on the applied voltage. This fact suggests a non-zero electric field in
between the depleted regions located near the electrode interfaces (see figure 8).
The mobility of the carriers was estimated from the pre-exponential term in equation (8) and
a value of about 10-6 cm2/Vs was obtained. This low value is a consequence of the polar
order, similar to the phenomenon observed in AlGaN. It was shown in this case that the
mobility can be reduced from about 3000 cm2/Vs to less than 10 cm2/Vs just becuase the
high polarity of the material (Zhao & Jena, 2004). The effective mass used to estimate the
mobility was about 0.8m0 (m0 is the mass of the free electron), and was deduced from the
current-voltage characteristics at low temperature, where the Fowler-Nordheim tunneling is
dominant. It can be concluded that in epitaxial PZT films of very good quality the dominant
conduction mechanism is a combination between interface limited injection and bulk limited
drift-diffusion, and that the electric field is non-zero throughout the film thickness.

Fig. 8. The electric field distribution inside a ferroelectric PZT thin film. Near the electrodes
the electric field is given by equation (2), while in the volume is an uniform field given by
V/d, where d is the film thickness. The other notations are: B.C.-conduction band; B.V.valance band; EFermi-the Fermi level; P-ferroelectric polarization; Φapp0-the apparent potential
barrier at zero volts given by equation (11); Vbi’-the built-in voltage given by equation (1).
3.2 Conduction mechanism in epitaxial BaTiO3
The conduction mechanism in epitaxial BaTiO3 was investigated on a set of samples with
different thicknesses (Pintilie L., 2009; Petraru et al., 2007). The corresponding I-V
characteristics are shown in figure 9, for room temperature.
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Fig. 9. I-V characteristics at room temperature for epitaxial films with different thicknesses.
The electrodes were of SRO/PT with an area of 40x40 microns.
It is interesting to note that, contrary to the PZT films where no significant thickness
dependence was observed (see figure 6), in the case of the BaTiO3 films there is an increase
of the current with the thickness of the film. This fact is unusual for ferroelectrics, where the
current is expected to increase with decreasing the thickness. The only mechanism which
allows an increase of the current with thickness is the hopping conduction (Rybicki et al., 1996;
Angadi & Shivaprasad, 1986). The hopping can be thermally activated or of variable range.
These two have different temperature dependencies. The thermally activated hopping of small
polaron has the following temperature dependence (Boettger & Bryskin, 1985):
 Wa 

 kT 

 ~ T 3/2 exp  

(13)

Here T is the temperature and Wa is the activation energy for the hopping mechanism. In the
case of the variable range hopping the temperature dependence is (Demishev et al., 2000):
  T n 
0
 
  T  

 ~ exp   

(14)

Here T0 is a characteristic temperature for the hopping conduction. The exponent n is ¼ for
3D systems (bulk), while for 2D systems (thin films) is 1/3 and for 1D systems (wires) is ½.
The graphical representations of equations (13) and (14) are presented in figure 10. Although
at very low temperatures is hard to decide between the two hopping mechanisms, it seems
that at higher temperature the thermally activated hopping of small polaron is most
probable mechanism in BaTiO3 epitaxial films. The activation energy for the high
temperature range was estimated to about 0.2 eV.
Another problem is the non-linearity of the I-V characteristic. The following equation for the
current density could explain the non-linearity:
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(15)

Here a is the distance between the nearest neighbors.

Fig. 10. The representation of equation (13) on the left and of the equation (14) on the right.
The representations were made for different voltages applied on the film of 165 nm
thickness.
The current is represented as a function of sinh(V) at constant temperature, where  is
given by (qa)/(2kTw), with w being the thickness of the layer over which the voltage drop is
equal with the applied voltage V. These representations, shown in figure 11 for two
temperatures, have to be linear if the equation (15) is valid.

Fig. 11. The representation of the current as a function of sinh(V) at two different
temperatures, in accordance with the equation (15). The data are for the BaTiO3 film of 165
nm thickness.
The linearity is obtained by adjusting the parameter , which means the change in the
thickness w. At very low temperatures the value obtained for w is of 165 nm, which is the
same with the film thickness. At room temperature the value for w is of about 15 nm, much
lower than the film thickness. All the estimations were made considering a value of about 4
angstroems between nearest neighbors. The results suggest that the BaTiO3 film is fully
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depleted at low temperatures, and is only partly depleted at room temperature. It maybe
that the thickness of 15 nm is the thickness of the depletion region at room temperature. This
is the high resistivity part of the film, and most of the applied voltage drops on it (Zubko et
al., 2006).
The above presented data convey to the conclusion that the most probable conduction
mechanism in epitaxial BaTiO3 film is the thermally activated hopping of small polarons.
Going further, it can be that the injection in the film is still interface controlled like in PZT,
with the difference that the movement of the injected carriers inside the film is no longer
through a band conduction mechanism like in PZT but is through a hopping mechanism in
a narrow band located in the gap and associated to some kind of structural defects. An
example can be the oxygen vacancies, which can arrange along the polarization axis
allowing the hopping of injected electrons from one vacancy to the other.
It is interesting to remark that two ferroelectric materials, with very similar crystalline
structures (both are tetragonal perovskites in the ferroelectric phase) and with similar origin
of ferroelectricity, show different electric properties especially regarding the charge
transport. A possible explanation for this difference can be that the Ba-O bond is an almost
ideal ionic bond while the Pb-O one has a significant degree of covalency. Therefore, BaTiO3
behaves like a ferroelectric dielectric and PZT20/80 behaves like a ferroelectric semiconductor.
There are some theoretical studies showing that the higher is the covalency of the A-O bond
(the general formula of perovskites is ABO3), the higher is the Curie temperature because the
electrons shared between the A and O atoms help to stabilize the ferroelectric polarization at
higher temperatures than a pure ionic bond (Kuroiawa et al., 2001).

3.3 Conduction mechanism in epitaxial BiFeO3

A very interesting ferroelectric material is BiFeO3. The difference compared to BaTiO3 and
PZT is that BiFeO3 is also antiferromagentic, thus is a multiferroic, and that the origin of the
ferroelectricity is electronic (lone pair) and is not related to ionic displacements. Its band gap
is also smaller, around 2.8 eV compared to around 4 eV in the case of PZT or BaTiO3 (Wang
et al., 2003). It is thus expected to have a larger leakage current in BiFeO3 films than in other
perovskite ferroelectric layers (Nakamura et al., 2009; Shelke et al., 2009). This fact would be
detrimental for recording the hysteresis loop. However, good Schottky contact can limit the
leakage allowing hysteresis measurements in good conditions.
The charge transport was extensively studied in BiFeO3 films of about the same thickness
(100 nm) but grown with different orientations ((100), (110) and (111)). The orientation was
imposed by the substrate, which was in all cases SrTiO3 single crystal. The bottom contact
was SrRuO3, while the top contact was Pt. The I-V measurements were performed at
different temperatures. The results are shown in figure 12 (Pintilie L. et al., 2009)
In all cases a significant increase of the current density with temperature can be observed.
This fact strongly suggests a conduction mechanism like Pool-Frenkel emission from the
traps or Schottky emission over potential barrier at the metal-ferroelectric interface. The
relative symmetry of the I-V characteristic supports the Pool-Frenkel emission from the
traps. Complementary C-V measurements have revealed an asymmetric behavior, which is
not possible if the capacitance is dominated by the bulk but is possible if the interface
related capacitances dominate the overall capacitance of the MFM structure.
Considering all these results, the I-V characteristics were analyzed similar to the PZT20/80
films (see sub-chapter 3.1). Equation (10) was used to extract the V1/2 dependency (see figure
13) of the apparent potential barrier and then the apparent potential barrier at zero volts,
given by the equation (11), was extracted from the intercept at origin.
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Fig. 12. The I-V characteristics at different temperatures for BiFeO3 films with different
orientations (these are mentioned in the down-left corner of the graphic).

Fig. 13. V1/2 dependence of the apparent potential barrier for BFO films deposited on STO
substrates with different orientations.
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In order to estimate the true potential barrier at zero volts it is necessary to know the value
of the ferroelectric polarization and of the dielectric constant. Figure 14 shows the hysteresis
loops recorded for the three orientations of the BiFeO3 films.

Fig. 14. The hysteresis loops for BiFeO3 films with different orientations.
The values for the static dielectric constant were determined from capacitance measurements
at 1000 Hz. The value of the optical dielectric constant was taken as 5.6. The estimated values
for the potential barriers are given in Table I.

Orientation

Polarization
(C/cm2)

Static dielectric
constant

True potential barrier
estimated using the
equation (11) (eV)

(100)

73

102

0.62

(110)

102

83

077

(111)

115

73

0.92

Table 1. The orientation dependence of spontaneous polarization PS, static dielectric
constant st, and true potential barrier at zero field ΦB0.
The highest potential barrier is obtained for the (111) orientation, which is consistent with
the current measurements (showing the lowest current density for this orientation) and with
the results of hysteresis measurements (showing that for (111) orientation the hysteresis
loop is the less affected by the leakage current).
It can be concluded that the leakage current in BiFeO3 films can be reduced by engineering
the potential barrier at the metal-ferroelectric interface. This leads us to the next chapter,
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which is discussing the effect of the metal electrode on the electric properties of ferroelectric
thin films.

4. The influence of the metal electrodes on the electric properties of
ferroelectric thins films
4.1 The case of epitaxial PZT thin films
Several metals were tested as electrodes on the same epitaxial PZT20/80 thin film deposited
on SRO/STO substrate (see figure 15, showing that all the electrodes were deposited, by
using shadow masks, on the same film). This allowed ones to compare the electrical
properties of the same PZT film, with the same bottom SRO contact, but with different top
metals as electrodes (Pintilie L. et al., 2008). Practically the bottom interface is the same in all
cases, just the top metal-ferroelectric interface is changed by changing the metal.

Fig. 15. Photograph showing different metal electrodes deposited on the same epitaxial
PZT20/80 film.
The main properties of metals used as electrodes are presented in the Table II. The metals
can be divided in three main categories: with complete d-shell (Pd, Au, Cu and Ag); with
incomplete d-shell (Pt, Ni, Cr and Ta); without d-electrons (Al).
Standard electrical measurements were performed: hysteresis; I-V and C-V characteristics.
The main results are presented in figures 16-18.
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Metal

Work Function

Electronegativity

Pd

5.12

2.20

Au

5.1

2.40

Cu

4.65

1.90

Ag

4.26

1.93

Pt

5.65

2.20

Ni

5.15

1.91

Cr

4.5

1.66

Ta

4.25

1.50

Al

4.28

1.61

Table 2. Work function and electronegativity for the metals used as top contacts.

Fig. 16. Hysteresis loops obtained in the case of four representative metals from Table II,
used as top electrodes on the same epitaxial PZT20/80 film.
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Fig. 17. C-V characteristics in the case of the two metals giving the extreme results in the
electric measurements. The Cu electrode gives the best results compared to the other metals,
including Ta. The electrode area was the same for the two metals.

Fig. 18. The I-V characteristics, measured in the same conditions at room temperature, for
the two metals with extreme results in the electric measurements. The electrode area was the
same for the two metals.
Analyzing the results of the electrical measurements, several interesting conclusions could
be drawn:
The value of the static dielectric constant is dependent on the metal used as the top
electrode. This fact can be seen from figure 19. We remind here that the capacitance
measurements were performed in the same conditions for all the metals used as top
electrodes. This is a very interesting result supporting the idea that, at least in the case
of epitaxial PZT films, the capacitance of the MFM structure is dominated by the
interfaces and has nothing in common with the intrinsic value of the ferroelectric
material itself. The finding is in line with other studies showing that the static dielectric
constant in the case of PZT films, even they are of epitaxial quality, is dominated by
extrinsic contributions, and that the intrinsic dielectric constant of the PZT without
defects and metal interfaces is of low value (Sai et al., 2002; Ang & Yu, 2004).
There is no correlation between the current density and the work function of the metals
used as top electrodes. As can be seen from the above presented data, the best results in
term of leakage current are given by Cu top electrodes, although the work function of
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Cu is lower than for Pt or Au. There is some correlation between the magnitude of the
leakage current and electronegativity or the number of electrons on the d-shell. It was
observed that the leakage current increases as the electronegativity and the number of
the electrons on the d-shell decreases. In any case, further studies are needed in order to
fully understand the way in which the metal-ferroelectric interface is forming while the
metal contact is deposited. Recent studies have shown that both the potential barrier
and the polarization can be tuned by using different metals as electrodes, partly
confirming the experimental results presented in this study (Prabhumirashi & Dravid,
2005; Dong et al. 2006; Nunez & Nardelli, 2008).

Fig. 19. The dielectric constant calculated from the capacitance of the MFM structures
realized by depositing different top metals on the same PZT20/80 film, with the same
bottom SRO electrode.
It was studied the influence of different metals used as top electrodes on a PZT
polycrystalline film deposited by sol-gel on a Pt/Si substrate. In this case the bottom
electrode is in all cases Pt. Only the hysteresis loops will be presented in figure 20.

Fig. 20. The hysteresis loops, polarization and corresponding current, obtained in the case of
top Cu and Ta contacts used on a polycrystalline PZT film deposited by sol-gel on Pt/Si
substrate.
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The results are only partly similar with those obtained in the case of epitaxial films with the
same metals as top contacts. It can be seen that the leakage current has significantly
increased when Ta is used as top contact. This fact affects the hysteresis loop, which is
inflated and is losing its specific shape for ferroelectrics. However, the loops are symmetric
in both cases. By contrast, the hysteresis loop is completely asymmetric when Ta is used on
epitaxial films (see figure 16). It appears that the bulk contribution is dominant in the case of
polycrystalline films, although the injection of the charge carriers is still controlled by the
potential barrier at the electrodes, which are different from one metal to another. It is not
clear yet why the Cu gives almost symmetric loops both for epitaxial and polycrystalline
films, especially considering that the bottom electrode is different: SRO for epitaxial and Pt
for polycrystalline. A possible explanation can be that the ferroelectric polarization is
controlling the band alignment at the metal interfaces and, by consequence, the potential
barriers. This effect is pregnant in the case of epitaxial films, while in the case of
polycrystalline ones is somehow smeared by the grain boundaries interposed between the
two metal-PZT interfaces.
4.2 The ferroelectric Schottky diode
From the results presented in the previous paragraph it was concluded that Ta forms an
ohmic contact on epitaxial PZT. This fact allowed the construction and characterization of
the first single ferroelectric Schottky diode presenting the specific features in both I-V and CV characteristics (see figure 17 for the C-V characteristic and figure 21 for the I-V
characteristic).

Fig. 21. The I-V characteristics in the case of a Ta-PZT-SRO single ferroelectric Schottky
diode. The rectifying ratio at 3 V is larger than 104.
Very similar results were obtained using Al top contacts on epitaxial PZT-SRO structures.
The corresponding C-V and I-V characteristics are presented in figure 22.
Without going into further details, it appears that ferroelectric Schottky diodes can be
obtained by using metals with few electrons on the d-shell or with no d-shell at all as top
contacts on epitaxial PZT-SRO structures.

124

Ferroelectrics – Physical Effects

Fig. 22. The C-V characteristic (left) and the I-V characteristics (right) in the case of an AlPZT-SRO ferroelectric Schottky diode.

5. Other properties related to the charge transport in ferroelectric thin films
5.1 The hysteresis loop
The hysteresis loop is obtained by integrating the current flowing through the MFM
structure and the external circuit during the polarization reversal. The true current and the
corresponding integrated charge are given by:
j(V )  jl (V )  jtr (V ) 
Q(V ) 



jl (V )dt 



D(V )
t

(16)

jtr (V )dt  D(V )

Here the notations are: jl-the leakage current; jtr-the emission current from the traps; Delectric displacement; V-applied voltage; Q-integrated charge. In the ideal case, of an
insulating ferroelectric with perfect structure, the leakage current and the emission current
from the traps at constant voltage are null and the result is the well known theory of the
Sawyer-Tower circuit. However, in ferroelectric thin films both jl and jtr components can be
different from zero. It is clear that the main contribution can come from the leakage current,
which is present in any ferroelectric thin film no matter the crystalline quality. The larger is
the leakage current the larger will be its contribution to the integrated charge Q. The
consequence can be a significant alteration of the hysteresis loop, which become inflated up
to the limit when the shape does no longer resemble the specific shape of the ferroelectric
hysteresis, making difficult the identification of the ferroelectricity in the studied material.
Sometimes this drawback can be overcome by analyzing the current hysteresis. If the
current peaks associated to the polarization switching are still visible, then it can be
concluded that the material is still ferroelectric. The problem is when the leakage current is
so large that it hidden the switching peaks making almost impossible the identification of
the ferroelectric phase only from the hysteresis measurements. We remind here that
electrical hysteresis can be used to confirm the presence of the ferroelectric phase in a certain
material only if:
The saturation of the ferroelectric polarization is clearly obtained and the linear regime
is clearly visible in the loop. It has to be mentioned here that the quantity which is
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determined from the hysteresis loops is not exactly the spontaneous polarization of the
ferroelectric PS, but the electric displacement D. The two are related through the
following equation:
D   0 E  PS

-

(17)

Here  is the static dielectric constant of the ferroelectric, including the linear response
of the material to an applied electric field. When the ferroelectric polarization is
saturated, then PS is constant and a further increase in D is possible only through the
linear term in E. An example of an almost ideal hysteresis is presented in figure 23.

Fig. 23. The hysteresis loop showing the saturation regime of the ferroelectric polarization.
The remnant polarization should not depend on the measuring frequency of the
hysteresis. Usually the hysteresis measurements are performed at frequencies between
100 Hz and 10 kHz. Therefore, a single hysteresis loop at a specific frequency is not an
irrefutable fingerprint for the presence of ferroelectricity in the studied material.
The presence of the ferroelectricity, suggested by the presence of a hysteresis loop, must
be confirmed by another quantity showing hysteretic behavior. The easiest way is to
look to the current hysteresis recorded during the hysteresis measurements. If the
current peaks associated to switching are present, then the materials is almost sure
ferroelectric. An independent C-V measurement can bring further confirmation if the
characteristic has the specific butterfly shape shown in figure 2.
In conclusion, the hysteresis measurement only is not enough to decide if a material is
ferroelectric or not.
Returning to equation (17), it can be seen that the dielectric constant can be estimated from
the slope of the hysteresis loop in the saturation (linear) regime. Sometimes it is possible to
obtain large values for the dielectric constant, larger than the values obtained from
capacitive measurements. This fact can be explained by taking into consideration the
contribution of jtr. This is valid especially if the hysteresis measurement is performed at low

-
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frequencies (1-100 Hz). In this frequency range can be traps responding to the external
voltage variations. The capacitance measurements are performed at frequencies higher than
1 kHz, where the traps may be no longer responsive. It is worth to remind that the traps are
energetic levels located in the forbidden band and associated to some structural defects such
as vacancies, interstitials, or complex defects. During an electrical measurements based on a
voltage variation, non-equilibrium carriers are injected into the film. Some of these carriers
can be trapped on trapping centers located in the depleted regions associated to the
presence of the Schottky contacts at the metal-ferroelectric interfaces. The occupation state of
a trapping center is time and temperature dependent, meaning that the trapped carriers can
be released in time or by heating to a certain temperature. In the case of the hysteresis
measurements the temperature is constant, but the trapped carrier can be released in time if,
for example, the period of the hysteresis measurement is longer than the emission time
constant of the trapping center. The current obtained in this case is given by (Sze, 1981;
Schroder, 1998):
Itr (t ) 

qAwt NT 0



 t
exp   
 

(18)

Here the notations are: A-electrode area; wt-the width of the depleted region; NT0-the
density of the traps; -the emission time constant from the traps; t-measuring time.
Considering a triangular shape for the applied voltage in a hysteresis measurement, with
frequency f and amplitude Va, it can be shown that the integrated charge due to the
emission from the traps adds to the total charge Q in the following form:
   A qAwt NT 0 

Q(V )   0
V  APS (V )
4 Va f 
 d

(19)

Here d is the thickness of the ferroelectric film. It can be seen that the traps bring a
significant contribution to the static dielectric constant:

 app   

qdwt NT 0
4 0 Va f

(20)

If the trap density NT0 is null, then the second term in (20) disappear and the dielectric
constant is not altered. If the trap density is not null and the frequency is low, then the
second term in equation (20) can bring a significant contribution to the static dielectric
constant. This contribution decreases with increasing the frequency because the traps are no
longer responsive to the applied electric field. The frequency dependence of the dielectric
constant evaluated from the saturation part of the hysteresis loop is shown in figure 24. It
can be seen that, indeed, the dielectric constant varies as 1/f.
The presence of the traps can affect significantly the electric properties of the ferroelectric thin
films. The charged traps generate local electric fields, pinning the polarization and leading to
back-switching phenomena (Warren et al., 1994). The consequence is the elongated shape of
the hysteresis. They can bring also additive contribution to the dielectric constant and a
significant frequency dependence of this quantity. Finally, the traps can alter the density of the
free carriers, leading to an apparent increase in the resistivity, and to a lower leakage current
when non-equilibrium carriers are injected into the ferroelectric film. In principle, the traps are
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unavoidable, but their density and types can be reduced by increasing the crystal quality. In
the high quality epitaxial films only point defects are expected, thus the extrinsic effects
associated to the presence of traps are very much reduced.

Fig. 24. The frequency dependence of the dielectric constant estimated from the linear part
of the hysteresis loop (the saturation regime of spontaneous ferroelectric polarization).
5.2 The photoelectric properties of ferroelectrics
The ferroelectric materials with perovskite structure can be regarded as wide gap
semiconductors if they are in the form of epitaxial thin films. This assumption is valid
mainly for PZT and BiFeO3 but can work also in the case of BaTiO3. The presence of the
Schottky contacts, with space charge regions near the electrodes, suggests the presence of
the photovoltaic effect similar to the one encountered in semiconductor diode devices (Qin
et al., 2009; Yang et al., 2009). This effect is different from the bulk photovoltaic effect which
is present in the thick films or in massive ferroelectric ceramics and single crystals.
Therefore, the short-circuit current was measured and its relation with the ferroelectric
polarization was studied (Pintilie L. et al., 2007). A summary of the main results obtained on
epitaxial PZT thin films is presented below:
The sign of the short-circuit photocurrent is dependent on the orientation of the
ferroelectric polarization. In the ideal case the sign should change when the polarization
orientation is changed. When an important imprint is present in the film, favoring one
of the two orientation of ferroelectric polarization then the photocurrent does not
change the sign. The fact that the photocurrent changes the sign when the polarization
changes the orientation can be speculated in non-volatile memories as a non-destructive
readout procedure of the written information (Kholkin et al., 1997) .
The magnitude of the short-circuit photocurrent depends on the magnitude of the
ferroelectric polarization. This is supported by the fact that, for contacts with negligible
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imprint, the short-circuit photocurrent describes a hysteresis loop similar to the one
described by the ferroelectric polarization when the applied voltage is varied (Yang et
al., 2000). Because the magnitude of the polarization is dependent also on the existing
imprint in the film, the short-circuit photocurrent is also dependent on the imprint. This
fact can be speculated to map the imprint in a ferroelectric film by using a nondestructive method (Pintilie L. et al., 2010).
The spectral range is in the blue-UV domain. For high quality epitaxial films the
maximum sensibility is obtained at wavelengths between 270-290 nm, and can reach
values of about 0.1 A/W. This can make the ferroelectric thin films attractive for solid
state UV detectors, at least for applications where the magnitude of the generated
photo-signal is not so important.
The ferroelectric Schottky diode shows a significant photovoltaic effect. It was observed
that the short-circuit photocurrent is not changing the sign when the polarization
orientation was changed by external poling. This is confirming the fact that only one
direction of polarization is stable in the ferroelectric Schottky diode.
Short-circuit photocurrent was measured also in polycrystalline films. A typical spectral
distribution is shown in figure 25. Short-circuit current was measured also on BaTiO3 films
(see figure 26), as well as in BiFeO3 films. However, in the last case the magnitude of the
short-circuit photocurrent is very much reduced by the presence of high density of free
carriers, leading to a high recombination rate.

Fig. 25. The spectral distribution of the short-circuit photocurrent measured after poling the
polycrystalline PZT fim with different applied voltages.It was also observed that the shortcircuit photocurrent is present on a large temperature domain (see results presented in
figure 27 for PZT films). This fact offers the possibility to study the possible temperature
dependence of the energy gap in ferroelectric materials with perovskite structures.
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Fig. 26. The spectral distribution of the short-circuit photocurrent in the case of an epitaxial
BaTiO3 film. The inset shows the hysteresis loop for the same film. A large imprint is
observed, which is consistent with the fact that the short-circuit photocurrent is not
changing the sign when the BaTiO3 film is poled with opposite applied electric fields which
should impose opposite directions for the ferroelectric polarization.

Fig. 27. The spectral distribution of the short-circuit photocurrent in the case of an epitaxial
PZT film, at different temperatures. A shift towards shorter wavelengths of the peak
sensitivity can be observed at low temperatures compared to room temperature, which can
be related to an increase of the energy gap of the PZT
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6. Conclusions
The results presented above shed some light regarding the charge transport in ferroelectric
thin films and its intimate relation with the presence of the ferroelectric polarization. The
charge transport can impact all the electric/ferroelectric properties of the ferroelectric thin
film. Therefore is not advisable to treat or model separately the experimental results
obtained by measuring capacitance, current or hysteresis. The proposed model should be
able to simulate all the features observed in the experimental characteristics, including
voltage, frequency and temperature dependencies.
In any case, the technological advance in the deposition methods will allow in the near
future a more precise control of the structural defects, especially impurities and vacancies.
This will be an important step-forward because will allow a more precise control of the free
carrier concentration, type and mobility. On the other hand, the in depth understanding of
the metal-ferroelectric interface will allow the leakage current control through the precise
engineering of the potential barrier at the interface. All these advances will open new
perspectives in manufacturing new ferroelectric electronic devices and sensors.
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1. Introduction
It is well known that the ferroelectric random access memories (FRAM) as one of the most
important applications of ferroelectric thin film have attracted much attention. However, the
introduction of hydrogen into ferroelectric materials may cause severe degradations in
dielectric properties, ferroelectric properties, optical properties and mechanical properties.
Ferroelectricity is the most important property of ferroelectrics and the researches on
hydrogen in ferroelectrics begin just from the effects on ferroelectric properties. Ferroelectric
thin film is often integrated with existing Si technology to fabricate reliable nonvolatile
memories. In Si technology, a forming gas (hydrogen containing gas) anneal at about 400 °C
needs to carry on tying up dangling bonds at the Si/SiO2 interface and reducing interfacetrapped charges(Katz, 1988). Unfortunately, hydrogen could enter into ferroelectric thin film
during annealing in forming gas and generates severe issue. For example, both Pb(Zr,Ti)O3
(PZT) and SrBi2Ta2O9 ferroelectric thin-film capacitors lose their polarization hysteresis
characteristics as a result of such an anneal (Aggarwal et al., 1998; Shimanoto et al., 1997;
Kushida-Abdelghafar et al., 1996; Han & Ma 1997).
Besides the ferroelectricity, ferroelectric materials also have been wildly applied due to other
important properties. Because that many ferroelectric ceramics, such as PZT and BaTiO3, are
excellent insulator against current, they are used to electric industry as capacitor. Hydrogen
can increase leakage current and induce the insulator to a semiconductor (Huang et al., 2007
& Chen et al., 2011). Ferroelectric materials, especially its single crystals, have been widely
used in optical devices because of its special optical properties such as photorefractive effect
and nonlinear optical effect. Hydrogen can change the optical properties of ferroelectric
materials (Wu et al., 2009). The mechanical property is another important property to sure
ferroelectric devices could be used reliably. Hydrogen fissure (Peng et al., 2004) and
hydrogen-induced delayed fracture (Huang et al., 2005; Zhang et al., 2008; Wang et al.,
2003a, 2003b) could occur in some conditions.
This chapter reviews the effects of hydrogen on the properties of ferroelectric materials. This
chapter is organized as follows: first of all, some background leading to the research interest
of hydrogen in ferroelectric materials are introduced in section 1. In section 2 to 5, the effects
of hydrogen on the ferroelectric properties (section 2), on the dielectric properties (section 3),
on the optical properties (section 4) and on the mechanical properties (section 5) of
ferroelectric materials are discussed in detail, respectively. In the end of this chapter, we
conclude in section 6 where the important results of this research area are briefly
summarized and outstanding problems and future directions are discussed.
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2. Effects of hydrogen on ferroelectricity
2.1 Hydrogen reduces remanent polarization
In a ferroelectric material, there are lots of ferroelectric domains. The electric dipoles create
by positive and negative bound charges in each domain are called spontaneous polarization
vectors, which point to the positive poles of domains. Ferroelectric domain (polarization
vector) can rotate 90° or 180° induced by applied force F or electric field E, known as domain
switching. When the applied electric field is large enough all polarization vectors of
domains have the same direction with the field, resulting in saturation polarization Ps.
When the flied is removed, i.e., E=0, the polarization does not back to zero, but equals to
remanent polarization Pr, that means a hysteresis effect of polarization. The hysteresis loop
can be measured by change the field, as shown in Figure 1(Aggarwal et al., 1998 & Joo et al.,
2002).

(a)

(b)
Fig. 1. Hydrogen charging causes hysteresis loop narrow and reduce the remanent
polarization ((a)Aggarwal et al., 1998 & (b) Joo et al., 2002)
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Ferroelectric materials have piezoelectricity, which is the generation of polarization charges
as a result of applied stress or strain. The electric displacement vector D is proportional to
the stress tensor T with a coefficient d, piezoelectric constant tensor. For perovskite structure
ferroelectric materials, such as BaTiO3 or PZT, piezoelectric constant tensor has only three
independent components, d15=d24, d31 = d32, d33. Generally, d33 is used as the piezoelectric
constant. Many experimental results have indicated that hydrogen caused a serious
degradation of ferroelectric and dielectric properties of ferroelectric materials (Joo et al.,
2002 ; Ikarashi, 1998 & Tamura et al., 1999). Charging of hydrogen could make the
hysteresis loop narrow or disappear, i.e., make Pr decrease, as shown in Figure 1
(Aggarwal et al., 1998 & Joo et al., 2002). The hysteresis loops of PZT thin film capacitor
with Pt electrode continuously narrowed after a annealing at 400 °C in a forming gas with
5% H2 for 3 to 20 min, as shown in Figure 1b (Joo et al., 2002). With the annealing
temperature increasing, the hysteresis loops also gradually narrowed and became a
straight line at 400 °C (Aggarwal et al., 1998).

(a)

(b)
Fig. 2. The effects of hydrogen on hysteresis loops (a) PZT & (b) PZNT (Wu et al., 2010)
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Our work shows that both for PZT and PZNT (91%PZN+9%PT), when hydrogen
concentration in ferroelectric material, Ct, introduced by electrolysis or annealing in
hydrogen gas is less than a critical concentration, C* (for PZT, C*=10 ppm and for PZNT,
C*=14 ppm), with the increase in hydrogen concentration, the hysteresis loop widens and Pr
increases. However, when the hydrogen concentration is more than the critical value of C*,
hysteresis loop narrows and Pr falls with the increase in hydrogen concentration, as shown
in Figure 2 (Wu et al., 2010). The effects of hydrogen concentration on Pr and d33 are shown
in Figure 3 (Wu et al., 2010). When Ct<C*, hydrogen can elevate both Pr and d33. If Ct>C*, Pr
and d33 decrease sharply with the raise of Ct.

(a)

(b)
Fig. 3. The effects of hydrogen on Pr and d33 (a) PZT & (b) PZNT (Wu et al., 2010)
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2.2 Hydrogen-hindered ferroelectric phase transition
The polarization-voltage hysteresis loop of PZT film disappeared gradually after forming
gas annealing above its Curie temperature, as shown in Fig.1. No hysteresis implies that it is
a cubic paraelectricity. Therefore, it seems that hydrogen entered above its Curie
temperature can hinder the phase transition of the PZT film from cubic paraelectricity to
tetragonal ferroelectricity.
X-ray diffraction (XRD) and heating differential scanning calorimetry (DSC) patterns of PZT
ceramics in different charging conditions are shown in Figures 4a and 4b, respectively
(Huang, et al., 2006). The appearance of double peaks in curves A, B, C, and E in Figure 4a
corresponds to tetragonal phase and no double peaks in curve D corresponds to cubic
phase. The ratios of c to a axis calculated based on curves A–E in Figure 4a were 1.0114,
1.0128, 1.0113, 1.0000, and 1.0077, respectively. The calculation of c/a also proves that curve
D corresponds to cubic phase and the others correspond to tetragonal phase. Figure 4b
indicates that there is an endothermic transition from tetragonal ferroelectricity to cubic
paraelectricity at its Curie temperature of 300 °C for the samples uncharged and charged
below the Curie temperature, as shown by curves A, B, and C in Figure 4b. For the sample
charged in H2 at 450 °C, however, there is no endothermic peak from 25 to 450 °C, as shown
by curve D in Figure 4b. After outgassing at 800 °C, however, the endothermic peak appears
again at the Curie temperature of 300 °C, as shown by curve E in Figure 4b. These results
indicate that the lattice parameters and the tetragonal structure of the PZT do not change
after charging at the temperature below the Curie temperature. However, if the charging
temperature is higher than the Curie temperature, the PZT will be a cubic paraelectricity
instead of tetragonal ferroelectricity after cooling to room temperature. After outgassing at
800 °C, the tetragonal ferroelectricity is restored. Therefore, hydrogen charged above its
Curie temperature can hinder the phase transition from cubic to tetragonal during cooling to
room temperature.
First principles plane-wave pseudopotential density functional theory was applied to
calculate the effect of hydrogen on the ferroelectric phase transition in perovskite structure
ferroelectricity based on energy calculation method. A hydrogen atom was put into the
perovskite-type unit of cubic and tetragonal PbTiO3 and then its possible locations were
looked for. Figure 5a is a tetragonal PbTiO3 with one H in the unit cell and A, B, and C are
three possible sites H occupied. Calculation showed that the minimum values of total
energies corresponding to site A at (0.5, 0.25, 0.05), tetrahedral interstitial site B at (0.25, 0.25,
0.25), and site C between Ti and apical O(1) ion at (0.5, 0.5, 0.25) were -4601.73, -4601.04, and
-4600.15 eV, respectively. When hydrogen occupied site A, B, or C, the distances between H
and O(1) were 0.1016 nm, 0.1485 nm, and 0.1529 nm, respectively. Hydrogen should occupy
site A, the total energy is the lowest and the distance between H and O(1) has a smallest
value, compared to sites B and C, which are the possible sites proposed by Aggarwal et al.(
Aggarwal et al., 1998) The distance 0.1016 nm means that a strong interaction between H
and O(1) exists, which can result in the overlap of the electronic clouds between H and O(1),
as shown in Figure 5b. The calculation is consistent with the experimental results (Aggarwal
et al., 1998 & Joo et al., 2002), i.e., existing O–H bonds in PZT ceramics. Calculation showed
that the electron overlap populations between O–Ti were 0.98 for hydrogen-free PbTiO3 and
0.70 for hydrogenated PbTiO3, respectively. Hydrogen decreases the electron overlap
population between O–Ti means that hydrogen weakens the interaction between O–Ti. It
has been pointed out that the stronger the hybridization between the two atoms, the larger
tendency to form bond or interaction between two atoms. Therefore, hydrogen decreases the
overlap population between O–Ti and weakens the hybridization between O–Ti, resulting in
the decrease of stability of tetragonal ferroelectric phase.
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(a)

(b)
Fig. 4. XRD (a) and DSC (b) patterns of PZT-5H in different charging conditions A,
hydrogen-free; B, charging at 400 mA/cm2 in solution at 20℃； C, charging in H2 at 250℃;
D, charging in H2 with PH 2 =0.4 MPb at 450 ℃; E, outgassing at 800℃ after charging in H2 at
450℃ (Huang, et al., 2006)
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(a)

(b)
Fig. 5. Unit cell of tetragonal PbTiO3 containing one hydrogen atom (a), and electronic
clouds of XOY plane (b) (Huang, et al., 2006)

142

Ferroelectrics – Physical Effects

The variation of the total energy with the displacement of Ti along the c axis for hydrogenfree and hydrogenated PbTiO3 is shown in Figure 6. Figure 6a indicates that for hydrogenfree PbTiO3 with the tetragonal structure, there are two lowest energy sites for Ti in the c
axis which are ±0.016 nm from the center of the unit cell. The calculation result is consistent
with the experimental value of ±0.017 nm. Figure 6b, however, shows that for the
hydrogenated tetragonal structure, the double-lowest-energy sites of Ti along the c axis
disappear and the lowest energy site located at the center of the cell. Therefore, when
hydrogen enters into the cubic PbTiO3 above its Curie temperature, the cubic structure
continues to be a stable structure during cooling because for Ti there is no lower energy site
than the center of the cell. As a result, ferroelectric tetragonal structure in PbTiO3 charged
above the Curie temperature will not appear during cooling to room temperature because of
no displacement of Ti along the c axis. The calculation can explain the experiment that
hydrogen charged above its Curie temperature will hinder phase transition of PZT from
cubic paraelectricity to tetragonal ferroelectricity.
Figure 4, however, also indicates that PZT keeps a tetragonal structure after charging at the
temperature below the Curie temperature. The reason is the existence of energy barrier from
tetragonal to cubic which composed of elastic energy, depoling energy, and static electric
energy. Besides the insufficient thermal energy, hydrogen entered into tetragonal PZT
during charging below the Curie temperature cannot provide an additive energy to
overcome the energy barrier, and then the tetragonal structure cannot transform to cubic
structure during charging below the Curie temperature.
-4587.6

(a) Hydrogen-free

Cubic PbTiO3
Tetragonal PbTiO3

-4588.0

Energy , eV

-4588.4
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-4600.8
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(b) Hydrogenated
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0.00

0.01

0.02

0.03
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Fig. 6. Total energy vs. displacement of Ti along c axis, the original is the centre of the cell (a)
hydrogen-free PbTiO3, (b) hydrogenated PbTiO3 (Huang, et al., 2006)
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3. Hydrogen induced semiconductor transformation of ferroelectrics
Ferroelectric or piezoelectric ceramics, such as PZT, is an insulator. However, after
annealing in a forming gas containing H2 or electrode plating process, hydrogen can enter
into the ceramics and makes its resistivity from 1012-1013 Ω·cm down to 106-107Ω·cm sharply,
resulting in becoming a semiconductor (Han & Ma, 1997). The resistivity and capacitance of
multilayer ferroelectric ceramic capacitors degrade to a semiconductor and the dielectric
loss increases after hydrogen charging in NaOH (Chen et al., 1998). Figure 7a illustrates the
leakage current in PZT ceramics increased sharply after electrolysis or hydrogen gas
charging. The semiconductorization of ferroelectric ceramics by hydrogen can be restored
by outgassing. For example, after outgassing of hydrogen at a temperature higher than 400
°C, the hydrogenated PZT restores an insulator, as shown in Figure 7b (Huang et al., 2007).
A very few hydrogen can lower the resistivity of PZT from 1013 Ω·cm to 108 Ω·cm. carrier
concentration increases rapidly with the raise of hydrogen concentration (Huang et al.,
2007). Hall effect measurements show that PZT ceramics change into n-type semiconductor
after hydrogen charging (Huang et al., 2007).
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Fig. 7. The effects of hydrogen charging (a) and outgassing (b) on the leakage current in PZT
(Huang et al., 2007)
The first principles calculation was applied to investigate the effect of hydrogen on the
conductivity of ferroelectric materials. The variations of density of states of every atom in
PZT with energy difference E-EF (EF is Fermi energy) were calculated (Wu, 2009). If not
hydrogen, the total density of states of all atoms in PZT vs E-EF, as shown in Figure 8a,
where AB is the valence band, BC is the forbidden band and CD is the empty band. If the
hydrogen concentration CH=1536 wppm, the whole curve move to low energy (left) after
hydrogen charging, so that the energy of parts of the empty band is less than the Fermi
energy and becomes the bottom of conduction band, which was filled by electrons mainly
from H 1S (Ti, Pb, Zr also contribute them free electrons). As a result, the forbidden band
does no longer exist and the material becomes a conductor, as shown in Figure 8b. When CH
reduces to 770 wppm, the energy of parts of the empty band is still below the Fermi energy
and it is still a conductor, as shown in Figure 8c. When CH=96 wppm, all empty band higher
than the EF, so there is a narrow band gap that means the material becomes a

144

Ferroelectrics – Physical Effects

semiconductor, as shown in Figure 8d. For PZT, no matter what method of hydrogen
charging was applied, saturation hydrogen concentration is less than 96 wppm. Thus, it is
impossible to make PZT to a conductor by hydrogen charging, but hydrogen can make PZT
into a semiconductor.

Fig. 8. Density of states for PZT with different CH (Wu, 2009)
Why hydrogen charging make the PZT into a semiconductor from an insulator. One view is
that H can react with O2- to form H2O and oxygen vacancy with two electrons V(2e) (Chen et
al., 1998), i.e.,
2H+O2-=H2O+V(2e)

(1)

The two electrons of oxygen vacancy can ionize and induce insulating ferroelectric ceramic
to be semiconductor. However, because H2O molecule is too large to locate in the lattice, the
reaction (1) can only occur on the surface of ferroelectric ceramic and make the reaction to
continue through migration of O2- to the surface. Nevertheless, the diffusion coefficient of O
is very small in the ceramics at room temperature (in BaTiO3 at room temperature
DO=1.1×10-15 cm2/s) (Huang et al., 2007). Considering hydrogen charging for 45h at room
temperature, the maximum diffusion distance is only 0.53 μm. However, the experimental
value of transition distance is up to 0.9 mm (see Figure 9), which is 103 times as large as the
calculative maximum diffusion distance of O (Huang et al., 2007) . Another view is that a
part of PbO reduced to Pb by H, i.e., (Han & Ma, 1997)
2H+PbO=H2O+Pb

(2)

Hydrogen in Ferroelectrics

145

A small amount of Pb can become the ceramics into the semiconductor. For the same reason,
the reaction can’t be achieved kinetically. Figure 8 shows that 1S electron of H can across the
band gap and into conduction band, such as if CH>96 ppm, the electrons in the bottom of
conduction band (mainly from H 1S) to become a conductor. In fact, the CH<96 ppm, so the
hydrogen charging is impossible to make PZT be a conductor. However, the density of
states of hydrogenated ferroelectric ceramics moves to left and narrows the band gap to a
lever of semiconductor. 1S electron of H can be as free electron and degrade the electrical
resistivity drastically.

4. Effects of hydrogen on optical properties
After hydrogen charging, the color of PZT became black (Chen et al., 1998 & Joo et al. 2002).
Beside PZT, for BaTiO3 single crystals, the color became darker and is absent transparent
after hydrogen charging, as shown in Figure 9 (Huang et al. 2007 & Wu et al. 2009). The
darker color means more visible light are absorbed. The experiments show that the
absorption coefficient of PZT and BaTiO3 within visible region significantly heighten after
hydrogen charging, as shown in Figure 10 (Wu et al. 2009).
The phenomena of hydrogen changing the color of PZT can be used to measure the
diffusion coefficient of hydrogen in PZT. 0.9 mm-thick PZT sample was charged of
hydrogen from single side for 2.5h, 10h, 20h and 45h. The cross section of hydrogenated
sample was shown in Figure 11a, and the average diffusion distance of hydrogen x for
different charging time t can be measured, as shown in Figure 11b. Based on the linear
relationship between x and t1/2, i.e., x=4 Dt , the diffusion coefficient of hydrogen in PZT
D=4.9×10-8 cm2/s at room temperature can be obtained (Huang et al. 2007 ).

Fig. 9. The color changes of PZT (upper) and BaTiO3 (lower) before and after hydrogen
charging (a) before hydrogen charging, (b) electrolytically charged, (c) charged in H2 gas, (d)
outgassing after charging (Huang et al. 2007 & Wu et al. 2009)
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(a)

(b)
Fig. 10. Hydrogen increases the absorption coefficient within visible region (a)PZT &
(b)BaTiO3 (Wu et al. 2009)
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Fig. 11. Diffusion of hydrogen in PZT ceramics (a) color change and (b) diffusion distance at
different time (Huang et al. 2007)

5. Hydrogen induced cracking
5.1 Hydrogen fissure in PZT ferroelectric ceramics without loading
Three groups of PZT ferroelectric ceramics were used to investigate hydrogen fissure
without any loading. The group I samples were polarized by a high electric field
(30kV/cm) at room temperature and a large internal stress was induced. The group II
samples were polarized at high temperature (400 ˚C, higher than the Curie point) by a
small electric field (2kV/cm), and then furnace cooled to room temperature, in which
there was little internal stress. The third group of samples was not polarized. We called
the three groups of samples as HP, SP and UP samples, respectively. Hydrogen charging
was carried out for all samples in a 0.2mol/l NaOH +0.25 g/l As2O3 solution with various
current densities i. For the HP samples, appeared four discontinuous microcracks like a, b,
c and d appeared on the surface after hydrogen charging with i=5 mA/cm2 for 4h, as
shown in Figure 12 (Peng et al., 2004). These microcracks initiated and grew along the
grain boundaries. Experiment showed that no hydrogen fissure was found after charging
for 48h when i=0.05 mA/cm2, but when i≥0.5mA/cm2, after a certain incubation period,
hydrogen fissure can form. However, for SP samples and UP samples, when i≤300
mA/cm2, on hydrogen fissure formed for 48 h. hydrogen fissure appeared until i=400
mA/cm2, as shown in Table 1 (Peng et al., 2004). In order to measure hydrogen
concentration CH, some samples were charged for 100 h with various current densities,
and then put into a glass tube filled with silicon oil. The CH can be calculated by Eq.3
based on the saturation volume of hydrogen V(cm3).
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CH(wppm)=106×2n(g)/m(g)=2×10-6V(cm3)/82.06m(g)T(k)

(3)

where n(g)=PV/RT=V(cm3)/82.06T(K) is the molar number of hydrogen under 1 atm, m(g)
is the weight of the sample and T(K) is temperature. The values of CH corresponding to
various i were also listed in Table 1

Fig. 12. Hydrogen fissure after charging at 5 mA/cm2 for 4 h; a to d are fissures, and A and
B are marks for location (Peng et al., 2004)
i, mA/cm2

0.05

0.5

5

50

300

400

CH, wppm

0.92

2.61

4.8

7.16

9.84

10.3

HP samples

no

yes

yes

yes

yes

--

SP samples

no

no

no

no

no

yes

UP samples

no

no

no

no

no

yes

Table 1. Hydrogen concentration and fissure appearance corresponding to various charging
current densities (Peng et al., 2004)
There are many cavities and microholes in the grain boundary of sintered PZT ceramics.
During hydrogen charging H atoms enter into the holes and generate H2, which can
induce an internal pressure P. When the hydrogen pressure is large enough, the normal
stress on the holes wall P/2 equals to the cohesive strength σth(H) at grain boundary,
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which has been reduced by atomic hydrogen, hydrogen fissure or microcrack will form. If
there is a extra internal stress σi, the critical hydrogen pressure for cracking can be
decreased from P=2σth(H) to P*=2σth(H)-σi. Because there is a large internal stress in HP
sample, which can promote crack nucleation, so hydrogen fissure appear when
i=0.5mA/cm2. The microcracks are found in SP and UP samples only when i=400
mA/cm2 for absence of internal stress.
5.2 Hydrogen reduce fracture toughness of ferroelectric material
Vickers indentation was carried out on the surfaces of three ferroelectric ceramic samples to
obtain indentation fracture toughness KIC according to Eq.4.

K I  0.0638 P / d l

(4)

where P is the load, d is diagonal length of the indentation and l is the crack length. Then,
the samples with indentation cracks were charged into 4.1 ppm, 8.1 ppm and 12.1 ppm
hydrogen, respectively. Unloaded indentation cracks can grow induced by the indentation
residual stress during charging. The indentation crack length after hydrogen charging was
measured to calculate the threshold stress intensity factor of hydrogen-induced delayed
cracking (HIDC), KIH, by Eq.4. New indentations were carried out on the surface of
hydrogenated samples. The fracture toughness for hydrogenated sample KIC(H) can also be
obtained. The experiments indicated that both KIH/KIC and KIC(H)/KIC decreased linearly
with the increasing CH, as shown in Figure 13 (Zhang et al., 2008).

Fig. 13. Hydrogen concentration dependence of the relative fracture toughness of charged
samples, KIH/KIC, and of the normalized threshold stress intensity factor of hydrogeninduced cracking induced by residual stress, KIC(H)/KIC (Zhang et al., 2008)
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The crack length increased with increasing hydrogen concentration in the samples. Therefore,
the cracks can also grow with the prolongation of dwell time during indentation test in a precharged sample since the hydrogen concentration will increase at the indentation crack tips by
stress-induced diffusion. The experimental results indicate that the longer the indentation load
hold, the larger the indentation crack length is, and the smaller fracture toughness, KIC(H,t)
measures, as shown in Figure 14 (Zhang et al., 2008). Under a constant load, the HIDC can
occur by the stress-induced hydrogen diffusion and enrichment.

Fig. 14. The normalized fracture toughness KIC(H,t)/KIC versus the logarithm of the dwell
time during the indentation test for the charged sample (Zhang et al., 2008)
5.3 Hydrogen-induced delayed cracking in ferroelectric ceramics
During single-edge-notched-tensile sample of PZT ferroelectric ceramics hydrogen charging
dynamically in 0.2mol/l NaOH+0.25 g/l As2O3 solution, hydrogen-induced delayed
cracking (HIDC) can occur (Wang et al., 2003a) and depends on the relative orientation
between notch plane and the polarization vector, i.e., the HIDC also shows anisotropy in
ferroelectric ceramics, as shown in Figure 15 (Wang et al., 2003b). Hydrogen concentration
CH under different charging current densities is given in Table 2. The curve of KIH/KIC vs i or
CH can plot based on Table 2 and one can find a linear relationship between KIH/KIC and the
lnCH (Wang et al., 2003b)
a
a
b
b
K IH
/ K IC
 K IH
/ K IC
=0.4-0.15lnCH

(5)

where superscript a and b denote polarization vector parallel and perpendicular to the crack
b
=1.12 MPam1/2 for PZT ferroelectric
plane, respectively. K aIC =1.53 MPam1/2 and K IC
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i (mA/cm2)
CH( ppm)

0.05
0.92

0.5
2.61

5
4.8

50
7.16

300
9.84

a
K IH
(MPam1/2)

0.54

0.34

0.28

0.13

0.01

b
K IH

(MPam1/2)

0.36

0.26

0.17

0.08

-

a
K IH

a
/ K IC

0.40

0.25

0.21

0.10

0.01

b
K IH

b
/ K IC

0.40

0.28

0.19

0.09

-

Table 2. The threshold stress intensity factors of HIDC corresponding to various hydrogen
concentrations (Wang et al., 2003b)
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Fig. 15. The normalized stress intensity factor vs time to fracture during dynamically
charging with various i (the arrows mean no fracture within 100 h). (a) Polarization
direction parallel to the crack plane; (b) Polarization direction perpendicular to the crack
plane (Wang et al., 2003b)
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ceramics. Eq.5 suggests that the t anisotropy of KIH is entirely caused by the anisotropy of
fracture toughness.

6. Conclusion
In this chapter, the effects of hydrogen on main properties of ferroelectric materials are
reviewed. Even if a little amount of hydrogen enters a ferroelectric material, the
ferroelectricity and dielectric properties would be degraded, such as hydrogen causes
hysteresis loop narrower, reduces remnant polarization, increases leakage current, etc. If
great amount hydrogen is charged into ferroelectrics, hydrogen fissure and hydrogeninduced delayed cracking can occur. Fortunately, hydrogen can escape from the
hydrogenated ferroelectric materials and properties can restore after a heat treatment.
Therefore, outgassing treatment is an effectual method to prevent hydrogen damage.
Although most of reports about hydrogen in ferroelectrics proved that hydrogen has
negative influence, hydrogen can’t be consider completely harmful to the ferroelectric
materials. For example, a very small amount of hydrogen can enhance the ferroelectricity.
Now, the mechanism of enhancement effect is not clear yet, but this phenomenon enough
to absorb more interests to develop the potential role of hydrogen in ferroelectric
materials.
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1. Introduction
A ferroelectric phase transition represents a special class of structural phase transition
characterized by the appearance of a spontaneous polarization in the material. Above the
Curie temperature the transition often follows a diverging differential dielectric response or
permittivity , which varies with temperature in an approximate Curie-Weiss manner  =
C/(T-T0), where T0 is the Curie-Weiss temperature, which is equal to the Curie temperature Tc
for a continuous transition. The crystalline phase which undergoes transformation to the
ferroelectric form at Tc is the paraelectric one. Below Tc, in the absence of an applied field, there
are at least two directions along which a spontaneous polarization can develop. To minimize
the depolarizing fields different regions of the crystal polarize in each of these directions, each
volume of uniform polarization being called a domain. The resulting domain structure usually
results in a near complete compensation of polarization and the crystals consequently exhibit
very small pyroelectric effects until they are poled by the application of a field.
A ferroelectric transition is usually associated with the condensation of a soft (or lowfrequency) mode of lattice motion at the Brillouin-zone centre. Structural transitions
triggered by zone-centre soft modes are generally termed ferrodistortive, and in this sense
ferroelectrics constitute a subgroup of the class of ferrodistortive transitions. This subgroup
involves the condensation of a polar or optically active mode whose condensation causes
the appearance of a long rage polar order. If the transition is strongly first order then mode
softening may not occur to a significant degree, and in this situation, there is also a
possibility that the large polarization which sets in discontinuously at Tc may not be
reversible, or the low temperature phase may be pyroelectric only. Ferroelectric transitions
are categorized as being either displacive or order-disorder in character. This distinction is
generally made in terms of whether the paraelectric phase is microscopically nonpolar
(displacive) or only nonpolar in a macroscopic or thermally averaged sense (order-disorder).
The displacive or order-disorder character is often defined in terms of the dynamics of the
phase transition, as to whether the soft mode is a propagating or diffusive type respectively.
The displacive or propagating soft mode is a damped optic phonon, representing small
quasi-harmonic motion about the mean position, while the diffusive soft mode represents
large amplitude thermal hopping motion between the domain wells.
Although most ferroelectrics are ferrodistortive (common examples being barium titanate,
sodium nitrite, and triglycine sulphate) some are not. To understand this it is necessary to
recognize that, because of the existence of coupling between modes, it is not a necessary
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condition for ferroelectricity that a zone centre polar mode should be driving the instability.
Sometimes a driving antidistortive mode can couple directly or indirectly to a zone centre
polar mode and upon condensation induce a small spontaneous polarization in an indirect
fashion. In this case the primary order parameter is antidistortive in character while the
spontaneous polarization is said to be a secondary order parameter of the transition. There
can of course be only one primary order parameter (at least for a continuous or near
continuous transition), but there may be many induced or secondary order parameters
resulting from couplings to the primary order parameter. All the known antiferroelectrics
(examples: lead zirconate, ammonium dihydrogen phosphate etc.) are intrinsically
antidistortive, although one can conceive of a ferrodistortive antiferroelectric as one having
an antiparallel arrangement of electric dipoles occurring within a primitive cell of the
higher-symmetry phase. Such a phase is characterized by the condensation of an antipolar
zone-centre soft mode.
Once the importance of coupling between polar modes and other modes has been
recognized it is clear that, via the piezoelectric interaction (or coupling to acoustic modes), a
spontaneous strain will be virtually a universal characteristic of ferroelectrics since all
ferroelectrics are piezoelectric. If this strain can be switched by application of stress then an
obvious parallel in elastic terms exists with ferroelectricity. This property is termed
ferroelasticity, and a crystal is said to be ferroelastic when it has two or more orientation
states in the absence of mechanical stress (and electric field) and can be shifted from one to
another of these states by mechanical stress. Intrinsic ferroelastic transitions are associated
with the condensation of long-wavelength acoustic phonons and many are known.
The optical and acoustic phonon modes involved in ferroelectric and ferroelastic phase
transitions can be probed with Brillouin light scattering and ultrasonic techniques. When
phonon modes soften, the involved elastic constants undergo anomalous variations which
get reflected in ultrasound velocity and attenuation. Elaborate reviews on these subjects
have appeared in literature (Luthi & Rehwald, 1980; Cummins, 1990). Other popular
techniques used to probe modes in ferroelectrics are dielectric spectroscopy (Grigas, 1996)
and neutron scattering (Dorner, 1981). A number of books and reviews on these subjects
have appeared in literature (Lines & Glass, 1977). Though technique like measurement of
thermal conductivity across phase transition can reveal information about the coupling
between ferroelectric soft modes and thermal phonons, not many measurements have
appeared in literature on this. The few measurements that have appeared in literature have
used the well established steady-state methods of measuring thermal conductivity (Dettmer
et al., 1989).
There are several ferroelectrics that undergo successive phase transitions with
incommensurate phases (I-phase) from a symmetrical paraelectric to an incommensurate phase
at Ti and then from the incommensurate phase to a commensurate polar phase at Tc
(Cummins, 1990, Blinc & Levanyuk, 1986). This phase transition sequence can be
qualitatively described in terms of the phenomenological Landau theory of phase transitions
(Toledano & Toledano, 1987). The appearance of an I-modulated structure can be observed
experimentally as satellite peaks in X-ray or neutron diffraction patterns. In the I-phase, at
temperatures close to Ti, the I-modulation wave is harmonic, but as the temperature
approaches Tc, the ideal crystal can be considered as a system of equally spaced
commensurate constant-phase domains separated by narrow phase varying regions, i.e.,
phase solitons. The presence of these modulation waves can influence heat conduction in
ferroelectric crystals in two distinctive ways. As has been shown earlier, an interaction
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manifested in sound attenuation exists between the acoustical waves and the I-modulation
waves in the I-phase (Levanyuk et al., 1992; Lebedev et al., 1992). The usual expression for
the thermal conductivity in an insulating crystal is given by
1
  C v l
3

(1)

where C, v and l denote the specific heat, group velocity, and mean free path for phonons,
respectively (Ashcroft & Mermin, 1976). The incommensurate modulation waves can affect
the mean free path and, consequently, can cause an anomalous variation of thermal
conductivity in the I-phase. Another possibility is that the modulation waves may
participate directly in heat conduction as carriers. In this case, one would expect the
modulation waves to enhance the thermal conductivity by the sliding motion in addition to
causing the usual phonon scattering effect. The effect of sliding modulation waves on
thermal conductivity has been investigated earlier within a phenomenological approach
(Levanyuk et al., 1992). In spite of the fact that measurement of thermal properties across
transition points is highly relevant to understand the coupling between modes, only limited
experimental work has appeared on this in literature.

2. Overview of thermal properties across ferroelectric phase transitions
In the few measurements of the variations of thermal conductivity near ferroelectric phase
transitions reported in literature, steady state methods have been employed. One of the first
measurements was on BaTiO3 by Mante & Volger (1967). Their results show dips in thermal
conductivity at temperatures corresponding to phase transition points. The results are
explained in terms of mode conversion near the transition points. The low lying temperature
dependant optical phonon branches can get zero energy at zero wave-vector, which causes
permanent polarization of the crystal. Near the transition temperature the optical branches
have energies comparable to those of the acoustic branches which usually transport the heat.
This influences the number of scattering processes in which optical phonons participate,
resulting in a reduction of the conductivity due to acoustic branches. In case transverse
optical phonon branch shows enough dispersion and is not scattered too much, one can
expect additional conductivity which might compensate for the effect of decreased
conduction by the acoustic phonons.
Thermal conductivities and specific heat capacities of a wide spectrum of ferroelectrics,
BaTiO3, PbTiO3, KNbO3, KTaO3, NaNbO3 and Pb(Mg1/3Nb2/3)O3 (PMN) single crystals have
been measured from 2 to 390 K (Tachibana et al., 2008). Pronounced jumps are found at
structural transitions in BaTiO3 and KNbO3. A low-temperature anomaly from soft optical
phonons is observed in KTaO3. For PMN and NaNbO3, glass-like behaviour is observed in
both thermal conductivity and heat capacity measurements. The glass-like behaviour in
NaNbO3 is associated with the phase separation phenomena which have been reported in
earlier studies. Thermal analysis techniques such as differential scanning calorimetry (DSC)
have been employed by several researchers to probe ferroelectric phase transitions (Setter &
Cross, 1980, Podlojenov et al., 2006).
Belov & Jeong (1998) have reported thermal conductivity measurements for two ferroelectric
crystals, (NH4)2BeF4 and Rb2ZnCl4, with incommensurate phases. It is found that anomalies
exist in the thermal conductivities of these crystals in the I-phases. I-modulation waves
cause anomalies in the heat transport processes by scattering of heat carrying phonons
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rather than by their direct participation as heat carriers. They have employed the steadystate technique for their measurements. Comparatively large samples, of size typically
greater than 5 mm3, are needed for these techniques in order to avoid boundary effects.
Moreover, comparatively large rises in temperature are often necessary to obtain a
reasonably high signal to-noise ratio, which lead to considerable temperature gradients
being set up in the sample. These drawbacks make these techniques unsuitable for studying
critical thermal conductivity behaviour near phase transitions.
Thermal wave measurements based on a photothermal effect, such as the photothermal
deflection technique, photoacoustic method and photopyroelectric measurement do not
disturb the thermal equilibrium of the sample during transitions. In these techniques one
measures the thermal diffusivity, rather than thermal conductivity. Thermal diffusivity
measurements do not suffer from heat losses from the sample during measurements and
hence are more accurate than a direct measurement of thermal conductivity by the steady
state method. With a proper choice of boundary conditions, photothermal techniques make
a simultaneous measurement of thermal diffusivity and thermal effusivity possible, from
which the thermal conductivity and specific heat capacity can be extracted. The
photopyroelectric technique has been used earlier to measure the variations of thermal
conductivity and heat capacity of a few crystalline solids as they undergo phase transitions
with temperature (Marinelli et al., 1990; Zammit et al., 1988; Mandelis et al., 1985).

3. The photopyroelectric technique
Complete characterization of the thermal properties of a material requires the determination
of the thermal transport properties such as the thermal conductivity as well as the specific
heat capacity. Techniques for high resolution measurement of specific heat capacity are well
established (Kasting et al., 1980; Thoen et al., 1982). It has been shown that photothermal
techniques allow simultaneous measurement of specific heat capacity cp and thermal
conductivity λs (Marinelli et al., 1990). The photoacoustic technique has been used for the
simultaneous determination of the thermal diffusivity, thermal conductivity and heat
capacity of liquid-crystalline compounds (Zammit et al., 1988). A somewhat similar
technique has been used for measuring the thermal diffusivity and heat capacity of solids at
room temperature using a photopyroelectric (PPE) detector (Mandelis et al., 1985; John et al.,
1986). This technique enables simultaneous determination of thermal diffusivity, thermal
effusivity, thermal conductivity and heat capacity as a function of temperature. Moreover,
this technique allows studies of critical behaviours of thermal parameters when the material
undergoes a transition. Marinelli et al. (1990) developed a technique to determine thermal
diffusivity, thermal conductivity and heat capacity simultaneously at low temperatures with
a pyroelectric detector kept in vacuum. At temperatures above room temperature, the
boundary conditions involved in the theory of this method are not easy to satisfy, so that
application of the method can lead to errors in measurement.
A photothermal technique for the simultaneous determination of the thermal conductivity
and specific heat capacity near solid state phase transitions using a pyroelectric detector
kept in contact with a thermally thick backing medium has been developed by Menon &
Philip (2000). The PPE technique has some distinct advantages, such as its simplicity, good
sensitivity and ability to perform nondestructive probing, over other photothermal
methods. In this measurement the sample is heated by a modulated light source on one side
and the temperature oscillations on the opposite side of the sample are detected with a
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pyroelectric detector, supported on a thermally thick conductive backing. Since the PPE
signal depends on properties of the detector which are also temperature dependent, an
accurate temperature calibration of the system must be carried out. The advantage of a
thermally thick backing is that there will be sufficient heat exchange between the heated
pyroelectric detector and the backing, so that signal fluctuations are reduced to a minimum.
This method can, in principle, be adapted to all temperature ranges for all samples and is
not limited by the thermal properties of the sample.
The PPE effect is based on the use of a pyroelectric transducer to detect the temperature rise
due to periodic heating of a sample by induced light. The temperature variations in the
detector give rise to an electrical current, which is proportional to the rate of change of the
average heat content, given by (Mandelis & Zver, 1985)

  (t ) 
i d P A 

 t 

(2)

where P is the pyroelectric coefficient of the detector, A is the area of the detector and
 1 
 (t )   
 Ld 

Ld

  ( x , t ) dx
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0

is the spatially averaged temperature variation over the thickness of the detector, Ld.
For a thermally thick sample with s  Ls, and a thermally thick pyroelectric detector with d
 Ld, where μs and μd are the thermal diffusion lengths of the sample and detector
respectively, the expressions for the PPE amplitude and phase give expressions for the
values of the thermal diffusivity αs and effusivity es which allow a simultaneous
determination of the thermal conductivity and heat capacity if the density s of the sample is
known. The expressions for the temperature dependent PPE amplitude and phase under the
above conditions are given by (Menon & Philip, 2000)
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where T is the temperature and cpd and d are the heat capacity (at constant pressure) and
density of the detector respectively. fc is the characteristic frequency at which the sample
goes from a thermally thin to thermally thick regime. From these two expressions it is clear
that the thermal diffusivity s of the sample can be calculated from the phase of the PPE
signal, which when substituted into the expression for the PPE amplitude, gives the thermal
effusivity of the sample. From these the thermal conductivity and heat capacity of the
sample can be calculated from the following relations:
 s (T )  es (T )  s (T )

(5a)
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c ps (T ) 

es (T )
s (T )  s (T )

(5b)

A temperature calibration of the PPE detector is necessary here as all the parameters in
equations (4a) and (4b) are temperature dependent. All the thermal parameters can be
calculated as functions of the sample temperature, provided that the temperature
dependences of the parameters of the pyroelectric detector are known.

4. Experimental methods in PPE measurements
A sample set-up of the type shown in Fig. 1 is generally used for these measurements
(Menon & Philip, 2000). A 120 mW He - Cd laser of λ = 442 nm, modulated by a mechanical
chopper, has been used as the optical heating source. A 28 μm thick film of PVDF with
pyroelectric coefficient P = 0.25 ×10−8 V cm−1 K−1 at room temperature has been used as the
pyroelectric detector. The sample is attached to the pyroelectric detector with a thermally
very thin layer of a heat sink compound whose contribution to the signal is negligible. The
pyroelectric detector attached to the sample is placed on a thermally thick backing medium
(copper) which satisfies the boundary condition specified above. The frequency of
modulation of the light is kept high enough to ensure that the PVDF film, the sample and
the backing medium are all thermally thick. The signal output is measured with a lock-in
amplifier. The sample-detector-backing assembly is enclosed in a chamber whose
temperature can be varied and controlled as desired. Measurements as a function of
temperature have been made at a low heating rate with special care near transition points. A
block diagram of the experimental set up is shown in Fig. 2 for illustration.
The experimental set up and procedure should be calibrated and tested to ensure that even
minor variations in heat capacity and thermal conductivity do get reflected in the
measurements. Practically one measures the PPE amplitude and phase as function of
modulation frequency, limiting the frequency to low values so that the sample, detector and
backing are all thermally thick. From the amplitude and phase variations one can determine
the thermal effusivity and thermal diffusivity following equations (4a) and (4b) respectively.
From the values of thermal diffusivity and thermal effusivity, the values of thermal
conductivity and specific heat capacity can be determined following equations (5a) and (5b).

Fig. 1. The sample configuration for the photopyroelectric set-up
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Fig. 2. Block diagram of the experimental set-up used for PPE measurements
Practically one measures the photopyroelectric signal amplitude and phase as function of
modulation frequency. One will have inverse frequency dependence for the amplitude and
phase beyond the critical frequency when the boundary conditions assumed are satisfied. A
fitting of the variations of PPE amplitude and phase with the relations connecting thermal
diffusivity and effusivity with phase and amplitude respectively enables one to determine
the thermal diffusivity and effusivity. Typical variations of PPE amplitude and phase with
modulation frequency obtained during PPE measurements in K2SeO4 are shown in figures
3a and 3b respectively. The peaks in the curves correspond to characteristic modulation
frequency for the sample.

5. Results on specific systems and discussion
The variations in the thermal properties of the ferroelectric crystal Triglycine sulphate (TGS)
were reported by Menon & Philip (2000). TGS crystals undergo a para–ferroelectric phase
transition at 49.4°C. This crystal has a monoclinic structure at room temperature. Platelets of
the crystal of sub-millimeter thickness were cut with faces normal to a, b and c axes so that
the direction of propagation of thermal waves was along one of the axes. A very thin layer
of carbon black was coated onto the illuminated surface of the sample to enhance its optical
absorption. Measurements were carried out as a function of temperature from room
temperature (26°C) to 55°C. The thermal thickness of the sample in these experiments was
verified by plotting the PPE amplitude and phase against modulation frequency at a
number of temperatures between room temperature and 55°C. The variations of the PPE
amplitude and phase as functions of temperature were measured keeping the modulation
frequency fixed at 40 Hz. From these, the thermal diffusivity (αs) and effusivity (es) along the
b axis of TGS were determined as functions of temperature. These are shown in Fig. 4a. The
temperature variations of λs along the b axis and cps were also determined (shown in Fig. 4b).
The heat capacity results presented in Fig. 4b agree with those already reported in the
literature (Strukov & Levanyuk 1998). Their results showed that thermal conductivity along
the b axis has a minimum value at the transition point. Measurements of the thermal
diffusivity or conductivity along a- and c- axes did not reveal any anomaly at the phase
transition temperature. This was in agreement with thermal diffusivity measurements along
these axes reported earlier (Gaffar et al., 1987).
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Fig. 3. (a) Frequency dependence of the photo-pyroelectric amplitudes along the three
principal axes of K2SeO4 at room temperature (Philip & Manjusha, 2009)
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Fig. 3. (b) Frequency dependence of the photopyroelectric phases along the three principal
axes of K2SeO4 at room temperature (Philip & Manjusha, 2009)
Ferroelectric crystals, which exhibit incommensurate phase transitions include ammonium
fluroberrylate (Iizumi & Gesi, 1977), potassium selenate (Iizumi et al., 1977), sodium nitrite
(Yamada et al., 1963), thiourea (Goldsmith & White, 1959) etc. Thiourea, with the chemical
formula SC (NH2)2, undergoes successive phase transitions at 169 K (T1), 176 K (T2), 180 K
(T3) and 202 K (T4). Among the five phases (called I, II, III, IV and V) in the order of
increasing temperature, two of them (I and III) are ferroelectric and a superlattice structure
appears in the II, III and IV phases (Elcombe & Tayler, 1968). The crystal structure in the
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room temperature phase V above T4 is orthorhombic and belongs to the space group D162hPbnm with four molecules per unit cell (Z = 4). The phase I below T1 is a ferroelectric one
having spontaneous polarization along the b-axis, whose crystal structure is also
orthorhombic with four molecules per unit cell (Z = 4).
In the three intermediate phases, II, III and IV between T1 and T4, Shiozaki (1971) analyzed
X-ray reflection spectra and concluded that the crystal has an in-commensurate structure.
According to his analysis, just above T4 the crystal has a superstructure along the c-axis with
a period about eight times as large as that of phase IV. The period of the super structure
increases as temperature decreases. So in the vicinity of T1, the period is about ten times as
large and at T1 the crystal transforms to the ferroelectric phase I, where the period of the
unit cell of the prototype is restored. More elaborate descriptions of the properties of
thiourea are available in literature (Wada et al., 1978, Moudden et al., 1978, Mc Kenzie,
1975a, Mc Kenzie, 1975b, Delahaigue et al., 1975, Chapelle & Benoit, 1977).
The thermal properties described above during the incommensurate-commensurate phase
transition in thiourea were measured employing PPE technique (Menon & Philip, 2003).
Measurements have been done along the three principal directions of thiourea and the
observed anisotropy in thermal transport is discussed. The crystals were cut with their faces
normal to the [100], [010] and [001] directions of the crystallographic a-, b- and c-axes
respectively. Measurements were carried out illuminating the three cut sample faces so that
the propagation of the thermal wave is along one of the symmetry directions. The variations
of thermal conductivity and heat capacity as functions of temperature across the transition
temperatures were measured as outlined above.

Fig. 4. (a) Variations of the thermal diffusivity (inverted triangles) and thermal effusivity
(triangles) with temperature for TGS along the b axis (Menon & Philip, 2000)
It was seen that both PPE amplitude and phase clearly reflect the three successive phase
transitions in thiourea. The maximum anomaly was at T1, the temperature at which
transition to an in-commensurate phase took place. Anomalies were measured along a, b
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Fig. 4. (b) Variations of the thermal conductivity (inverted triangles) and heat capacity
(triangles) with temperature along the b-axis (Menon & Philip, 2000)
and c directions at the same temperatures. The maximum variation was seen along the bdirection, the direction in which the crystal possesses spontaneous polarization in the
ferroelectric phase. Fig. 5a shows the variations of thermal diffusivity and thermal effusivity
with temperature along the b-axis of thiourea single crystal. As can be seen in this figure,
thermal diffusivity shows a decrease with temperature, with distinct minima at the three
phase transition points at T1 ≈169 K, T3 ≈176K and T4 ≈ 202 K, in agreement with the already
reported values of transition temperatures. Thermal effusivity exhibits an inverse behaviour.
It increases with temperature, with sharp peaks occurring at the transition temperatures.
Taking into account the various uncertainties of the measurement, the overall uncertainty in
the values of α and e are estimated to be less than 5%. Similar anomalies with smaller
magnitudes have been obtained for the a- and c-directions as well.
Figure 5b shows the variation of heat capacity of thiourea with temperature. As can be seen
in this figure, the three transitions get clearly reflected in the temperature variation of heat
capacity as clear anomalies at the transition points. These heat capacity values agree with
the values reported by earlier workers (Hellwege & Hellwege, 1969). As can be seen, there is
no direction dependence for heat capacity. Figure 5c shows the temperature variation of
thermal conductivity along the three symmetry directions (a, b and c) of thiourea. The
thermal conductivity exhibits significant anisotropy, as is evident from Fig. 5c. The three
transitions get clearly reflected in the thermal conductivity variations as well. The maximum
anomaly at the transition temperatures is seen along the b-axis. The maximum thermal
conduction occurs in the direction of predominant covalent bonding, which is along the baxis in thiourea. This is the direction of spontaneous polarization in this crystal.
Dicalcium Lead Propionate (DLP, with chemical formula Ca2Pb (C2H5COO) 6, belonging to
the family of double propionates, is ferroelectric below 333K along the c- axis (Nakamura et
al 1965). It undergoes a para to ferro electric phase transition at 333K (Tc1), which is a second
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Fig. 5. (a) Temperature variations of thermal diffusivity and thermal effusivity along the baxis of thiourea single crystal. Similar variations to a lesser extend were exhibited by a- and
c-directions (Menon & Philip, 2003)

Fig. 5. (b) Temperature variation of heat capacity along three principal directions of thiourea
single crystal. The inset shows the variation of heat capacity between 160 K and 220 K along
the b-axis (Menon & Philip, 2003)
order one. Upon decreasing the temperature further, it undergoes another phase transition
at 191K (Tc2), which is first order. The transition at Tc1 is associated with the movement of
the ethyl group (C2H5) (Nakamura et al., 1978), but the one at Tc2 is still not understood
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Fig. 5. (c) Temperature variations of thermal conductivity along three principal directions of
thiourea single crystal. (Menon & Philip, 2003)
well. Even below this transition temperature the material continues to remain ferroelectric.
Based on the measurement of the hydrostatic pressure dependence of the crystal structure of
DLP above and below the respective phase transitions, Gesi & Ozawa (1975) have proposed
that the phases above and below Tc2 are isomorphous to each other. However, on the basis
of polarizing microscopic observations and dielectric constant measurements, Gesi (1984)
has concluded that the two phases above and below Tc2 are not isostructural.
The crystal structure of DLP is tetragonal at room temperature (Ferroni & Orioli, 1959). The
lead atoms are located at 4a positions and calcium atoms at 8b positions. Studies on the
pyroelectric properties of DLP associated with its phase transitions have led to the
conclusion that DLP crystal between Tc1 and Tc2 is tetragonal and polar, the point group in
this phase being C4 or C4ν (Osaka et al., 1975). Raman, infrared and dielectric properties of
this crystal has been studied by earlier workers (Nagae et al., 1976, Takashige et al., 1978).
The phase diagrams of mixed crystal system DSP-DLP, where DSP stands for Dicalcium
Strontium propionate, has been determined by Nagae et al. (1976) from dielectric and
dialatometric measurements. Nage et al., (1976) have reported Raman scattering spectra of
DSP and DLP between 73 and 423K. They concluded that both phase transitions of these
two materials are of the order – disorder type since no soft modes are observed, implying
that these transitions are most probably isomorphous. Takashige et al. (1978) have reported
the piezoelectric and elastic properties of ferroelectric DLP over a wide temperature region,
including the ferroelectric-paraelectric phase transition point (Tc1).
Even though the specific heat of DLP was reported way back in 1965 (Nakamura et al.,
1965), other thermal properties such as thermal conductivity were not. Moreover, systematic
thermal analysis following thermogravimetry or scanning calorimetry through Tc1 and Tc2
have not been reported. These measurements in DLP through the transition temperatures
have been reported by Manjusha & Philip (2008). These authors have reported thermal
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transport properties of the sample, thermal diffusivity, effusivity, conductivity and specific
heat capacity as a function of temperature following PPE technique. The anisotropy in
thermal diffusivity/conductivity along the principal axes as well as their variation through
these transition temperatures was measured.
The variations of thermal properties, shown in figures 6a and 6b, clearly indicate that the
thermal properties undergo anomalous variations during phase transitions at 191 K and 333
K. In general, the thermal diffusivity and thermal conductivity show an anomalous decrease
during transitions, whereas the heat capacity shows a corresponding anomalous increase.
Being an electrical insulator crystal, the major contribution to the heat capacity of DLP is
from lattice phonons and the electronic contribution to heat capacity is very small. As the
phonon modes undergo variations due to mode instability at the transition points, they
absorb excess energy giving rise to enhancement in heat capacity. This is found to get
reflected in the DSC curve as well. Again, during the transitions, the phonon mean-free path
increases, resulting in a decrease in thermal resistance or a corresponding increase in
thermal diffusivity and thermal conductivity. The anisotropy in thermal conductivity is not
very high for this crystal. The maximum thermal conduction occurs along the c-axis, which
is the direction of spontaneous polarization.

-2

6.48
1.2
6.46
1.1

6.44
6.42

1.0
6.40
0.9
160

-1 -1/2

6.50

-2

1.3

-2

2 -1

Thermal diffusivity (x10 cm s )

6.52

Thermal effusivity (x10 Jcm K s )

6.54
1.4

6.38
180

200

220

240

260

280

300

320

340

360

Temperature(K)

Fig. 6. (a) Variation of thermal diffusivity and thermal effusivity for DLP crystal, cut with
faces normal to the c-axis (Manjusha & Philip, 2008)
Many experimental and theoretical studies have been carried out by different workers to
understand the mechanisms of phase transitions in potassium selenate (K2SeO4) single
crystals, ever since the discovery of ferroelectricity and successive phase transitions in this
crystal (Aiki et al., 1969). With the occurrence of ferroelectric phase, this material undergoes
an incommensurate phase (IC phase) transition. Potassium selenate undergoes three
successive phase transitions at temperatures T1 = 745 K, T2 = 129.5 K and T3 = 93 K (Aiki et al
1969). The crystal exhibits hexagonal structure in phase I, with space group D46h (P63/mmc)
(Shiozaki et al 1977), which changes to an orthorhombic structure (phase II) with space
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Fig. 6. (b) Variation of thermal conductivity and specific heat capacity for DLP crystal, cut
with faces normal to the c-axis (Manjusha & Philip, 2008)
group D16 2h (Pnam) at T1 (Kalman et al 1970). Then, phase II changes into an incommensurate
one (phase III) at T2 (Iizumi et al., 1977); this is a second order phase transition. It undergoes
an IC phase transition at T3, below which the crystal is commensurate and ferroelectric with
a small spontaneous polarization along the c direction.
Many experimental studies such as dielectric measurements (Aiki et al., 1969, Aiki et al.,
1970), X-ray and neutron diffraction (Iizumi et al., 1977; Ohama, 1974; Terauchi et al., 1975),
ESR (Aiki, 1970), Raman and Brillouin scattering (Wada et al., 1977a; Wada et al., 1977b;
Yagi et al., 1979), ultrasound velocity, attenuation and dispersion studies (Hoshizaki et al.,
1980; Shiozaki, 1977) etc have been reported near T2 and T3. The variations in specific heat
capacity and thermal expansion of K2SeO4 in the low temperature phase have also been
reported before (Aiki et al., 1970; Gupta et al., 1979). Thermal expansion along the c-axis
exhibits a discontinuity at the incommensurate to commensurate transition. Specific heat
measurements show anomalies at T2 and T3, indicating that the transition at T2 is second
order and that the one at T3 is first order (Aiki et al., 1970). In spite of all these
measurements reported at temperatures T3 and T2, only very few experimental results have
been reported near T1 ( Unruh et al., 1979; Inoue et al., 1979; Cho & Yagi, 1980; Gupta et al.,
1979) because of the inherent difficulties involved in carrying out precision experiments at
high temperatures. The variation of the specific heat capacity across the structural transition
at T1 has not been reported so far for this material. More experimental data are still required
for a better understanding of the high temperature phase of this material.
The thermal diffusivity, thermal conductivity and heat capacity of K2SeO4 as it goes through
the IC phase between 129.5 and 93 K have been measured by Philip & Manjusha (2009). The
anisotropy in thermal conductivity along the three principal directions of this crystal and its
variation with temperature are brought out and discussed by these authors. Differential
scanning calorimetric (DSC) measurements across the high temperature phases have been
carried out to determine anomalies in enthalpy during transition from phase I to phase II, and
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the calorimetric ratio method adopted to determine the variation of specific heat capacity with
temperature across the high temperature transition point T1. The results from PPE and
calorimetric measurements have been combined to plot the variation of specific heat with
temperature through all the four phases of K2SeO4, and the results discussed below.
PPE measurements were done at temperatures between 85 and 300 K. Thermal diffusivity
and effusivity along the c axis, plotted against temperature are shown in Fig. 7a. From the
diffusivity and effusivity values, the values of the thermal conductivity and specific heat
capacity have been computed, and these are plotted in Fig 7b. Since the values of these
thermal parameters for a and b axes are not very different from the corresponding values
obtained for the c-axis, they are not reproduced. It can be noticed that the thermal
conductivity along the c axis, which is the direction of spontaneous polarization for this
crystal, is slightly more than that along a- or b-axis at all temperatures. The anisotropy in
thermal conductivity is small and decreases as the temperature is lowered. The variations
along the c axis clearly indicate that the thermal properties undergo anomalous variation
during phase transitions at 93 and 129.5 K. Thermal conductivity and heat capacity exhibit
maxima at the phase transition temperatures 93 and 129.5 K. Moreover, there is an overall
enhancement in thermal conductivity in the IC phase of K2SeO4 between 93 and 129.5 K. The
maxima in thermal conductivity at the phase transition temperatures can be explained in
terms of the increase in phonon mean free path or decrease in phonon–phonon and
phonon–defect collision rates. Again, the anomalous variation in specific heat capacity is
due to softening of phonon modes and the corresponding enhanced contribution of phonon
modes to the specific heat capacity.
The IC phase in K2SeO4 has been observed experimentally as satellite peaks in the x-ray and
neutron diffraction patterns (Iizumi et al., 1977). In the IC phase of K2SeO4 at temperatures
close to T2, the incommensurate modulation wave is pure harmonic. But as the temperature
approaches T3, nonlinear phase modes, which are equally spaced commensurate constant
phase domains separated by narrow phase varying regions called phase solitons, emerge.
The presence of these modulation waves or phase solitons can influence heat conduction in
ferroelectric crystals in two different ways, as outlined below.
The phase solitons can affect the mean free path of thermal phonons via scattering and
hence can cause anomalous variation of thermal conductivity in the IC phase. Another
possibility is that the modulation waves themselves can act as heat carriers, resulting in an
enhancement in thermal conductivity. Whether the thermal conductivity increases or
decreases during an IC phase transition depends on which factor dominates in the process.
One can isolate thermal conductivity enhancement in the IC phase by computing the value
of (λ − λbg) where λ is the total thermal conductivity and λbg is the background thermal
conductivity in the absence of occurrence of IC modulation. In general, for an insulating
crystal, λbg follows an inverse temperature (T) variation.
The theory of heat conduction in a ferroelectric crystal with a two-component order parameter
has been developed by Levanyuk and co-workers (Levanyuk et al., 1992). The theory considers
heat conduction along the modulation axis of a system that undergoes IC phase transition.
According to this, the thermal conductivity due to phase solitons is given by



   bg  c02T 2 / 



(6)

where c0 and γ are constants and ρ is the magnitude of the order parameter. One can see that
the phase solitons enhance the thermal conductivity of K2SeO4 in the IC phase. It has also
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been shown that the enhancement in thermal conductivity is related to the excess specific
heat ce due to order parameter fluctuation as
(   bg )
T

(7)
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This explains the enhancement in specific heat in the modulation phase of the crystal. Even
without the effects expressed in equations (6) and (7), the modulation waves can cause
anomalies in (λ − λbg) by strongly scattering the heat carrying phonons. In the IC phase
between 93 and 129.5 K, one can note that the background thermal conductivity and the
specific heat decrease gradually as the temperature increases. This variation of thermal
conductivity is normal for a solid, but the variation of the specific heat is just opposite to the
normal behaviour for solids. This can be attributed to the increase in the heat capacity of the
modulation waves with decrease in temperature. As the system approaches the low
temperature commensurate phase, it becomes more and more ordered, resulting in a
decrease in entropy or increase in heat capacity. The modulation waves are so strong in the
IC phase that the contribution of modulation waves to the overall heat capacity of the
system is much more than the contribution of normal phonon modes to heat capacity. This
results in an overall increase in heat capacity as the temperature decreases in the IC phase.
The DSC curve during the heating cycle shows a clear peak occurring at 745 K, indicating
that the phase transition at this temperature is endothermic. The variation of specific heat
capacity with temperature up to a temperature well above 745 K has been determined by the
DSC ratio method. These results have been combined with the results shown in figure 7b to
plot the variation of heat capacity with temperature encompassing all the four phases of
K2SeO4. This is shown in Fig. 8. So figure 8 contain the variation of specific heat of K2SeO4
through all the three transition temperatures T1, T2 and T3 (and through all the four phases).
The anomalous variation of heat capacity during transitions can be understood as due to
softening of the phonon modes and the corresponding enhanced contribution of phonon
modes to the specific heat capacity of the system.
In order to estimate the quantity of excess heat capacity due to the structural phase
transition at 745 K, the contribution of the normal heat capacity shall be subtracted from the
measured molar heat capacity. The background lattice heat capacity was approximated by a
third-order polynomial. The excess of the molar heat capacity Δ Cp was plotted against
(T − Tc) and it is found to have a shape typical for a continuous phase transition. At T = Tc, Δ
Cp is found to be 0.112 ± 0.003 J K−1 mol−1. The specific heat critical exponent α was obtained
from the slope of log (Δ Cp) versus log (T − Tc). The value of α is found to be −0.0853 ±
0.0002, which is close to zero. This value for α is typical for a mean field model of a phase
transition (Strukov & Levanyuk, 1998). The Landau theory gives a simple relation between
the excess entropy and the order parameter Ps (spontaneous polarization), given by
S(T )  (1 / 2)[ A0 Ps2 ]

(8)

One can acquire more information about the nature of the phase transition from the excess
entropy Δ S. The most direct way to determine Δ S is from a measurement of the excess heat
capacity as a function of temperature:
T

C p

To

T

S(T )  

dT

(9)

The transition entropy has been calculated from the above equation, and is obtained as Δ S =
0.49 ± 0.03 J K−1 mol−1. This is typical of a structural phase transition. However, this is much
smaller than the transition entropy predicted by the order-disorder model in the mean field
theory. Other mechanisms such as tunnelling may have to be taken into account to reduce
this discrepancy with experiment.
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Fig. 8. Variation of the specific heat capacity with temperature through all the four phases of
K2SeO4. The inset shows the variation close to the high temperature transition point (Philip
& Manjusha, 2009)

6. Conclusions
The results presented in the above section show that a photothermal technique such as the
photopyroelectric technique is a convenient and sensitive one to measure thermal
conductivity and specific heat capacity of ferroelectric crystals as they undergo phase
transitions. Photothermal techniques do not suffer from the disadvantages of steady state
techniques. In a photothermal technique one actually measures the thermal diffusivity
which is independent of heat losses from the sample. With a careful control of the sample
boundary conditions the PPE technique has proven to be a sensitive and convenient one
to measure thermal transport properties of solids that undergo ferroelectric phase
transitions.
Even though not much attention has been paid to the measurement of thermal properties for
probing phase transitions in solids, it is now more and more obvious that thermal transport
measurements yield critical information to throw more light on fine features of ferroelectric
transitions, particularly those involving incommensurate modulation of the lattice.
Measurement of fine features of the variations of thermal conductivity and specific heat
capacity with temperature, without disturbing the system, provides valuable information
about the interactions involved in the processes.
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The Induced Antiferroelectric Phase Structural Correlations
Marzena Tykarska

Institute of Chemistry, Military University of Technology, Warsaw
Poland
1. Introduction
Chiral synclinic (SmC*) as well as anticlinic (SmC*A) phases are promising in the display
application. The displays using these phases are characterized by shorter response time
and larger viewing angle in comparison to nematic displays. In displays based on surface
stabilized ferroelectric liquid crystals (SSFLC) the permanent polarisation of layers as well
as pretransitional effect appear. In displays based on surface stabilized antiferroelectric
liquid crystals (SSAFLC) the permanent polarisation of layers does not appear but the
pretransitional effect still exists thus leading to small contrast; the advantage is that the
gray scale is big. In displays based on surface stabilized orthoconic antiferroelectric liquid
crystals (SSOAFLC) the advantages of antiferroelectric phase remain and disadvantages
vanishes because the lack of pretransitional effect leads to the excellent contrast ratio.
Thus antifferroelectric phase is even better than ferroelectric phase for display
application. Unfortunately the number of compounds with antiferroelectric phase is
limited [Fukuda et al. 1994, Matsumoto et al. 1999, Drzewiński et al. 2002]. Only mixtures
have application meaning in display technology, because they enable to adjust the
properties in a broader range. The induction of antiferroelectric phase is a way to increase
the potential number of compounds useful for mixtures preparation, because the
compounds not having this phase may be used for this purpose. In mixtures of
compounds different non-additive behaviors can be found such as destabilization,
enhancement or induction. For example when two compounds having antiferroelectric
phase are mixed together the thermal stability of this phase can be increased because
additional intermolecular interaction appears between molecules, see Fig. 1a. When one of
compounds has similar structure to compounds forming SmC*A phase but does not form
this phase by itself (compound C in Fig. 1b) it can still give the enhancement of this phase
in a mixture. This compound has so called virtual antiferroelectric phase. The compound
with virtual antiferroelectric phase can be mixed with the compound of similar structure
to compound B but not forming antiferroelecrtic phase then induction of antiferroelectric
phase appears, Fig. 1c.
The induction and enhancement of antiferroelectric phase was observed for the first time in
2000 by Dąbrowski and Gauza [Gauza et al. 2000, Dąbrowski 2000, Gauza et al. 2002].
The first system in which the induction was observed was the bicomponent mixture of
compounds 1 and 2 [Dąbrowski 2000].
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Fig. 1. Schematic phase diagrams with enhanced (a, b) and induced (c) antiferroelectric
phase
C6F13C2H4O

COO

COO

C*H

C6H13 (S)

(1)

CH3

Cr1 80.07 Cr2 98.9 SmC* 141.4 SmC* 149.0 SmA 184.0 I [Drzewiński et al. 1999, Mandal et al.
2006]
C8H17O

COO

COO

C*H

C7H15 (S)

(2)

CH3

Cr 79.0 (SmI* 65.8) SmC* 118.6 SmC* 119.6 SmA 144.1 I [Gauza et al. 2000, Kobayashi et al.
1999]
Their phase diagram is presented in Fig. 2. Compounds 1 and 2 do not form antiferroelectric
phase, but this phase appears in their mixture for the middle concentrations. The highest
thermal stability corresponds to composition 1:1.
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Next many new systems were found in which the induction of antiferroelectric phase was
observed [Tykarska et al. 2006, Skrzypek and Tykarska 2006, Tykarska and Skrzypek 2006,
Czupryński et al. 2007]. The compounds giving the induction of SmC*A phase have to differ
in polarity. Usually one of compounds is of lower polarity (terminating with an alkyl
terminal chain) and another one with fluoroalkyl terminal chain or with terminal chain
terminated with cyano group. The comparison of the ability of fluoro- and cyanoterminated
compounds for the induction of SmC*A phase is given. The influence of the rigid core and
nonchiral chain length is tested. The analysis is made based on phase diagrams constructed
with the use of polarized optical microscopy of the mixtures of polar compounds with
compounds of few homologous series with alkylated terminal chain.
The special attention is put to antiferroelectric phase this is why the subphases of
ferroelectric phase as well as smectic I* phase are not marked on phase diagrams.

2. Systems with different polarity
2.1 The structure of compounds giving the induction or enhancement
The structure of compounds used for testing the ability of more polar compounds for the
induction of SmC*A phase are given by formulas 1, 3-5:
C6F13C2H4O

COO

COO

C*H

C6H13 (S)

(3)

CH3

Cr1 94.3 Cr2 97.9 SmC* 155.6 SmA 184.6 I [Drzewiński et al. 1999]
COO

CNCH2COO(CH 2)6O

COO

C*H

C6H13 (S)

(4)

CH 3

Cr 62.2 SmC* 90.5 SmA 97.6 I [Dziaduszek et al. 2006]
CNCH2COO(CH2)6O

COO

COO

C*H

C6H13 (S)

(5)

CH3

Cr 69.6 (SmC* 61.6) SmA 80.2 I [Dziaduszek et al. 2006]
Compounds of smaller polarity used as a second component of mixtures have alkyl terminal
chain. The used compounds belong to the homologous series 6.m.n and 7.m.n [Drzewiński
et al. 1999, Gąsowska et al. 2004]:
CnH2n+1COO(CH2)mO

COO

COO

C*H
CH3

m=3
n=1 Cr 72.3 SmA 104.3 I
n=2 Cr 80.6 SmA 106.7 I
n=3 Cr 109.9 (SmA 107.1) I
n=4 Cr 111.9 (SmA 104.8) I
n=5 Cr 71.3 SmC* 75.2 SmA 101.1 I
n=6 Cr 71.4 SmC* 75.1 SmA 97.1 I

C6H13 (S)

(6.m.n)
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n=7 Cr 67.2 SmC* 78.2 SmA 95.7 I
m=6
n=1 Cr 70.6 (SmC* 69.8) SmA 98.8 I
n=2 Cr 54.6 (SmC*A 43.0) SmC* 74.4 SmA 96.1 I
n=3 Cr 76.0 (SmC*A 58.0 SmC* 75.1) SmA 89.0 I
n=4 Cr 76.2 (SmC*A 68.0 SmC* 74.9) SmA 87.2 I
n=5 Cr 64.9 (SmC*A 57.0) SmC* 73.0 SmA 84.6 I
n=6 Cr 54.9 SmC*A 64.4 SmC* 72.6 SmA 83.1 I
n=7 Cr 50.5 SmC*A 60.3 SmC* 71.7 SmA 82 I
CnH2n+1COO(CH2)mO

COO

COO

C*H

C6H13 (S)

(7.m.n )

CH3

m=3
n=1 Cr 62.6 (SmI* 52.7) SmA 129.7 I
n=2 Cr 77.3 (SmI* 49.2) SmC*A 88.2 SmA 123.6 I
n=3 Cr 66.6 (SmI* 43.0) SmC*A 92.4 SmA 117.3 I
n=4 Cr 62.2 (SmI* 31.9) SmC*A 92.8 SmA 111.7 I
n=5 Cr 73.6 (SmI* 26.3) SmC*A 92.5 SmA 109.1 I
n=6 Cr 69.2 (SmI* 22.0) SmC*A 91.0 SmC* 92.2 SmA 106.6 I
n=7 Cr 49.5 (SmI* 25.0) SmC*A 89.9 SmC* 91.9 SmA 105.4 I
m=6
n=1 Cr 66.7 (SmC*A 48.0) SmC* 104.9 SmA 117.3 I
n=2 Cr 58.1 SmC*A 95.2 SmC* 103.5 SmA 112.2 I
n=3 Cr 61.0 SmC*A 87.5 SmC* 98.1 SmA 104.5 I
n=4 Cr 64.8 SmC*A 93.3 SmC* 96.2 SmA 101.7 I
n=5 Cr 68.4 SmC*A 87.6 SmC* 93.9 SmA 99.5 I
n=6 Cr 68.5 SmC*A 89.8 SmC* 91.7 SmA 97.5 I
n=7 Cr 70.4 SmC*A 85.9 SmC* 89.9 SmA 96.9 I
Phase diagrams for all compounds 6.m.n and 7.m.n have been constructed, but here only
chosen phase diagrams are presented.
2.2 Systems with fluoroterminated compounds
Mixtures of compound 1 with compounds 6.m.n and 7.m.n show different behaviour
depending on the existence or not of SmC*A phase in alkylated compounds. In case of
compounds 6.3.n, none of them have SmC*A phase thus the induction of this phase appears
in all mixtures with compound 1, Fig. 3 [Tykarska et al. 2006, Tykarska and Skrzypek 2006].
In case of compounds 6.6.n and 7.3.n the shortest compounds does not form SmC*A phase
thus the induction of SmC*A phase is observed for their mixtures with compound 1 but for
longer homologues forming SmC*A phase by themselves the enhancement of this phase
appears in the mixtures, Figs. 4 [Tykarska and Skrzypek 2006] and 5. In case of compounds
7.6.n all members form SmC*A phase thus the enhancement of this phase in the mixtures
with compound 1 in all cases is observed, Fig. 6.
The maximum temperature of existence of antiferroelectric phase in pure compounds with
alkylated terminal chain are presented in Fig. 7a. Taking into account ability of pure
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compounds for formation of SmC*A phase it can be found that compounds with biphenylate
core (PhPhCOOPh, 7.m.n) have bigger tendency for creation of anticlinic ordering in
comparison to compounds with benzoate core (PhCOOPhPh, 6.m.n). There is no big
difference in thermal stability of SmC*A phase between compounds with biphenylate
structure and different polymethylene length m=3 and 6 (7.3.n and 7.6.n series), but for
compounds with benzoate core (6.m.n) only longer polymethylene spacer (m=6) let the
SmC*A phase to be formed and shorter one (m=3) does not.
The maximum temperature of existence of antiferroelectric phase in the mixtures of
compounds 6.m.n and 7.m.n with compound 1 are presented in Fig. 7b. Increasing the
number of carbon atoms in a nonchiral terminal alkyl chain (n) causes that the maximum
temperature of induced antiferroelectric phase existence in the mixture decreases. There is
an exception, because for compounds with hexamethylene spacer m=6 and one carbon atom
in alkyl group n=1 (6.6.1 and 7.6.1) the maximum temperatures are lower than for
corresponding homologues n=2 (6.6.2 and 7.6.2), Fig. 7b. Although the maximum
temperature of induced SmC*A phase decreases, the temperature-concentration area of
existence of this phase in phase diagrams increases, thus one can say that the tendency for
creation of SmC*A phase increases with the increase of alkyl chain length. Also shorter
compounds in pure state do not form SmC*A phase.
The comparison of the influence of polymethylene spacer length on the ability for induction
of SmC*A phase in mixtures shows that more convenient for this purpose is trimethylene
spacer (m=3), because the maximum temperature of this phase existence is higher than for
corresponding hexamethylene compounds (m=6), Fig. 7b. It is opposite to the situation in
pure compounds, for which compounds with hexamethylene spacer (m=6) form anticlinic
arrangement easier, also the number of compounds with SmC*A phase is bigger than in
series with trimethylene spacer (m=3).
The comparison of the influence of the core structure on the ability for induction of SmC*A
phase shows that biphenylate core is more convenient than benzoate core for the stability of
antiferroelectric ordering because in the former case the maximum temperature as well as
temperature-concentration area of existence of SmC*A phase in mixtures with compound 1
observed on phase diagrams are higher. This may be conclude also from the fact that bigger
number of compounds with biphenylate core form SmC*A phase in pure state.
Mixing the compounds of the series 6.m.n and 7.m.n with compound 3, which has benzoate
core instead of biphenylate as it is for compound 1, it can be noticed that the rules observed
for alkylated compounds, namely that biphenylate core favours antiferroelectric ordering
more than benzoate core and for the same core the trimethylene spacer gives bigger
induction of SmC*A phase, is true also in these mixtures. For example, in mixtures of
compound 3 with compounds 6.3.1, 6.6.1 and 7.3.1 (n=1 in each case) maximum temperature
of induced SmC*A phase is higher in mixture with biphenylate compound 7.3.1 (Fig. 8c) than
with benzoate compound 6.3.1 (Fig. 8a). In both compounds there is trimethylene spacer,
but the smallest induction is observed for benzoate compound with hexamethylene spacer
6.6.1, Fig. 8b.
It can be noticed that the ability for induction of SmC*A phase of compound 3 is smaller than
for compound 1. The rule observed for alkylated compounds (that biphenylate core favours
antiferroelectric ordering more than benzoate core) is valid also for fluorinated compounds.
It is well visible after comparing the phase diagrams presented in Fig. 8a with Fig. 3a, and
Fig. 8b with Fig. 4a, as well as Fig. 8c with Fig. 5a; the temperature-concentration area of
existence of SmC*A phase is smaller for mixtures with compound 3.
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Fig. 3. Phase diagrams of bicomponent mixtures of compound 1 with compounds 6.3.1 (a),
6.3.4 (b) and 6.3.6 (c); [Tykarska et al. 2006, Tykarska and Skrzypek 2006]
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2.3 Systems with cyanoterminated compounds
Mixing the compounds of the series 6.m.n and 7.m.n with compound 4, which has the same
biphenylate core as compound 1 but different nonchiral chain, namely terminated with cyano
group, the induction of SmC*A phase is also observed. The rules for structure correlations with
the induction of SmC*A phase of alkylated compounds in these systems are the same as were
observed for fluorinated compounds. For example, the compound 4 mixed with members of
homologous series of benzoate compounds with hexamethylene spacer 6.3.n gives the
induction for all members and the temperature-concentration area of existence of this phase
increases with the increase of alkyl chain length, Fig. 9. Maximum temperature of existence of
SmC*A phase in mixtures is presented in Fig. 7c. The compositions corresponding to maximum
temperature of existence of SmC*A phase are shifted in the direction of the excess of
cyanoterminated compound in phase diagrams for most of the systems.
Compound 4 in mixtures with compounds 6.6.n does not give the induction of SmC*A phase
in the case of compound 6.6.1 (Fig. 10a) because the tendency of cyanoterminated
compounds for induction is smaller than in the case of fluoroterminated compounds. For
compounds with longer alkyl chains 6.6.n the enhancement of SmC*A phase is observed
(Fig. 10b and c), the same as for fluoroterminated compounds, but the maximum
temperature of existence of the induced SmC*A phase in this case is smaller.
Compound 4 in mixtures with compounds 7.3.n gives the induction of SmC*A phase in the
case of compound 7.3.1 (Fig. 11a), but for compounds with longer alkyl chains the
enhancement of SmC*A phase is observed, Fig. 11b and c. It is interesting that the highest
temperature of SmC*A phase existence is for pure compounds in case of mixtures with
alkylated compounds having more than 3 carbon atoms in alkyl group. This is why these
mixtures are not presented in Fig. 7c. In case of mixtures of compound 4 with compounds
7.6.n, homolog 7.6.1 is the only one which gives the induction. In case of longer homologs
the enhancement of SmC*A phase is observed, but the teperature range of existence of this
phase in mixtures is smaller than for pure alkylated compounds this is why they are not
marked in Fig. 7c.
Compound 5 being the analog of compound 4, but having benzoate rigid core, has much
smaller ability for induction of SmC*A phase because the number of compounds which give
the induction in mixtures with compound 5 is smaller than in case of compound 4.
In mixtures of compound 5 with members of series 6.3.n it has been found that the induction
appears for longer homologues (n=6 and 7), but for sorter homologues (n=1-5) the induction
does not appear, Figs. 12a (n=2) and 12b (n=6).
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The comparison of induction ability of compounds 4 and 5 lead to the conclusion that
compounds with biphenylate core more favourise antiferroelectric ordering than with
benzoate core, similarly as it was observed for fluorinated compounds and alkylated
compounds.
2.4 Comparison of systems with fluoroterminated and cyanoterminated compounds
When compounds: one with fluoroterminated group (1) and the other with cyanoterminated
group (4), are mixed together they do not give the induction of SmC*A phase [Tykarska et al.
2011]. The ability for induction of SmC*A phase of both compounds (1 and 4) in ratio 2:1, 1:1
and 1:2 has been checked. Such bicomponent mixtures were doped with 6.3.2 compound.
The results are presented in collective phase diagram presented in Fig. 13a, in which the
curves separated SmC*A phase from other phases for all tested systems have been marked
[Tykarska et al. 2011]. The dependence is not linear with the concentration of compound 4,
Fig. 13b. Compound with fluoroalkyl group 1 has stronger ability for induction of SmC*A
phase and it forces the arrangement of molecules in mixtures. In the phase diagram (Fig.
13a) the boundary of the temperature-concentration region of existence of SmC*A phase in
phase diagram for all mixtures containing compound 1 are close to each other but further
from the curve corresponding to the mixture with cyanoterminated compound 4.
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4 (1:0, 2:1, 1:1, 1:2 and 0:1) with compound 6.3.2 (a), maximum temperature of SmC*A
existence versus concentration of compound 4 (b) [Tykarska et al. 2011]
The results of dielectric measurements, described in Ref. [Skrzypek et al. 2009], prove that
the induced phase is really antiferroelectric phase. Properties of SmC*A phase obtained by
the induction are the same as properties of SmC*A phase in pure compounds and their
mixtures [Czupryński et al. 2007, Tykarska et al. 2008, Dąbrowski et al. 2004].

3. Systems with similar polarity
3.1 The structure of compounds
The compounds of the structure given by formulas 8-13 were used for showing the
dependence of miscibility in systems of similar polarity with and without SmC*A phase.
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Cr 82.7 (SmI* 65.3) SmC*A 118.2 SmC* 119.1 SmC* 120.0 SmC*α 121.9 SmA 147.6 I
[Chandani et al. 1989, Mandal et al. 2006]
COO

C2H5O(CH2)2O

C6H13 (S)
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COO
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Cr 102.8 (SmI* 90.2) SmA 148.5 I [Drzewiński et al. 1999]
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Cr 82.1 (SmI* 54.0) SmC*A 122.0 SmC* 124.5 SmA 129.9 I [Drzewiński et al. 1999]
CF3CH2O(CH2)3O
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COO C*H C 6H 13 (S)
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Cr 107.8 SmC*A 124.4 SmA 134.1 I [Drzewiński et al. 1999]
C 5F11COO(CH 2)3O
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Cr 61.2 SmC*A 118.5 SmC* 128.3 SmA 137.8 I [Gąsowska 2004]
F
C5F11COO(CH2)6O

F

F

F
COO
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C6H13 (S)

(13)

CH3

Cr 49.0 (SmC* 47.4) SmA 58.6 I [Kula 2008]
3.2 Both compounds are alkyloterminated
Usually when compounds of the same polarity are mixed together no one expect the nonadditive behaviour. Characteristic examples of mixtures of compounds with alkyl chain are
presented in Fig. 14. When both compounds do not form SmC*A phase by themselves, this
phase does not induces in their mixture (system 2-6.3.7), Fig. 14a. When both compounds
form SmC*A phase thus it mixes additively (system 8-7.3.2), Fig. 14b. In mixtures, in which
one compound forms SmC*A phase, but the other does not, this phase destabilizes less
(system 8-9) or more (system 7.3.2-9) with the increase of the concentration of the compound
without this phase, Fig. 15a and b.
3.3 Both compounds are fluoroterminated
Similar situation is observed when both compounds are of the same polarity but they are
terminated with fluoroalkyl group. When both compounds do not form SmC*A phase by
themselves, this phase does not induces in their mixture (system 1-3), Fig. 16a. When both
compounds form SmC*A phase thus it mixes additively (system 10-11), Fig. 16b. In mixtures,
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Fig. 15. Phase diagrams of bicomponent mixtures of compounds with alkyl group with
destabilization of SmC*A phase – weaker in system 8-9 (a), and stronger in system 7.3.2-9 (b)
in which only one compound forms SmC*A phase, this phase usually destabilizes, but few
systems were found in which the small enhancement of SmC*A phase was observed instead
of destabilization, Fig. 17. The biggest enhancement was observed in case of compound 11
(Fig. 17a), having only one perfluorinated carbon atom in alkyl chain, thus the system is
similar to the typical systems observed for compounds with different polarity. Increasing
the number of perfluorinated carbon atoms to three (compound 10) or to five (compound
12) causes that the enhancement becomes smaller, Figs. 17b and c.
The presented results show that the compounds which are terminated with fluoroalkyl
group and do not form SmC*A phase (e.g. compound 1) have big tendency to form anticlinic
order when they are placed in the suitable matrix. The most appropriate for this purpose is
the neighbourhood of compounds of smaller polarity, favourably terminated with alkyl
chain, because then the additional molecular interaction appears. A system was found,
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(b) and 12 (c) giving the small enhancement of SmC*A phase
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composed only of compounds with fluoroalkyl group, giving the induction of SmC*A phase.
Compound 1 was dopped with compound 13, having terphenyl rigid core lateraly
substituted by four fluorine atoms, Fig. 18. This examples is an exeption from the rule that
induction of SmC*A phase can appear in mixtures of compounds differing in the polarity.
The steric factors play also crucial role in this behaviour, because the induction of SmC*A
phase was not found in mixtures of both nonchiral compounds. For the last system, it
cannot be also excluded that the appearance of SmC*A phase could be a result of interactions
between nonfluorinated and fluorinated rigid core.

4. Conclusion
There are many systems in which the induced antiferroelectric phase can be observed.
Compounds with polar group (1, 3-5) have virtual SmC*A phase. They have similar
structure to compounds forming SmC*A phase by themselvs; e.g. the structure of compound
1 and 4 is similar to the structure of the first antiferroelectric compound MHPOBC; they
have the same rigid core and chiral terminal chain. The placement of molecules of
compounds with virtual SmC*A phase, which have a tendency to form the antiferroelectric
phase but cannot fulfil all conditions, in a suitable matrix of less polar compounds causes
the appearance of an antiferroelectric phase.
The ability of more polar compounds with virtual SmC*A phase for induction of this phase
decreases in the following order: compounds 1, 3, 4 and 5. Compounds with cyano group in
terminal chain have smaller ability than compounds with fluoroalkyl group. Compounds
with biphenylate core have bigger ability than compounds with benzoate core. The same is
observed in group of less polar compounds with alkyl group in the terminal chain, i.e. the
biphenylate core is more preferable, as well as the increase of the terminal chain causes the
inrease of tendency to induce SmC*A phase.
In systems of similar polarity nonadditive behaviuor can be observed when fluorinated part
of the non-branched chain is short.
The appearance of liquid crystalline phases is possible due to intermolecular interactions.
Interactions between permanent dipoles play a crucial role but interactions between induced
dipoles cannot be neglectible. The steric interactions are also important.
The possibility of obtaining antiferroelectric phase from compounds forming SmC* phase or
only SmA phase broadens the range of compounds useful for preparation of
antiferroelectric mixtures for display application.
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Piezoelectric Effect in Rochelle Salt
Andriy Andrusyk
Institute for Condensed Matter Physics
Ukraine
1. Introduction
For the last several years there has been signiﬁcant progress in the development of new
piezoelectric materials (relaxor ferroelectric single crystals (Park & Shrout, 1997), solid
solutions with high transition temperature (Zhang et al., 2003), lead-free materials (Saito
et al., 2004)) and in understanding of mechanisms of the piezoelectric coupling in ferroelectric
piezoelectrics (Fu & Cohen, 2000; Guo et al., 2000). This progress was triggered in particular by
the wide use of piezoelectric effect in a variety of devices (resonators, tactile sensors, bandpass
ﬁlters, ceramic discriminators, SAW ﬁlters, piezoresponse force microscopes and others).
What concerns theoretical study of the piezoelectric effect, signiﬁcant efforts were made
in ﬁrst-principles calculations. Such calculations are possible for the ferroelectrics with
a relatively simple structure, in particular for simple and complex perovskites (Bellaiche
et al., 2000; Garcia & Vanderbilt, 1998). For compounds with a complex structure often
only the research within the Landau theory is possible. The structure complexity justiﬁes
the application of semimicroscopic models considering only that characteristic feature of
the microscopic structure which is crucial in explaining the ferroelectric transition or the
piezoelectric effect. Such models are adequate for the crystal under study if they are able
to explain the wide range of physical properties.
In this chapter sodium potassium tartrate tetrahydrate NaKC4 H4 O6 ·4H2 O (Rochelle salt or
RS) is studied on the base of the semimicroscopic Mitsui model.
The microscopic mechanism of ferroelectric phase transitions in RS was the subject of
numerous investigations. Studies based on x-ray diffraction data (Shiozaki et al., 1998) argued
that these were the order-disorder motions of O9 and O10 groups, coupled with the displacive
vibrations of O8 groups, which were responsible for the phase transitions in Rochelle salt as
well as for the spontaneous polarization. Later it was conﬁrmed by the inelastic neutron
scattering data (Hlinka et al., 2001). Respective static displacements initiate the emergence
of dipole moments in local structure units in ferroelectric phase. Such displacements can
be interpreted also as changes in the population ratio of two equilibrium positions of sites
in the paraelectric structure (revealed in the structure studies (Noda et al., 2000; Shiozaki
et al., 2001)). The order-disorder pattern of phase transitions in RS forms the basis of the
semimicroscopic Mitsui model (Mitsui, 1958). In this model the asymmetry of occupancy
of double local atomic positions and compensation of electric dipole moments occurring in
paraelectric phases were taken into account.
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Recently (Levitskii et al., 2003) Mitsui model as applied to RS was extended by accounting
of the piezoelectric coupling between the order parameter and strain ε 4 . Later this model
was extended to the four sublattice type (Levitskii et al., 2009; Stasyuk & Velychko, 2005)
that gives more thorough consideration of real RS structure. We performed our research of
piezoelectric effect in Rochelle salt on the basis of the Mitsui-type model containing additional
term of transverse ﬁeld type responsible for dynamic ﬂipping of structural elements (Levitskii,
Andrusyk & Zachek, 2010; Levitskii, Zachek & Andrusyk, 2010). Originally, this term was
added with the aim to describe resonant dielectric response which takes place in RS in
submillimeter region. First, we provide characteristics of ferroelectric phase transitions in
RS and experimental data for constants of physical properties of RS. Then, we present our
study results (thermodynamic and dynamic characteristics) obtained within Mitsui model for
RS. Speciﬁcally, we calculate permittivity of free and clamped crystals, calculate piezoelectric
E . The key attention is given to investigation of the
stress coefﬁcient e14 , elastic constant c44
phenomenon of piezoelectric resonance.

2. Physical properties of Rochelle salt
Rochelle salt (RS), NaKC4 H4 O6 ·4H2 O is the oldest and has been for a long time the only
known ferroelectrics. RS has been the subject of numerous studies over the past 60 years.
It is known for its remarkable ferroelectric state between two Curie points Tc1 = 255 K and
Tc2 = 297 K (Jona & Shirane, 1965). Second order phase transitions occur at both Curie points.
The crystalline structure of RS proved to be complex. It is orthorhombic (space group
D23 —P21 21 2) in the paraelectric phases and monoclinic (space group C22 —P21 ) in the
ferroelectric phase (Solans et al., 1997). Spontaneous polarization is directed along the a crystal
axis; it is accompanied by a spontaneous shear strain ε 4 . There are four formula units (Z = 4;
112 atoms) in the unit cell of Rochelle salt in both ferroelectric and paraelectric phase. In
recent study (Görbitz & Sagstuen, 2008) the complete Rochelle salt structure in paraelectric
phase was described.
Due to the symmetry of RS crystal structure some elements of material tensors are zeroes. In
RS case material tensors in Voigt index notations are of the form presented below (Shuvalov,
1988).
Elastic stiffnesses or elastic constants (cijE = (∂σi /∂ε j ) E ):
⎛

c11
⎜ c12
⎜
⎜ c13
(c E ) = ⎜
⎜c14
⎜
⎝ 0
0

c12
c22
c23
c24
0
0

c13
c23
c33
c34
0
0

c14
c24
c34
c44
0
0

0
0
0
0
c55
c56

⎞
0
0 ⎟
⎟
0 ⎟
⎟
0 ⎟
⎟
c56 ⎠
c66

(1)

Coefﬁcients of piezoelectric stress (eij = (∂Pi /∂ε j ) E = −(∂σj /∂Ei )ε ):
⎛

⎞
e11 e12 e13 e14 0 0
(e) = ⎝ 0 0 0 0 e25 e26 ⎠
0 0 0 0 e35 e36

(2)
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Dielectric permittivity (χαij = (∂Pi /∂E j )α , where α is σ or ε):
⎛

(χ

σ,ε

⎞
χ11 0 0
) = ⎝ 0 χ22 χ23 ⎠
0 χ23 χ33

(3)

It is necessary to make some comments about the notations. Superscripts to the matrices of
physical properties indicate that a physical characteristic denoted by a superscript is constant
or zero (for instance (c) with superscript E denotes matrix of elastic constants at constant
electric ﬁeld: (c E )). We omitted superscripts E and σ, ε for components of tensors (c E ) and
(χσ,ε ) respectively but keep them in mind. Notation (χσ,ε ) denotes two different tensors:
(χσ ) and (χε ) which we will call tensors of dielectric permittivity at constant stress and strain
respectively. We will also call them tensor of free crystal dielectric permittivity (zero stress is
assumed) and of clamped crystal dielectric permittivity. Hereinafter coefﬁcients equal to zero
in paraelectric phases are presented in bold.
Experimental data for physical constants are presented in Figs. 1, 2, and 3.
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Fig. 1. Rochelle salt elastic constants. Solid lines for cij (i, j = 1, 2, 3) are experimental data
E + cE
(Mason, 1950), ∗ correspond to c44 (Yu. Serdobolskaya, 1996), ◦ correspond to c24
34
E
E
E
(Shiozaki et al., 2006). Lines for c14 , c24 , c34 are the results of theoretical calculations (Levitskii
et al., 2005).
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Fig. 2. Rochelle salt coefﬁcients of piezoelectric stress. Points  are experimental data (Beige
& Kühnel, 1984) for e14 . Solid lines correspond to the results of theoretical calculations e1j
(j = 1, 2, 3) (Levitskii et al., 2005).
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Fig. 3. Experimental data for clamped and free crystal inverse dielectric permittivity of
ε :  (Sandy & Jones, 1968), ♦ (Mueller, 1935). 1/χ σ : + (Yurin, 1965), •
Rochelle salt. 1/χ11
11
(Mason, 1939),  (Taylor et al., 1984).
As Fig. 1 shows elastic constants cijE (i, j = 1, 2, 3) do not change their behaviour in phase
E becomes zero at the transition point. Besides, c
transition points, whereas constant c44
44 is
E , cE ,
strongly dependent on T as cijE (i, j = 1, 2, 3) are almost independent of T. Constants c14
24
E , as it is expected on symmetry grounds, are equal to zero in paraelectric phases. There are
c34
E and there are no experiments for c E , c E measured separately. There
no experiments for c14
24 34
E + c E (Shiozaki et al., 2006). However, c E , c E , and c E were
is only the experiment for c24
34
14 24
34
estimated theoretically (Levitskii et al., 2005) and the result of estimation is presented in Fig. 1.
E + c E is compared to experimental data where good agreement
Correspondent result for c24
34
was derived.
Fig. 2 presents temperature dependencies of piezoelectric stress coefﬁcients. As one can see
coefﬁcients e11 , e12 , e13 differ from zero only inside ferroelectric phase. Coefﬁcient e14 has
sharp (but ﬁnite) peak in the transition point, whereas coefﬁcients e11 , e12 , e13 do not have it.
Free and clamped crystal longitudinal susceptibilities are presented in Fig. 3. Free crystal
susceptibility has singularities in transition point, whereas clamped susceptibility remains
ﬁnite.

3. Thermodynamic characteristics of Rochelle salt
3.1 Theoretical study of the Mitsui model

We give consideration to a two-sublattice order-disorder type system with an asymmetric
double-well potential. Hamiltonian of such system is referred to as the Mitsui Hamiltonian.
We assume this system has essential piezoelectric coupling of the order parameter with
component of strain tensor ε 4 which should be accounted. We suppose the polarization is
directed along x-axes and arises due to the structural units ordering in the one of two possible
equilibrium positions. Precisely this case occurs in RS and such modiﬁed Mitsui model was
considered earlier (Levitskii et al., 2003). We complement this model with transverse ﬁeld to
take into account the possibility of dynamic ordering units ﬂipping between two equilibrium
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positions. The resulting Hamiltonian is of the following form:

Jqq z z
z z
z z
H = U0 − ∑
(Sq1 Sq 1 + Sq2
Sq 2 ) + Kqq Sq1
Sq 2 − ∑ ΩSqx f + (Δ f − 2ψ14 ε 4 + μE1 )Sqz f .
2

q,q
qf
(4)


where
U0 = N

1 E0 2
1 ε0 2
vc ε − ve014 E1 ε 4 − vχ11
E1 .
2 44 4
2

(5)

represent the elastic, piezoelectric, and electric energies attributed to a host lattice, in which
E0 , the coefﬁcient of
potential the pseudospin moves (with the ‘seed’ elastic constant c44
ε0 ); v is a volume of cell, containing a pair
piezoelectric stress e014 , and dielectric susceptibility χ11
of pseudospins (ordering units or dipoles) of one lattice site q and different sublattices f = 1, 2
(further we will call it a unit cell1 ), and N is a number of unit cells. The ﬁrst sum describes
direct interaction of the ordering units: Jqq = Jq q and Kqq = Kq q are interaction potentials
between pseudospins belonging to the same and to different sublattices, respectively. The ﬁrst
term in the second sum is the transverse ﬁeld; the second term describes a) energy, associated
with asymmetry of the potential, where Δ f is asymmetry parameter: Δ1 = − Δ2 = Δ, b)
interaction energy of pseudospin with the ﬁeld, arising due to the piezoelectric deformation
ε 4 and ψ14 is parameter of piezoelectric coupling, c) interaction energy of pseudospin with
external electric ﬁeld E1 , where μ is effective dipole moment of the model unit cell.
We conduct the study within the mean ﬁeld approximation (MFA). Performing identical
transformation
Sqz f = Sqz f  + ΔSqz f
(6)
and neglecting the quadratic ﬂuctuations, we rewrite the initial Hamiltonian (4) as

Jqq
z
z
z
HMFA = U0 + ∑
Sq1
Sqz 1  + Sq2
Sqz 2  + Kqq Sq1
Sqz 2  − ∑ Hq f Sq f ,
2
qq 
qf

(7)

where Hq f are the mean local ﬁelds having effect on the pseudospins Sq f :

Hqx f = Ω,
hq1 =

y

Hq f = 0,

Hqz f = hq f ,

∑

Jqq Sqz 1  + Kqq Sqz 2  + Δ − 2ψ14 ε 4 + μE1

(8a)

∑

Jqq Sqz 2  + Kqq Sqz 1  − Δ − 2ψ14 ε 4 + μE1 .

(8b)

q

hq2 =

q

Within MFA we can calculate mean equilibrium values of the pseudospin operators:

Sq f  = Sp(Sq f ρMFA ),

1

(9)

Actual unit cell of the Rochelle salt crystal contains two pairs of pseudospins of two lattice sites and
different sublattices; therefore, we should set the value of the model unit cell volume to be half of the
crystal unit cell volume.
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where

exp − HkMFA
BT

ρMFA =

Sp exp − HkMFA
BT

,

(10)

and k B is the Boltzmann constant. After calculations we derive

Hq f
1 Hq f
,
tanh
2 Hq f
2k B T

Sq f  =

(11)






where H q f ≡ Hq f  = λq f = Ω2 + h2q f .
Free energy of a crystal within MFA


H
F (4) = − k B T ln Sp exp − MFA
kB T
is following:


Jqq
z
z
z
Sq1
Sqz 1  + Sq2
Sqz 2  + Kqq Sq1
Sqz 2 
2
qq 


λq f
− k B T ∑ ln 2 cosh
.
2k B T
qf

F (4) =U0 + ∑

(12)

In homogeneous external ﬁeld the system of 6N equations (11) has a lot of solutions, with a
homogeneous one among others: Sq f  ≡ Sq f 0 = f (q ). In case of a Rochelle salt crystal we
have Jqq > 0, Kqq > 0 and it is homogeneous solution which provides free energy minimum.
In this case, system of equations reduces into system
( 0)

Sq f 0 =

( 0)

Hf
1 Hf
,
tanh
(
0
)
2H
2k B T

(13)

f

( 0)

where the local ﬁeld H f

is following:
( 0) x

Hf

where
J0 =

∑ Jqq ,
q

= Ω,

( 0) y

Hf

= 0,

( 0) z

Hf

= hf ,

z
z
h1 = J0 Sq1
0 + K0 Sq2
0 + Δ − 2ψ14 ε 4 + μE1 ,

(14a)

z
z
h2 = J0 Sq2
0 + K0 Sq1
0 − Δ − 2ψ14 ε 4 + μE1 ,

(14b)

K0 =

∑ Kqq ;
q

( 0)

Hf



 ( 0) 
≡ H f  = λ f ,

λf =



Ω2 + h2f .

z-component of this equation system forms two-equation system ( f = 1, 2) to determine
Sqz f 0 :
λf
hf
Sqz f 0 =
tanh
.
(15)
2λ f
2k B T

2017

Piezoelectric
Effectsaltin Rochelle Salt
Piezoelectric Effect in Rochelle

Having introduced new variables
ξ = Sq1 0 + Sq2 0 ,

σ = Sq1 0 − Sq2 0

(16)

(ξ z and σz are ferroelectric and antiferroelectric ordering parameters), we obtain system of
equations (15) in a form:
⎧
1
⎪
⎪
⎨ ξz =
2
1
⎪
⎪
z
⎩σ =
2

h̃
h̃1
λ̃
λ̃
tanh 1 + 2 tanh 2 ,
2T
2T
λ̃1
λ̃2
λ̃
λ̃
h̃
h̃1
tanh 1 − 2 tanh 2 ,
2T
2T
λ̃1
λ̃2

(17)

where unknowns ξ z and σz are deﬁned at given T, E1 , ε 4 . In system (17) the following
notations are used:

h̃ f = h f /k B , λ̃ f = Ω̃2 + h̃2f ,
h̃1 = R̃0+ ξ z + R̃0− σz + Δ̃ − 2ψ̃14 ε 4 + μ̃E1 ,

(18)

h̃2 = R̃0+ ξ z − R̃0− σz − Δ̃ − 2ψ̃14 ε 4 + μ̃E1 .
Here
Ω̃ =

J̃ ± K̃0
Ω
Δ
ψ
μ
J
K
, Δ̃ =
, ψ̃14 = 14 , μ̃ =
, R̃0± = 0
, J̃0 = 0 , K̃0 = 0 .
kB
kB
kB
kB
2
kB
kB

(19)

The system (17) is system of two equations with unknowns ξ z and σz .
When values ξ z and σz are deﬁned, we can calculate values ξ x and σ x using (13) and (16):
ξx =

1 Ω̃
Ω̃
λ̃
λ̃
tanh 1 +
tanh 2 ,
2 λ̃1
2T
2T
λ̃2

σx =

1 Ω̃
Ω̃
λ̃
λ̃
tanh 1 −
tanh 2 ;
2 λ̃1
2T
2T
λ̃2

values ξ y , σy are equal to zero.
Free energy per model unit cell f (4) = F (4)/(k B N ) in variables ξ z and σz is following:


λ̃ f
ṽ E0 2
ṽ ε0 2 R̃0+ z 2 R̃0− z 2
0
, (20)
(ξ ) +
(σ ) − T ∑ ln 2 cosh
f (4) = c44 ε 4 − ṽe14 ε 4 E1 − χ11 E1 +
2
2
2
2
2T
f
v
. By differentiating free energy we can ﬁnd dielectric, elastic, and piezoelectric
kB
properties of the Rochelle salt.
The conditions




1 ∂ f (4)
1 ∂ f (4)
= σ4 ,
= − P1
ṽ
ṽ
∂ε 4 E1 ,T
∂E1 ε 4 ,T
where ṽ =

yield the following expression for stress σ4 and polarization P1 :
2ψ̃14 z
ξ ,
ṽ
μ̃
ε0
E1 + ξ z .
P1 = e014 ε 4 + χ11
ṽ
E0
σ4 = c44
ε 4 − e014 E1 +

(21a)
(21b)
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Independent variable is stress rather than deformation, so we need express local ﬁelds in
terms of σ4 when solving system (17). Having used (21a) we derive
ε4 =

e014
σ4
2ψ̃14 z
+ E0
E1 − E0
ξ .
E0
ṽc44
c44
c44

(22)

On the basis of Eq. (22) we can rewrite local ﬁelds in the following way:
h̃1 = R̃0+ ξ z + R̃0− σz + Δ̃ −

2ψ̃14
σ + μ̃  E1 ,
E0 4
c44

(23a)

h̃2 = R̃0+ ξ z − R̃0− σz − Δ̃ −

2ψ̃14
σ + μ̃  E1 ,
E0 4
c44

(23b)

where R̃+ and μ̃  are following:
R̃0+ = R̃0+ +

2
4ψ̃14

,
E0

ṽc44

μ̃  = μ̃ −

2ψ̃14 e014
E0
c44

.

(24)

System (17) with local ﬁelds (23), considered at σ4 = 0, E1 = 0, has solutions of two types:
ξ z = 0 and ξ z = 0. The minimum Helmholtz free energy (g(4) = f (4) − ṽσ4 ε 4 ) condition
deﬁnes which of the solutions is actually realized at each particular T. The solution of ﬁrst
type describes paraelectric phase and the solution of second type describes ferroelectric phase.
In paraelectric phase we have also σ x = 0.
We will calculate elastic, piezoelectric, and dielectric constants by differentiation P1 (21b) and
σ4 (21a) at constant T:
ε
d P1 = e14 d ε 4 + χ11
d E1 ,

(25a)

d σ4 =

(25b)

E
c44
d ε4

− e14 d E1 .

ε is longitudinal dielectric susceptibility at constant strain, c E is elastic constant at
Here χ11
44
constant ﬁeld, e14 is coefﬁcient of the piezoelectric stress.
The result is following:2
ε
χ11
=



∂P1
∂E1


ε4

ε0
= χ11
+

where
f 1 ( T, σ4 , E1 ) =

μ̃
ṽ



∂ξ z
∂E1


ε4

ε0
= χ11
+

μ̃2
f ( T, σ4 , E1 ),
ṽ 1

e1 − R̃0− (e1 2 − e2 2 )

1 − e1 ( R̃0+ + R̃0− ) + R̃0+ R̃0− (e1 2 − e2 2 )

(26)

(27)

and following notations are used:
a1 + a2
a − a2
Ω̃2 (b1 + b2 )
Ω̃2 (b1 − b2 )
+
+
, e2 = 1
,
4T
2
4T
2
h̃2
ηi
, (i = 1, 2); η1 = ξ z + σz , η2 = ξ z − σz .
ai = i2 − ηi 2 , bi =
λ̃i
h̃i λ̃2i

e1 =

2

All partial derivatives of ξ z were derived by differentiating Eq. (17).

(28)
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Coefﬁcient of the piezoelectric stress:


∂P1
2μ̃ ψ̃14
f 1 ( T, σ4 , E1 ).
e14 =
= e014 −
ṽ
∂ε 4 E1

(29)

Elastic constant at constant ﬁeld:


4ψ̃2
∂σ4
E
E0
=
= c44
− 14 f 1 ( T, σ4 , E1 ).
c44
ṽ
∂ε 4 E1

(30)

Coefﬁcient of the piezoelectric strain d14 = (∂P1 /∂σ4 ) E1 and dielectric susceptibility of free
σ = ( ∂P /∂E ) could be derived through e , c E and χ ε :
crystal χ11
1
1 σ4
14 44
11
d14 =

e14
,
E
c44

σ
ε
χ11
= χ11
+ e14 d14 .

We may notice that at Ω̃ = 0 all results presented here coincide with the results of previous
calculations (Levitskii et al., 2003), where transverse ﬁeld was not taken into account.
3.2 Results of calculations for Rochelle salt

The proposed model was used for analysis of physical properties of Rochelle salt crystal that is
not externally affected (E1 = 0, σ4 = 0). To obtain speciﬁc numerical results it is necessary ﬁrst
of all to derive theory model parameters for calculations. Deriving procedure was described
in (Levitskii, Zachek & Andrusyk, 2010) and here we will restrict ourselves to parameters
presenting:
Ω̃ = 113.467 K,
E0
c44

J̃0 = 813.216 K,

= 1.224 × 10 Nm
10

−2

μ ( T ) = a + k( T − 297),

,

e014

K̃0 = 1447.17 K,

= 31.64 × 10

a = 8.157 × 10

−2

−30

Cm

Cm,

Δ̃ = 719.937 K,

−2

,

ε0
χ11

ψ̃4 = −720.0 K,

= 0.0,

k = −0.0185 × 10

(31)
−30

CmK

−1

.

Unit cell volume (volume per two pseudospins from the same site and different sublattices) is
v = 5.219 × 10−22 cm3 (Bronowska, 1981).
The results of calculations made for static dielectric characteristics are shown together with
experimental data in Fig. 4. The derived agreement is very good considering that Mitsui
model is rather inaccurate model of RS and the used MFA is a weak approximation.
Besides, we derived that dielectric permittivity of the free crystal has singularity in the
transition points while dielectric permittivity of the clamped crystal doesn’t. Elastic constant
c44 becomes equal to zero at the transition points, coefﬁcient of the piezoelectric stress e14
doesn’t have singularity in the transition point. All these results agree with the prediction of
the Landau theory for the behaviour of physical characteristics in the vicinity of the transition
points. However, presented semimicroscopic approach has an advantage over the Landau
theory: it allowed to explain physical properties of Rochelle salt in wide temperature rage
containing both transition points in natural way. Besides that Mitsui model gives some insight
into microscopical mechanism of the phase transition of Rochelle salt.
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Fig. 4. Theoretical and experimental physical characteristics of Rochelle salt. Solid line
corresponds to calculations, Points are the experimental data. P1 ( T ):  (Cady, 1964), ε 4 ( T ): •
E : ∗ (Yu. Serdobolskaya, 1996), 1/χ ε ( T ):  (Sandy &
(Ubbelohde & Woodward, 1946), c44
11
σ ( T ):  (Taylor et al., 1984), e ( T ):  (Beige & Kühnel,
Jones, 1968), ♦ (Mueller, 1935), 1/χ11
14
1984).

4. Dynamic properties of Rochelle salt
4.1 Order parameter dynamics. Dielectric susceptibility of a clamped crystal

We consider dynamic properties of the system with Hamiltonian (4) within the Bloch
equations method
h̄

d Sq f  t
dt

= Sq f  t × H q f ( t ) −

h̄
Sq f  t − Sq f  t .
T1

(32)

Right part of this equation consists of two terms.
The ﬁrst term is Heisenberg part of the motion equation, calculated within random phase
approximation (RPA), where ‘×’ denotes the vector product and Hq f (t) are the instantaneous
values of the local ﬁelds:3

Hqx f (t) = Ω,

3

y

Hq f = 0,

Hqz f (t) = hq f (t),

(33)

Original Heisenberg part of the motion equation is − i[Sq f , H ] t . Within RPA mean value of
commutator with time dependent statistical operator in form of (10) is to be calculated. Doing necessary
calculations one can derive that

−i[Sq f , H ] t = Sq f  t × Hq f ( t).
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hq1 (t) =

∑

Jqq Sqz 1 t + Kqq Sqz 2 t + Δ − 2ψ14 ε 4q (t) + μE1q (t),

(34a)

∑

Jqq Sqz 2 t + Kqq Sqz 1 t − Δ − 2ψ14 ε 4q (t) + μE1q (t).

(34b)

q

hq2 (t) =

q

The second term describes relaxation of the pseudospin component Sq f t (longitudinal
to the instantaneous value of the local ﬁeld) towards its quasiequilibrium value with a
characteristic time T1 .4 Quasiequilibrium mean values Sq f  t are deﬁned as (see Eq. (11)):

1
1 Hq f (t)
Sq f  t =
tanh
H (t) .
2 Hq f (t)
2k B T q f

(35)

Relaxation term describes non-equilibrium processes in a pseudospin system. In real
situation, a pseudospin system is not an isolated system, whereas it is a part of a larger system.
That part of extended system which is not a pseudospin subsystem appears as thermostat that
behaves without criticality. Respectively, pseudospin excitations relax due to the interaction
with thermostat to their quasiequilibrium values for a characteristic relaxation time T1 . As
far as a phase transition is a collective effect and the relaxation term in Eq. (32) describes
individual relaxation of each pseudospin, it becomes clear that relaxation time T1 should have
no singularity at the Curie point. Relaxation time can be derived ab initio but we consider it to
be a model parameter and take it to be independent from temperature.
In the same way it can be explained why relaxation in Eq. (32) occurs towards
quasiequilibrium state and not to thermodynamic equilibrium state. Relaxation term
describes individual relaxation of pseudospin, which ‘is not aware’ of the state of
thermodynamic equilibrium but ‘is aware’ of the state of its environment at a particular
moment. At every moment this environment creates instantaneous molecular ﬁelds which
deﬁne quasiequilibrium state. Instantaneous quasiequilibrium average of pseudospin
operators are deﬁned from Eq. (9), (10) but with molecular ﬁelds Eq. (33), (34). Making
necessary calculations we obtain quasiequilibrium average Sq f t in form of Eq. (35).
Eventually, of course, quasiequilibrium values follow to equilibrium ones and relaxation leads
excited system to thermodynamic equilibrium state.
As we are interested in linear response of the system to a small external variable electric ﬁeld


δE1q (t)
E1q (t) = E1 + δE1q (t) ,
it is sufﬁciently to present Sq f t as a sum of constant term Sq f 0 (mean equilibrium value,
calculated in MFA) and time dependent small deviation δSq f t :

Sq f  t = Sq f 0 + δ Sq f  t .

4

(36)

Sometimes one writes third term − Th̄ Sq f  t ⊥ , describing decay process of the transverse component of
2
pseudospin Sq f  t ⊥ , though it can be shown (Levitskii, Andrusyk & Zachek, 2010) that its impact on
Rochelle salt dynamics is negligible.
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Similarly:

( 0)

H q f ( t ) = H f + δ H q f ( t ),

Sq f  t = Sq f 0 + δ Sq f  t .

(37)

Now, we can linearize motion equation (32) by retaining terms, which are linear in deviations
δ Sq f  t , δ H q f ( t ), δ Sq f  t :
h̄

dδSq f t
dt

( 0)

= δ Sq f  t × H f + Sq f 0 × δ H q f ( t ) −

h̄
δ Sq f  t − δ Sq f  t ,
T1

(38)

where
y

δH qx f (t) = 0,
z
(t) =
δH q1

δH q f (t) = 0,

∑ Jqq δSqz 1 t + ∑ Kqq δSqz 2 t − 2ψ14 δε 4q (t) + μδE1q (t),
q

z
(t)
δH q2

=

q

∑

Kqq δSqz 1 t

q

+ ∑ Jqq δSqz 2 t − 2ψ14 δε 4q (t) + μδE1q (t).
q

Now, we transform equation (38) into a form involving single variable δSq f t , then Fourier
transform into the frequency domain and Fourier transform to k-space,5 introduce new theory
parameters
R̃+
k =

J̃k + K̃k
,
2

R̃−
k =

J̃k − K̃k
2

( J̃k = Jk /k B ,

K̃k = Kk /k B ),

(39)

and introduce new variables δξk (t), δσk (t)
δSk1 t =

δξk (t) + δσk (t)
,
2

δSk2 t =

δξk (t) − δσk (t)
.
2

(40)

Upon application of these transformations, the Bloch equation (38) reduces to system of linear
differential equations of the following matrix form:
Ak − i kh̄B ω · I δxk (ω ) = (μ̃δE1k (ω ) − 2ψ̃14 δε 4k (ω ))b.

5

(41)

Fourier transform to k-space is
Aq =

∑ ak exp (i kq),

ak =

k

for values dependent on q (like
M q1 q2 =

1
N

z 
δ Sq1
t

∑ Aq exp (− i kq)
q

and others) and

∑ mk exp (i k(q1 − q2 )),
k

1
N

mk =

∑ Mq1 q2 exp (− i k(q1 − q2 )).
q2

for interaction constants dependent on q1 and q2 (like Jqq and others). Here the dependency of Mq1 q2
on difference q1 − q2 was used.
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The following notations are used in this equation: I is identity matrix, i is the imaginary unit,
⎛

a11 a12 − Ω̃

⎜
⎜ a21
⎜
⎜a
⎜ 31
Ak = ⎜
⎜ a41
⎜
⎜
⎝ a51

a22

0

a32

0

a42

0

a52 − a35

a61 a62 − a36

0

a15 a16

⎞

⎛

δξ kz (ω )

⎞

⎛

b1

⎞

⎟
⎜ z
⎟
⎜ ⎟
− Ω̃ a16 a15 ⎟
⎜ δσk (ω ) ⎟
⎜ b2 ⎟
⎟
⎜ y
⎟
⎜ ⎟
⎟
⎜
⎟
⎜ ξx ⎟
0 a35 a36 ⎟
⎜ δξ k (ω ) ⎟
⎜ ⎟
⎟ , δxk (ω ) = ⎜ y
⎟, b = ⎜ x ⎟.
⎜ δσ (ω ) ⎟
⎜σ ⎟
0 a36 a35 ⎟
⎟
⎜ k
⎟
⎜ ⎟
⎟
⎜ x
⎟
⎜ ⎟
− a36 a55 a56 ⎠
⎝ δξ k (ω ) ⎠
⎝ b5 ⎠
x
− a35 a56 a55
b6
δσk (ω )

(42)

Matrix Ak components:
a11 = U1 + R̃+
k G1 ,
a21 =
a31 =
a41 =
a51 =
a61 =

a12 = U2 + R̃−
k G2 ,

U2 + R̃+
k G2 ,
x
Ω̃ − R̃+
k ξ ,
x
− R̃+
k σ ,
V1 + R̃+
k H1 ,
V2 + R̃+
k H2 ,

a22 =
a32 =
a42 =
a52 =
a62 =

U1 + R̃−
k G1 ,
x
− R̃−
σ
, a35
k
− x
Ω̃ − R̃k ξ ,
V2 + R̃−
k H2 ,
V1 + R̃−
k H1 ;

a15 = V1 ,

a16 = V2 ,





= − R̃0+ ξ z − 2ψ̃14 ε 4 , a36 = − R̃0− σz + Δ̃ ,
a55 = W1 ,

(43)

a56 = W2 ,

components of vector b:
b1 = − G1 ,

b2 = − G2 ,

b5 = − H1 ,

b6 = − H2 ,

(44)

where following notations were used




ε̃2
ε̃21
ε̃22
ε̃2
1
1
Ω̃ε̃ 2
Ω̃ε̃ 1
U1,2 = − 
± 2 , V1,2 = − 
± 2 , G1,2 = K1 12 ± K2 22 ,
2
2
2T1 λ̃1
2T1
λ̃2
λ̃1
λ̃2
λ̃1
λ̃2


2
2
1
1
1
Ω̃
Ω̃ε̃
Ω̃ε̃
Ω̃
W1,2 = − 
± 2 , H1,2 = K1 21 ± K2 22 , K1,2 = 
,
2T1 λ̃21
T1 4T cosh2 λ̃1,2
λ̃2
λ̃1
λ̃2
2T

and relaxation time

T1

is

kB
T.
h̄ 1
It is convenient to present the solution of Eq. (41) in a form

−1
b ,
δxk (ω ) = (μ̃δE1k (ω ) − 2ψ̃14 δε 4k (ω )) Ak − i kh̄B ω · I
T1 =

(45)

(46)

−1

where we denote the inverse of matrix Ak − i kh̄B ω · I by Ak − i kh̄B ω · I
.
Now it is useful to present all variables in Eq. (21b) as a sum of constant (equilibrium) term
and small variation term. The result for δP1k (ω ) is
ε0
δP1k (ω ) = e014 δε 4k (ω ) + χ11
· δE1k (ω ) +

μ̃
· δξ kz (ω ).
ṽ

(47)
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If to note that δξ kz (ω ) is the ﬁrst component of vector δxk (ω ), variation of polarization can be
presented as
ε
δP1k (ω ) = e14 (k, ω )δε 4k (ω ) + χ11
(k, ω )δE1k (ω ).

Here

ε (k, ω )
χ11

(48)

is dynamic susceptibility of a clamped crystal (δε 4k (ω ) = 0), and e14 (k, ω ) is

dynamic coefﬁcient of the piezoelectric stress:
ε
ε0
χ11
(k, ω ) = χ11
+

μ̃2
F (k, iω ),
ṽ 1

e14 (k, ω ) = e014 −

2ψ̃14 μ̃
F1 (k, iω ).
ṽ

(49)

The following notation was used:

F1 (k, iω ) =

Ak − i kh̄B ω · I

−1

b

,

(50)

1

where subscript ‘1’ denotes the ﬁrst component of the vector derived by multiplication of
matrix Ak − i kh̄B ω · I

−1

and vector b.

Analysis shows that F1 (0, 0) = f 1 ( T, σ4 , E1 ) at any relaxation times T1 . Therefore, all dynamic
physical characteristics are equal to correspondent static characteristics at ω = 0.
The best agreement between theory and experiment for RS is reached at (Levitskii, Andrusyk
& Zachek, 2010)
T1 = 1.767 × 10−13 s

( T1 = 2.313 × 10−2 K).

(51)

It is easily seen that the function F1 (k, iω ) is a rational function of iω, where numerator is
polynomial function of degree not higher than 5 and denominator is polynomial function of
degree 6. Therefore, we can decompose function F1 (k, iω ) into partial fractions:
F1 (k, iω ) =

n

kτ

m

i
+∑
∑ 1 +iiωτ
i

i =1

j =1

M j (iω ) + Nj

(iω )2 + p j (iω ) + q j

.

(52)

Here coefﬁcients k i , τi , M j , Nj , p j , q j are real numbers, n is number of real (equal to −1/τi )
eigen values and 2m is number of complex eigen values of matrix Ak . Values n and 2m
are deﬁned by theory parameters and temperature. However, matrix Ak has 6 eigen values
in total. The ﬁrst sum in Eq. (52) is a contribution of Debye (relaxation) modes into order
parameter dynamics, and the second sum is a contribution of resonance modes. In RS case we
have n = 2, m = 2 at all temperatures.
The results of calculations performed in the center of the Brillouin zone (k = 0) are presented
below. Fig. 5 presents frequency dependencies of dielectric permittivity of clamped crystal in
dispersion region (109 Hz – 1011 Hz) calculated theoretically along with experimental data. As
ﬁgure shows, Mitsui model is able to describe dielectric permittivity in dispersion region.
The correspondence between theory and experimental data for dynamic dielectric
permittivity deserves special attention. Methods for experimental measurements of dynamic
dielectric permittivity does not allow to assert that namely clamped crystal permittivity was
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Fig. 5. The frequency dependence of the real and imaginary part of dielectric permittivity,
calculated theoretically (lines) at different temperatures T (K): (a) 235, (b) 245, (c) 265, (d) 285,
(e) 305, (f) 315. Points represent experimental data:  (Sandy & Jones, 1968), ◦ (Poplavko
et al., 1974), + (Pereverzeva, 1974),  (Deyda, 1967), • (Akao & Sasaki, 1955),  (Müser &
Potthaest, 1967), × (Kołodziej, 1975), (Volkov et al., 1980), (Sandy & Jones, 1968),
(Jäckle, 1960).
measured. However, in the next subsection it will be demonstrated that frequency clamping
of a crystal occurs in microwave region and the experimental data for dielectric permittivity
in this region correspond speciﬁcally to theoretically calculated dielectric permittivity of a
clamped crystal
Analysis testiﬁes that the contribution of one relaxation mode constitutes more than 99% of
the total permittivity along the whole temperature range at frequencies 108 Hz – 1012 Hz. This
mode is responsible for ferroelectric instability. Thus, dynamics of RS within microwave
region is of Debye relaxation type. The same conclusion was derived within the model
without transverse ﬁeld (Levitskii et al., 2003).
Temperature dependencies of relaxation time of the mode responsible for ferroelectric
instability obtained here and correspondent experimental data are presented in Fig. 6. As
this ﬁgure shows the model with the piezoelectric coupling successfully solves the problem
encountered by the conventional theories – incorrect temperature dependence of relaxation
times near the Curie points. Theoretical temperature curve of τ −1 (T) obtained here has two
ﬁnite minima at the transition points, as opposed to vanishing of the inverse relaxation time
obtained within the Mitsui model without piezoelectric coupling (Žekš et al., 1971).
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Fig. 6. Dependency of inverse relaxation times on temperature. Solid line presents the result
of calculation. Points present experimental data: • (Müser & Potthaest, 1967),  (Sandy &
Jones, 1968), ◦ (Kołodziej, 1975), (Volkov et al., 1980).
4.2 Dynamics of deformation. Dielectric susceptibility of a free crystal

We shall now give detailed consideration to dynamic dielectric response of a free crystal.
Expression for the stress variation is obtained in a similar way to Eq. (48)
δσ4k (ω ) = c44 (k, ω )δε 4k (ω ) − e14 (k, ω )δE1k (ω ),
where
E0
c44 (k, ω ) = c44
−

2
4ψ̃14
F (k, iω )
ṽ 1

(53)

(54)

and e14 (k, ω ) is presented in Eq. (49).
Expressing Eq. (53) δε 4k (ω ) through δσ4k (ω ) and taking account of Eq. (48) we can write:
σ
δP1k (ω ) = d14 (k, ω )δσ4k (ω ) + χ11
(k, ω )δE1k (ω ),

where
d14 (k, ω ) =

e14 (k, ω )
,
c44 (k, ω )

σ
ε
χ11
(k, ω ) = χ11
(k, ω ) + e14 (k, ω )d14 (k, ω ).

(55)

(56)

σ (k, ω ) is not free crystal permittivity. For the crystal
It is well to bear in mind that value χ11
not affected by external mechanical stress the condition δσ4q = 0 is true for all sites on
the crystal surface, while all the internal stresses and strains are determined by Newtonian
equations. Thus, to study dynamic dielectric response of a free crystal, in addition to the study
of pseudospin system response it is needed to consider the dynamic deformation response of
a crystal lattice caused by piezoelectric coupling. We will describe internal stresses and strains
dynamics by Newtonian equations of motion for continuum (Authier, 2003, chap. 1.3). This
approach is justiﬁed by virtue of the fact that, as we will see, in the frequency range under the
study (104 Hz – 107 Hz), characteristic length of stress and strain change in the crystal is much
larger than unit cell size.
We will have to join Eq. (55) obtained for discrete medium with the equations describing
the dynamics of deformations, which are the continuum equations. This could be done by
considering that physical characteristics Ak (ω ) (polarization, stress and electric ﬁeld) change
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little within the unit cell. In our case this condition is satisﬁed very well. So, we can write:
Ak (ω ) =

1
N

∑ aq exp (− i kq ) 
q

1
V



a(r ) exp (− i kr )d r.

(57)

V

For simplicity we will assume that physical coefﬁcients are not dependent on wavevector:
c44 (k, ω ) = c44 (ω ),

e14 (k, ω ) = e14 (ω ),

ε,σ
ε,σ
χ11
(k, ω ) = χ11
( ω ).

(58)

Let us consider the equation describing the dynamics of deformations of a thin rectangular
plate a × b of Rochelle salt crystal cut in the (100) plane (X cut) (speciﬁc numerical calculations
will be made for the crystal plate of 1 × 1 cm2 ):
ρ

∂2 u i
=
∂t2

∑
j

∂σij
∂x j

(59)

Here ρ = 1.767 g/cm3 is crystal density (we suppose it is not temperature dependent), u i are
components of the displacement vector, and σij are components of the stress tensor. Similarly
to above, we decompose all physical characteristics in Eq. (59) into the sum of equilibrium
static part and small deviation. We also assume that oscillating process occurs in yz-plane. It
means that all values are uniformed along x-axes and u x = 0. Then system of equations (59)
is reduced to
⎫
∂δσyy
∂δσyz ⎪
⎪
− ρω 2 δu y =
+
⎬
∂y
∂z
(60)
∂δσ
∂δσ
yz
⎪
zz ⎪
⎭
− ρω 2 δu z =
+
∂y
∂z
where equations are already Fourier transformed into the frequency domain.
Strain tensor variations can be expressed in terms of displacements:
1
δε ij =
2



∂δu j
∂δu i
+
∂x j
∂xi


.

(61)

By differentiating system (60) we can transform it to the form with unknowns δε α :

− ρω 2 δε 2 =

∂2 δσ2
∂2 δσ4
+
2
∂y∂z
∂y

− ρω 2 δε 3 =

∂2 δσ4
∂2 δσ3
+
∂y∂z
∂z2

− ρω 2 δε 4 =

∂2 δσ2
∂2 δσ3
+
+
∂y∂z
∂y∂z

(62)


∂2
∂2
+ 2
2
∂y
∂z


δσ4

where Voigt’s one-index notations and correspondence between strains in tensor and Voigt’s
notations δε 2 = δε yy , δε 3 = δε zz , δε 4 = 2δε yz were used.
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Considering the form of elastic tensor Eq. (1) and tensor of piezoelectric stress Eq. (2) we can
write:
δσ2 = c22 δε 2 + c23 δε 3 + c24 δε 2 − e12 δE1
δσ3 = c23 δε 2 + c33 δε 3 + c34 δε 4 − e13 δE1

(63)

δσ4 = c24 δε 2 + c34 δε 3 + c44 δε 4 − e14 δE1 .
All stresses and strains are functions of both frequency and coordinates. Elastic constants
depend on frequency and are coordinates-independent (resulting from Eq. (58)).
We are interested in effects occurring at frequencies 104 Hz – 108 Hz, that is why for the crystal
plate 1 × 1 cm2 the ﬁeld δE1 can be considered as homogeneous. Under these conditions, the
system Eq. (62) can be rewritten as:

− ρω 2 δε 2 = c22

∂2 δε 2
∂2 δε 3
∂2 δε 4
∂2 δε 2
∂2 δε 3
∂2 δε 4
+
c
+
c
+
c
+
c
+
c
24
24
34
23
44
∂y∂z
∂y∂z
∂y∂z
∂y2
∂y2
∂y2

− ρω 2 δε 3 = c23

∂2 δε 2
∂2 δε 3
∂2 δε 4
∂2 δε 2
∂2 δε 3
∂2 δε 4
+
c
+
c
+
c
+
c
+
c
34
24
34
33
44
∂y∂z
∂y∂z
∂y∂z
∂z2
∂z2
∂z2

− ρω 2 δε 4 = (c22 + c23 )

(64)

∂2 δε 2
∂2 δε 3
∂2 δε 4
+ (c23 + c33 )
+ (c24 + c34 )
+ c24 Δδε 2
∂y∂z
∂y∂z
∂y∂z

+ c34 Δδε 3 + c44 Δδε 4
∂ + ∂
where Δ ≡ ∂y
.
2
∂z2
This system of equations should be supplemented by boundary conditions, which imply that
stress is equal to zero on the crystal boundaries:
2

2

(c22 δε 2 + c23 δε 3 + c24 δε 4 − e12 δE1 )| Σ = 0
(c23 δε 2 + c33 δε 3 + c34 δε 4 − e13 δE1 )| Σ = 0

(65)

(c24 δε 2 + c34 δε 3 + c44 δε 4 − e14 δE1 )| Σ = 0,
where Σ is a rectangle with sides a × b in yz-plane. This system is a closed equation system
and allows one to describe the dynamics of deformation of a Rochelle salt crystal. This system
of equations and its boundary conditions are of a simpler form in paraelectric phases:

− ρω 2 δε 2 = c22

∂2 δε 2
∂2 δε 3
∂2 δε 4
+ c23
+ c44
2
2
∂y∂z
∂y
∂y

− ρω 2 δε 3 = c23

∂2 δε 2
∂2 δε 3
∂2 δε 4
+ c33
+ c44
2
2
∂y∂z
∂z
∂z

− ρω 2 δε 4 = (c22 + c23 )

∂2 δε 2
∂2 δε 3
+ (c23 + c33 )
+ c44 Δδε 4 ,
∂y∂z
∂y∂z

(66)
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(c22 δε 2 + c23 δε 3 )| Σ = 0
(c23 δε 2 + c33 δε 3 )| Σ = 0

(67)

(c44 δε 4 − e14 δE1 )| Σ = 0.
One can proceed with further simpliﬁcations. Consider that elastic constants c22 , c23 , c33 are of
the same order and are much larger than c44 (see Fig. 1), especially in the vicinity of a critical
point. Then δε 2 and δε 3 become small compared to δε 4 and can be treated as zero. Therefore,
system Eq. (66) and boundary conditions Eq. (67) reduce to
Δδε 4 +
δε 4 | Σ =

ρω 2
δε = 0
c44 4
e14
δE .
c44 1

(68a)
(68b)

Similarly, equation (68) can be obtained for ferroelectric phase.
It is noteworthy that in paraelectric phase in case of small c22 , c23 , c33 we would receive
equation (68) again. However, in this case strains δε 2 and δε 3 are not equal to zero:
δε 2 = δε 3 = −

c44 ∂2 δε 4
.
ρω 2 ∂y∂z

It is more convenient to solve equation 68 by rewriting it in terms of the variation of stress.
Taking into account Eq. (53), from which
δε 4 (ω ) =

1
e (ω )
δσ (ω ) + 14
δE (ω )
c44 (ω ) 4
c44 (ω ) 1

(69)

and taking into account ﬁeld homogeneity we can write:
Δδσ4 +

ρω 2
ρω 2
δσ = −
e δE
c44 4
c44 14 1

δσ4 | Σ = 0.

(70a)
(70b)

By introducing a new variable u (ω, y, z), where
δσ4 = − u (ω, y, z) · e14 (ω )δE1 (ω )

(71)

and considering Eq. (55) we obtain the expression for free crystal permittivity in the center of
the Brillouin zone:
σ
σ
ε
σ
χ̃11
(ω ) = χ11
(ω ) + N (ω )(χ11
(ω ) − χ11
(ω )),
(72)
where
1
N (ω ) =
ab

a b
0 0

d yd z u (ω, y, z),

(73)
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and u (ω, y, z) is a solution for
Δu +

ρω 2
ρω 2
u=
c44 (ω )
c44 (ω )

u | Σ = 0.

(74a)
(74b)

It is easy to see that in the limit of low and high frequencies one has:
ω→0:
ω→∞:

σ
σ
u (y, z) → 0 =⇒ N (ω ) → 0 =⇒ χ̃11
(ω ) → χ11
(ω )

σ
ε
u (y, z) → 1 =⇒ N (ω ) → 1 =⇒ χ̃11
(ω ) → χ11
( ω ).

(75)

σ ( ω ) would be the permittivity of free crystal in
From Eq. (74) and Eq. (75) it is clear that χ11
case of completely rigid material of crystal (c44 (ω ) = ∞) or at its zero inertia (ρ = 0).
Eq. (74) is inhomogeneous Helmholtz equation with zero Dirichlet boundary conditions. It
has the following solution:6

u (ω, y, z) =

6

∞

∑

16
1
· 2
π (2i + 1)(2j + 1)
(2i + 1)2
(2j + 1)2
+
a2
b2
π (2j + 1)z
π (2i + 1)y
sin
.
× sin
a
b

i,j =0 1 − c44 ( ω ) π 2
ρω 2



(78)

The solution of Eq. (74) can be obtained in the following way. It can be written as
u ( y, z) =
where ν ≡

ρω 2
,
c44 ( ω )

∞

( ν, ψkn )
· ψkn ( y, z),
λkn
k,n =1

∑

(76)

( f , g) denotes scalar product of functions f ( y, z) and g( y, z):

( f , g) =


Σ

f g d Σ,

ψkn ( y, z) and λkn are eigenfunctions and eigenvalues of the Helmholtz operator Δ + ν on a domain Σ
(rectangle a × b):
πnz
2
πky
sin
,
ψkn ( y, z) = √ sin
a
b
ab
 2

n2
k
λkn = − π 2
+ 2 + ν,
a2
b
which is easily checked directly. Let us use the known fact that the system of eigenfunctions of
a Hermitian operator (which is the Helmholtz operator) is a complete set of orthogonal functions.
Therefore, any analytic function can be decomposed into a series of functions ψkm . For ν treated as
a function the decomposition can be written
ν=

∑ akn ψkn ,

(77)

k,n

where

a pq = ( ν, ψ pq ),

which is easy to obtain by calculating the scalar product of left and right parts of Eq. (77) and ψ pq . Now,
by substitution of Eq. (76) into Eq. (74) we see that Eq. (76) is the needed solution.
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After performing the integration we get N (ω ):
N (ω ) =

∞

∑

i,j =0 1 − c44 ( ω ) π 2
ρω 2



64
1
,
· 2
[ π (2i + 1)(2j + 1)]2
(2i + 1)2
(2j + 1)2
+
a2
b2

(79)

where at small Im[ c44 (ω )] resonance frequencies are equal
ω i,j =

c44 (ω )
π
ρ

(2i + 1)2
(2j + 1)2
+
.
a2
b2

(80)

Previously, for a square lattice the following resonance frequencies were obtained (Moina
et al., 2005):
ωi =

c44 (ω ) (2i + 1)
π
,
ρ
a

(81)

while our study has shown that resonance occurs at frequencies
ω i,j =

c44 (ω )
π
ρ

(2i + 1)2 + (2j + 1)2
.
a2

(82)

In particular, for the ﬁrst resonance frequency we obtained a value
ω0,0 =

π
a

2c44 (ω )
ρ

(83)

ω0 =

π
a

c44 (ω )
.
ρ

(84)

while the previous result claims

Besides, one can see that resonance frequencies derived here are more compact compared to
the previous result. Unfortunately, we have not found appropriate experimental data that
could verify which of the two is correct.
It should be noted that due to the presence of imaginary part in c44 (ω ), resonance peaks of
dielectric permittivity of free crystal do not have singularity. According to Eq. (80) when
approaching a phase transition point, the frequency of the ﬁrst resonance peak tends to zero.
Analysis of Eq. (82) shows that in case of square plate resonance frequencies degeneracy ω i,j =
ω j,i occurs. And in case of rectangular plate with a and b, which are little different from each
other, resonance spectrum consists of couples of close resonance frequencies ω i,j and ω j,i .
Let us show the results of the calculation of dynamic permittivity of free crystal for a thin
plate of X-cut Rochelle salt crystal of size 1 × 1 cm2 . Fig. 7 illustrates frequency dependence
of dynamic permittivity in the paraelectric phase at T = 305 K.
As it is illustrated in this ﬁgure, at ω → 0 we obtain static permittivity of free crystal.
Below the ﬁrst resonance peak, the dielectric permittivity almost coincides with the static
permittivity of free crystal. In the range 104 Hz – 108 Hz one gets numerous resonance
peaks. Above the resonance range, crystal is ‘clamped’ by the frequency and at 109 Hz –
1011 Hz for dynamic permittivity one gets susceptibility of clamped crystal, considered in
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previous subsection. Similar behaviour of dynamic permittivity of free crystal is observed in
low-temperature paraelectric and ferroelectric phases.
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Fig. 7. Dynamic free crystal dielectric permittivity (solid line) at T = 305 K. Points ◦ present
clamped crystal dielectric permittivity at T = 305 K. Point  presents static free crystal
permittivity.
Figs. 8, 9, 10, 11 present distributions of absolute value, real part and imaginary part
of function u (y, z). White colour denotes small value, black colour denotes large value.
Calculations were performed for square plate 1 × 1 cm2 at T = 305 K and different frequencies.
Internal stress is proportional to the function u (see Eq. (71)), while according to Eq. (69) strain
is
e (ω )
δε 4 = (1 − u (ω, y, z)) 14
δE (ω ).
(85)
c44 (ω ) 1
As might be expected, at low frequency (ν = 105 Hz, Fig. 8) the amplitude of stress in
the center of the plate is maximum and it gradually reduces to zero when approaching the
plate edge. When increasing the frequency (ν = 2.5 × 105 Hz and ν = 5.95 × 105 Hz) the
regions with large and small stress amplitude start alternating (Figs. 9 and 10). However, one
can see that characteristic length of stress (strain) altering is much greater than lattice sizes
and, hence, approach of continuum medium to considering of the deformation dynamics is
justiﬁed. Upon further increase of frequency, the stress becomes uniformed throughout the
crystal volume, but close to the crystal edge it slightly increases, and then is reduced to zero at
the crystal boundary. At frequencies higher than the piezoelectric resonance frequencies the
crystal is clamped by frequency and internal stress is deﬁned as δσ4 (ω ) = − e14 (ω )δE1 (ω ).
Crystal plate of 1 × 1 cm2 can be considered as clamped at T = 305 K ν = 5 × 107 Hz according
to Fig. 7. Distribution diagram of u in Fig. 11 visualize phenomenon of crystal clamping.

5. Concluding
remarks
Concluding
remarks
In this chapter we considered piezoelectric effect in Rochelle salt. We based our study on the
Mitsui model which explains the ferroelectric phase transition in Rochelle salt at microscopic
level and is able to describe its thermodynamic and dynamic (dielectric relaxation) properties.
Results obtained for the physical coefﬁcients were used for study of piezoelectric resonance. It
should be noted that the ratio between the elastic constants of Rochelle salt allowed to reduce
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Fig. 8. Distributions of absolute value, real part and imaginary part of u (y, z) at ν = 105 Hz.
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Fig. 9. Distributions of absolute value, real part and imaginary part of u (y, z) at
ν = 2.6 × 105 Hz.
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Fig. 10. Distributions of absolute value, real part and imaginary part of u (y, z) at
ν = 5.95 × 105 Hz.
the original system of equations for the dynamics of deformations to Helmholtz equation with
known boundary condition. This simpliﬁcation allowed to obtain the solution analytically.
Analytical solution, in turn, allowed to obtain resonant frequencies and explicitly showed the
phenomenon of frequency crystal clamping.
Nevertheless, the proposed approach has some drawbacks. Speciﬁcally, the dynamic strain
change along x axis was neglected. We assume that for a thin plate such neglect is justiﬁed,
but this assumption should be conﬁrmed by numerical calculations. Consideration of strain
change along x axis will make it possible not to be restricted by a thin plate.
Also, some important issues remain unexplored. In particular, the inﬂuence of ferroelectric
phase transition on piezoelectric resonance remains open. The study of this issue requires to
consider the system Eq. (64), which can be performed only numerically.
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Fig. 11. Distributions of absolute value, real part and imaginary part of u (y, z) at
ν = 5 × 107 Hz.
The model approach applied in this paper provides certain advantages over the
E (ω )
phenomenological approaches. In particular, the Mitsui model allowed us to get c44
elastic constant, for which no experimental data are available, but which is needed for
the study of piezoelectric resonance. The Mitsui model describes physical properties of
other ferroelectric compounds, including RbHSO4 , NH4 HSO4 (which are piezoelectric in the
ferroelectric phase) and others. The results obtained here can be applied to these and other
ferroelectric compounds with piezoelectric effect.
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1. Introduction
Changes in charge density as a response to an external stimuli form basis for numerous
applications. Knowing where the atoms are allows numerous deductions to be drawn solely
on symmetry arguments. Symmetry essentially dictates what is possible, though typically it
does not give absolute values for physical properties. An example is provided by ferroelectrics
(Lines & Glass, 1998). Ferroelectrics are a special case of pyroelectric materials, whose
properties depend on the spatial scale considered. Single crystals are rather trivial case in
which straightforward tensor formulation gives precise description of the physical properties.
Obviously, knowledge of single crystal properties is not sufﬁcient, as most materials utilized
in applications are polycrystalline. Thus, one must understand how individual crystals
are connected and how such a system responds to an external stimulus. This serves as a
basis for dividing materials response to an intrinsic and extrinsic contributions. The former
is essentially a single crystal response, whereas the latter takes into account the coupling
between individual crystals and changes due to the phase transition induced by a stimuli.
In practice, the stimuli are stress, heat or electric ﬁeld. The importance of understanding
the intrinsic and extrinsic contributions is not only related to the magnitude but also to the
reversibility of the process. Piezoelectric actuators are based on the change in the charge
density due to an external stress or change in dimensions by an applied electric ﬁeld. Very
challenging task is to produce a material yielding a reversible response, as the piezoelectric
actuators used in atomic force microscopes demonstrate. Activities are ongoing to develop
better materials for high precision devices (Hinterstein et al., 2011; Hoffmann & Kungl, 2004).
Another topical application is related to the piezoelectric energy harvesting in which a
practical way of extracting energy is achievable through the Ericsson energy conversion
cycle (Pruvost et al., 2010). Similarly, pyroelectric materials are utilized in infrared radiation
detection matrices or pyroelectric energy harvesting components (Olsen & Evans, 1983). In
each case it is essential to understand the contribution of grain boundaries, ferroelectric
domains within the grains, changes in fractions of different crystal species and the
intrinsic contribution within an individual domain. As a further issue one must consider
time-dependent phenomena, which reﬂect the fact that different contributions to polarization
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reversal dominate in different time-domains. An example where time-dependent phenomena
are crucial is ferroelectric memory (Dawber et al., 2005).
Classical yet actively studied piezoelectric system is lead-zirconate titanate (PZT) (Jaffe et al.,
1970). Though nearly all methods one can imagine have been applied to study the
structural properties of PZT, the most widely used techniques are spectroscopic, x-ray and
neutron powder diffraction, and transmission electron microscopy and electron diffraction
(Glazer et al., 2004; Ricote et al., 1998). Since the early study of the lattice dynamics of
lead titanate (Burns & Scott, 1970), Raman scattering has been successfully applied to study
the lattice dynamics of PZT based ceramics as a function of composition and temperature
(Frantti et al., 1999a;b; Souza-Filho et al., 2002), stress (Ohno et al., 2006) or to address the
domain conﬁguration in thin ﬁlms (Nishida et al., 2005). Understanding the domain
formation is crucial when thin ﬁlms are deposited. By a correct choice of single crystal
substrate material and crystal cut one can deposit highly oriented thin ﬁlms, though perfectly
epitaxial ﬁlms may not easily be achieved. Frequently deposition is carried out with in-situ
substrate heating, which means that different domains are formed to relieve the stress due to
the differences in the thermal expansion coefﬁcient of the ﬁlm and substrate, besides the usual
straining or misﬁt dislocation formation (Kolasinski, 2008; Lüth, 2001). Raman spectroscopy
has been notably useful for studying structural properties small particle size powders
(Camargo et al., 2009) or ﬁbres (Kozielski et al., 2010) as x-ray diffraction techniques often
have limited ability to distinguish crystal symmetries of nanoscale structures. Even dielectric
properties of nanosized powders can be accessed via the Lyddane-Sachs-Teller relation
(Kano et al, 2007). In contrast to the powder diffraction techniques electron microscopy
techniques have the advantage to pinpoint the area under study. The disadvantage (or at least
an aspect to be kept in mind) is that sample thinning modiﬁes the domain conﬁguration of
the sample, as is discussed below. Constructing a picture of PZT thus relies on data collected
on very different type samples and techniques. Both phenomenological and ﬁrst-principles
modelling techniques are required to fulﬁll the missing data (experimentally not accessible)
or to interpret the experimental results.
The present text aims to review symmetry based methods for initial stage structural studies.
Combined crystallographical and thermodynamical methods prove to be very useful for
understanding possible domain conﬁgurations in ferroelectric oxides. In this chapter basic
piezo-, pyro-, and ferroelectric concepts are summarized, after which crystallographical
aspects of domain formation in ferroelectrics are brieﬂy summarized. The rest of the chapter
focuses on the intrinsic and extrinsic contributions in PZT.

2. Deﬁnitions
2.1 Crystal symmetry constraints for piezo-, pyro-, and ferroelectricity

Piezoelectricity is exhibited in all but one (exception is the crystal class 432)
noncentrosymmetric crystal class and is described by a third-rank tensor. Piezoelectric
phenomena cover two cases, direct and converse effects, which, when matrix notation is
used, are summarized by equations (see, e.g., (Newnham, 2005; Nye, 1995))
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Pi = dij X j direct effect

(1)

xi = dij E j converse effect

(2)

in which Pi is the polarization (in units Cm−2 ), X j is the applied stress using the Voigt notation
(in units Nm−2 ), xi is the strain, E j is the applied electric ﬁeld (in units Vm−1 ) and dij are the
piezoelectric constants (either in units of CN−1 or mV−1 ). Thermodynamic consideration
shows that the piezoelectric constants for direct and converse effects are the same (see, e.g.,
(Dove, 2003; Nye, 1995)). Fig. 1 illustrates the direct piezoelectric effect in the case of a
tetragonal (space group P4mm) ABO3 perovskite (Dove, 2003). Though crystals point groups
symmetry (or crystal class) alone sufﬁces to determine the number of piezoelectric constants,
the practical situation is more involved as it is the whole sample, typically ceramic pellet or
thin ﬁlm, which gives the response to an applied stimulus. Further, the piezoelectric constants
are not quite constants but do depend on temperature or the applied stimulus, such as applied
electric ﬁeld or stress. These issues are addressed in section 6.
X4

X3
AͲcation

X1

Oxygen
BͲcation

Fig. 1. Understanding the relationship between the crystal structure and property is crucial.
Given example is for tetragonal (space group P4mm) perovskite single crystal. Classical
examples are BaTiO3 and PbTiO3 . In the absence of external stimuli polarization appears
along the c-axis. Application of stress X1 , X3 and X4 in turn results in the illustrated changes
in polarization. Figure after M. Dove (Dove, 2003).
Figure 2 depicts pyroelectric and ferroelectric phenomena (Lines & Glass, 1998).
Pyroelectricity is a phenomenon found in crystals with a permanent electric dipole
moment. The magnitude of this moment depends on temperature, which is the basis
for experimental observation of the phenomenon. Symmetry consideration dictates that
pyroelectricity can only occur in the ten crystal classes(Klapper & Hahn, 2005): 6mm, 4mm,
and their subgroups 6, 4, 3m, 3, mm2, 2, m, 1. All classes are piezoelectric, so the pyroelectric
materials are a special case of piezoelectric materials. This also brings an experimental
difﬁculty concerning the practical determination of the possible pyroelectricity of the crystal:
within the crystal temperature changes inhomogeneously, which causes strains. Strains in
turn add piezoelectric contribution to the measured electric charges. This means that often
one can only conclude that the studied crystal lacks a centre of symmetry. Ferroelectric
crystals are those pyroelectric materials in which the direction of the permanent electric
dipole moment can be changed by an electric ﬁeld.
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Fig. 2. Schematic illustration of the (a) pyroelectricity and (b) ferroelectricity. Figure after
Lines and Glass(Lines & Glass, 1998).

3. Twins and ferroelectric domains
Theory of twinning is rich and consequently the terminology used in literature is sometimes
ambiguous. In the following brief summary of twinning we adopt the deﬁnitions given
in refs. (Hahn & Klapper, 2003; Koch, 2004) according to which an intergrowth of two or
more macroscopic, congruent or enantiomorphic, individuals of the same crystal species is
called a twin, if the orientation relations between the individuals occur frequently and are
crystallographic. The individuals are called twin components or (twin) domains.
3.0.0.1 Twin law and twin elements.
Twin domains are brought into parallel orientation with each other by a symmetry operation,
the twin operation. Twin operation may occur only once in a macroscopic scale, and cannot
be a symmetry operation of either of the twin domains.
Twins can be classiﬁed by their origin (for example, growth twins and transformation twins)
or from crystallographical viewpoint. For ferroelectric domain formation, transformation
twins are central. Crystallographically important transformation twins can be classiﬁed as
merohedral and pseudo-merohedral twins.
3.1 Transformation twins

Transformation twins are formed when a phase transition between the prototype phase,
virtual or real (space group G) and a lower symmetry phase (space group H) takes place.
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By further assuming that the two phases posses a group-subgroup relationship crucial
information about twin domain formation can be extracted from the International Tables for
Crystallography, Volume A (ITCA)(Hahn, 2005), which tabulates maximal non-isomorphic
subgroups H, Type I: translationengleiche (t) subgroups in which all translations are retained,
Types IIa and IIb: klassengleiche (k) subgroups, which are obtained by ’decentring’ the
conventional cell and enlarging the conventional cell, respectively. Thus, not all translations
are retained. Three cases can now be distinguished (Hahn & Klapper, 2003): (1) H is a t
subgroup of G, (2) H is a k subgroup of G, (3) Cases 1 and 2 occur together (H is a general
subgroup of G). Transformation twins provide a close link to the Landau’s phase transition
theory. The equivalent solutions for the order parameter are represented by different twin
domains.
3.2 Merohedral twins

Merohedral (non-ferroelastic) twinning corresponds to the case where the twin-element is an
element of the crystal system (the crystal class of the lattice) but not an element of the point
group of the crystal (crystal class). Characteristic feature of the merohedral twinning is that
the lattices of all twin domains coincide exactly. The merohedral twinning corresponds to
non-ferroelastic phase transition and ferroelectric domains can be formed, as the example of
lithium niobate (LiNbO3 ) demonstrates.
3.2.0.2 Example: domains in lithium niobate.
At elevated temperatures (transition is reported to occur between 1323 and 1473 K, depending
on the sample stoichiometry) LiNbO3 has the high-symmetry phase R3̄c, which transforms
via nearly second order transition to ferroelectric R3c phase, so that an inversion is lost
in the transition. The transition is classiﬁed as an order-disorder type with a displacive
component (Boysen & Altorfer, 1994; Hsu et al., 1997). No change in crystal system occurs,
the twin element being an inversion element. The transition is non-ferroelastic ferroelectric in
which 180◦ domains are formed. Thus, the possible domains are limited by crystallographical
considerations, though domain boundaries are characteristically rounded.
3.3 Pseudo-merohedral twins

An important special case of pseudo-merohedral twins are twins formed in ferroelastic
phase transition. In the following we consider a phase transition from the prototype phase
to a ferroelastic and ferroelectric phase possessing a group-subgroup relationship though
the transition is not necessarily continuous. However, it is necessary that the crystal
system is changed in the transition. From the metrical viewpoint the differences in lattice
parameters between the high- and low-symmetry phases are small. The structural symmetries
lost in the phase transition are preserved as pseudosymmetries (Hahn & Klapper, 2003;
Strukov & Levanyuk, 1998). We further assume that the transition is displacive so that the
atoms in the lower symmetry phase are slightly shifted from their high-symmetry positions.
This covers technologically important ferroelastic-ferroelectrics, such as Rochelle salt and
BaTiO3 .
3.3.0.3 Example: domain formation in tetragonal and rhombohedral lead zirconate titanate.
Lead zirconate titanate [Pb(Zr x Ti1− x )O3 , PZT] possess a cubic perovskite crystal structure
(space group Pm3̄m) above the Curie temperature (increasing from about 520 K to 765 K
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with increasing Ti content). Titanium rich PZT (up to roughly x = 0.50) transforms via ﬁrst
order transition to the tetragonal, space group P4mm, phase. When 1 < x < 0.55 the cubic
phase transforms to rhombohedral R3m phase via (nearly) second-order transition. Following
(Hahn & Klapper, 2003) the transitions are theoretically divided into two steps, both involving
a transition to a maximal non-isomorphic subgroup. First is a ferroelastic, non-ferroelectric
transition:
Ti-rich PZT Pm3̄m → P4/mmm (t transition)
Zr-rich PZT Pm3̄m → R3̄m (t transition)
Transition to the P4/mmm phase corresponds to the loss of threefold rotation axes (the
list of elements preserved in the transition are listed in the ITCA), which results in three
spontaneously strained (nearly 90◦ ) twin domains in each which the tetragonal c-axis points
towards one of the three former cubic a, b and c axes. The lattice distortion is small,
so the aforementioned condition for pseudo-merohedral twinning is fulﬁlled. Transition
to the R3̄m phase means a loss of fourfold axes, fourfold axes with centre of symmetry,
{100} mirror planes, leaves inversion centre, one pair of threefold rotation axis, one pair of
threefold rotation with centre of symmetry and three twofold rotation axes. This leads to four
ferroelastic 70.5◦ twin domains related by the lost (cubic) {100} mirror planes. All domains
(P4/mmm and R3̄m) are centrosymmetric.
The second transition is between the ferroelastic and ferroelectric phases and involves ionic
displacements resulting in the loss of inversion:
Zr-rich PZT P4/mmm → P4mm (t transition)
Ti-rich PZT R3̄m → R3m (t transition)
Each twin domain splits into two antiparallel polar ferroelectric 180◦ domains.
3.3.0.4 Two-phase systems.
Numerous studies have been conducted to understand the behaviour of morphotropic phase
boundary (MPB) lead zirconate titanate. After a monoclinic Cm phase was reported to exists
in PZT within the MPB region (Noheda et al., 1999; 2000) many studies were dedicated to
understand the electromechanical properties through the crystallographical properties of the
single Cm phase. However, it turned out that the Cm phase co-exists with the rhombohedral
R3c phase (Frantti et al., 2002; Yokota, 2009). There are many reports which use the Cc
symmetry, instead of the R3c symmetry. It has been very difﬁcult to prepare single crystal PZT
and most of the studies focused on either ceramic pellet or on powder samples. The symmetry
choice has been very controversial topic (see, e.g., review (Frantti, 2008b) and references
therein) and it was not until very recently that a detailed neutron difraction study on PZT
single crystals could solve the issue by providing data which ruled out the Cc symmetry
(Phelan et al., 2010). The study found that the R3m/R3c and Cm domains coexist. This
is important ﬁnding as it provides an explanation to the exceptionally good piezoelectric
properties of PZT ceramics, which is discussed in section 7.2. As the results given in ref.
(Yokota, 2009) reveal, the two-phase co-existence is extended towards large Zr-contents so
that there is no clear phase boundary. In the ﬁrst-order phase transition both phases co-exists,
though it is not obvious why the Cm phase (slightly distorted version of the tetragonal P4mm
phase) is found in large composition range, extending from x = 0.52 up to 0.92 (Frantti et al.,
2002; Noheda et al., 1999; 2000; Yokota, 2009). The reason for the distortion is not clear, though
it seems important to consider the contact relationships between the two phases (intergrowth
of the rhombohedral and monoclinic crystals).

Piezoelectricity
in Lead-Zirconate-Titanate
Ceramics
Piezoelectricity in Lead-Zirconate-Titanate
Ceramics – Extrinsic and Intrinsic
Contributions– Extrinsic and Intrinsic Contributions

2277

4. Mechanical and electrical compatibility conditions
In practice, ferroelectrics show small number of domain boundary types, which can be
understood by considering mechanical and electrical compatibility conditions. In the case
of mechanical boundary condition a simple method is to consider the strain on the crystals
separated by the twin domain boundary (given, e.g., in ref. (Hahn & Klapper, 2003)) and
to look for stress-free contact planes. Mechanical compatibility condition means that the
boundaries minimizing the strain energy are favored.
Figure 3 shows charged and non-charged 180◦ merohedral and 90◦ zigzag domain boundary
possessing large domain wall energy (Hahn & Klapper, 2003), and a method to introduce 180◦
tail-to-tail (TT) and head-to-head (HH) domains by providing charge compensation through
acceptor and donor layers (Wu & Vanderbilt, 2006). In ferroelectrics one must also consider
the contribution of electrical charges at the boundaries. Basically charge neutral boundaries
are energetically favored, expressed by the condition Pn (2) − Pn (1) = ρ = 0, where Pn (1)
and Pn (2) are the components of the spontaneous polarization normal to the boundary of
the two domains and ρ is the charge density. The situation can be different in conducting
(either in prototype phase or ferroelectric phase) samples due to the ferroelectric polarization
compensated by free charge carriers. In practice in insulating materials HH and TT domains
are ruled out as the electrostatic energy makes them unfavorable. Thus, the merohedral
twins are characteristically 180◦ domains with interfaces parallel to the polarization axes. It
was proposed, based on the ﬁrst-principles calculations, that HH and TT domains could be
stabilized by inserting donor and acceptor layers to compensate the charge otherwise formed
in the domain wall (Wu & Vanderbilt, 2006). As a case study PbTiO3 based ferroelectric
8-cell superlattice with Sc3+ O2 (acceptor layer) and Nb5+ O2 (donor layer) was studied, with
the prediction that such a structure would be stable with a ground state symmetry Pmm2.
Analysis of local polarization revealed that the superlattice is antiferroelectric in the [001]
direction, and ferroelectric in the [100] direction.
4.1 Why to worry about domains
4.1.1 Ferroelectric hysteresis

Measuring the polarization as a function of electric ﬁeld, i.e., hysteresis loop, measures the
energy required to twice reverse the polarization direction. In ceramics a large fraction
of the energy necessary for polarization reversal is consumed to domain wall motion.
Depending on the applications one deliberately modiﬁes the composition so that the coercive
ﬁeld is either large (hard ferroelectric) or small (soft ferroelectric) material. In PZT this is
achieved by controlling the domain wall motion by doping with higher- or lower-valent
ions (Jaffe et al., 1970). Controlling the amount and position in the ceramics is thus crucial:
it makes a difference if the dopants are segregated in the grain boundaries or if they are
homogeneously distributed. Useful models and practical examples of spatial distribution
of dopant atoms in polycrystalline materials are provided in ref. (Phillips, 2001). Fig. 4
shows a hysteresis loop, plotting polarization versus applied ﬁeld E , characteristic to a soft
ferroelectric material as seen from the low value of the coercive ﬁeld EC . In the case of hard
ferroelectric material the coercive ﬁeld is larger and the shape of the loop is more rectangular.
Characteristically hysteresis is measured at quasi-static conditions, which implies that the EC
value is determined by the polarization reversal mechanisms dominant in the static limit.
The mechanism do depend on the timescale in concern and also on the sample geometry.
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Fig. 3. (a) Tail-to-tail, (b) uncharged, (c) head-to-head and (d) charged zigzag 180◦
merohedral domain boundaries. The boundary (b) is also common among
pseudo-merohedral domain boundaries. Figures (a) to (d) after ref. (Hahn & Klapper, 2003).
Panel (e) shows the 90◦ pseudo-merohedral domain boundary which at ﬁrst glance appears
as a head-to-head domain boundary, but in a detailed study turned out to be a zigzag
boundary where all boundaries are head-to-tail, shown in the right-hand corner. Figure after
ref. (Lines & Glass, 1998; Yakunin et al, 1972). Panel (f) shows a ferroelectric superlattices
used in a ﬁrst-principles computational study in which head-to-head and tail-to-tail domain
boundaries are stabilized by placing donor and acceptor layers to serve as charge
compensation layers (Wu & Vanderbilt, 2006).
The ﬁrst aspect is discussed in section 4.1.3 by reviewing very recent studies, whereas the
latter obviously involves depolarization ﬁeld and phenomena related to the substrate and
thin-ﬁlm interactions. Technologically important case is a thin ﬁlm capacitor, in which case
the depolarization ﬁeld signiﬁcantly affects the EC value. A ﬁnite-element study of the topic
is given in ref. (Pane et al., 2008).
4.1.1.1 Irreversibility of domain switching in PZT.
The equations describing the piezoelectric responses (section 2) are linear, which is usually a
valid approximation. There are, however, cases in which the linearity assumption ceases to
be accurate. The most obvious is the vicinity of the phase transition which may result in large
changes in piezoelectric constants (Frantti et al., 2007), which is an intrinsic contribution. This
means that when a phase is about to change to another phase or orientation state (domain
switching) external stimulus (temperature, stress, electric ﬁeld) can cause large changes in
the materials response (strain or induced charge). Many applications, such as actuators
required to operate in a precise and repeatable manner, require that the change is reversible,
which is not obvious. One may recall that many piezoelectric solid-solutions, PZT being a
textbook example, have a composition adjusted so that two competing phases, tetragonal
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P
PS
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EC

E

Fig. 4. Schematic illustration of the hysteresis loop with characteristic values indicated:
coercive ﬁeld EC , remanent polarization PR and PS , taken as the saturation value of the
polarization extrapolated to zero ﬁeld.
(or the Cm phase, which can be considered as pseudotetragonal for most of the purposes)
and rhombohedral, are energetically almost as favorable. By symmetry, the transition from
tetragonal to rhombohedral phase must be of ﬁrst order, which implies that there is a
hysteresis related to the transition. This hysteresis means that the response of the system
depends on the history, so that the response to heating and cooling are frequently different.
Also extrinsic contribution results in non-linearities.
The quasi-static (a cyclic driving electric ﬁeld was applied during the diffraction experiment
using unipolar and bipolar square waves at 1 Hz and amplitudes equal to or below
the coercive ﬁeld) time-dependent studies carried out by stroboscobic neutron and x-ray
powder diffraction data collection technique on pure and La- or Fe-doped PZT samples with
composition in the vicinity of the morphotropic phase boundary, show that already below
coercive ﬁeld non-linear terms become signiﬁcant, which was related to the non-180◦ domain
switching(Jones et al., 2006; Pramanick et al., 2009a;b).
4.1.2 Kittel’s law and domains in thin ﬁlms

An example where the size, shape and sample preparation method affect ferroelectric domain
formation are thin ﬁlms (either free-standing or deposited on a substrate) or samples prepared
for transmission electron microscopy (TEM) studies. An insulating ferroelectric materials
splits into several domains to minimize the energy of the crystal geometry dependent
depolarization electric ﬁelds due to the uncompensated dipoles on the surface (assuming
that there are no free charges available or at least that the domain formation occurs before
the compensation takes place). In the simplest model the splitting of materials into domains
oriented so that their net polarization is zero is limited by the cost due to domain wall creation.
Thus, in the simplest terms one has, in addition to the usual polynomial order parameter
expansion two other contributions to the ferroelectric free energy: depolarization ﬁeld and
domain wall energy. An illustrative example is provided by the model for 180◦ domains in
which case one can derive so called Kittel’s law according to which the width of the domains
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is proportional to the square root of the thickness. In his original work Kittel considered
ferromagnetic materials(Kittel, 1946). Analogous treatment was applied to ferroelectric
materials by Mitsui and Furuichi (Mitsui & Furuichi, 1953) and to ferroelastic materials by
Roytburd (Roitburd, 1976) and were summarized in ref. (Schilling et al., 2006). Following ref.
(Lines & Glass, 1998) the essential result is summarized by the equation d = ( ε∗σtP2 )1/2 , where
0

d is the domain width, t the domain thickness, P0 is the polarization at the center of a domain,
σ is the domain wall energy per unit area and ε∗ is a constant depending on the dielectric
constants of the ferroelectric. Other expressions for the Kittel’s law consider the inﬂuence of
substrate, which can be signiﬁcant and change the proportionality constant, are discussed in
ref. (Streiffer et al., 2002). The proportionality d ∝ t1/2 , however, remains. Similar relationship
between domain width and thickness, but with different proportionality constants, is found
for 90◦ domains in epitaxial ferroelectric and ferroelastic ﬁlms (Pertsev & Zembilgotov, 1995).
A TEM study conducted on free-standing lamellae showed that when the thickness gradient
is perpendicular to the domain walls the domain width continuously decreases with decreasing
thickness, following the Kittel’s law (Schilling et al., 2006). The study found two other
mechanisms occurring in thin lamellae: bifurcation in domains parallel to the thickness
gradient and discrete period changes at the interface between clusters of stripes perpendicular
to each other. As the domain wall motion and nucleation of new domains are important for
polarization reversal, the thickness and geometry dependent factors are central for designing
thin ﬁlm components, such as ferroelectric memory cells. For fundamental research it is
evidently crucial to understand the domain formation in bulk materials (say, used in many
neutron powder diffraction studies) and in thin ﬁlms prepared for TEM studies in order to
avoid wrong conclusions.
4.1.3 Time-dependent studies of polarization reversal in PZT

Polarization reversal may involve the growth of existing domains, domain-wall motion or the
nucleation and growth (either along the polar direction or by sideways motion of 180◦ ) of new
antiparallel domains (Dawber et al., 2005; Lines & Glass, 1998). The mechanism dominating
depends on the material, applied ﬁeld and electrode type, sample geometry and time domain.
In ferroelectrics polarization reversal is typically modelled to be inhomogeneous, where nuclei
of domains with polarization parallel to the applied ﬁeld initially form at the electrodes, grow
forward direction (typically considered to be fast process, addressed below) and then grow by
sideways motion (slow in perovskite oxides)(Dawber et al., 2005).
In low-frequency experiments the breakdown ﬁeld is at around 100 and 200 MV/m.
Breakdown, however, is not an instantaneous phenomenon, and thus for a short times
one can apply much larger ﬁelds than breakdown ﬁeld. Recently, experimental studies
of short-time structural changes in ferroelectric thin ﬁlms became accessible through x-ray
synchrotron instruments. Time-dependent phenomena, notably the nonlinear effects in the
coupling of polarization with elastic strain and the initial stage of polarization switching
were addressed in refs. (Grigoriev et al., 2008; 2009). In these studies capacitors containing
35 nm thick epitaxial Pb(Zr0.20 Ti0.80 )O3 ferroelectric thin ﬁlms were studied by time-resolved
x-ray microdiffraction technique in which high-electric ﬁeld (up to several hundred MV/m)
pulses were synchronized to the synchrotron x-ray pulses. Demonstration of the capability
of the technique is an experiment where 8 ns long electrical pulses of 24.4 V were applied
to the PZT capacitor, yielding 2.7 % strain, record among piezoelectric strains (year 2008)
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(Grigoriev et al., 2008). The same study revealed that the piezoelectric d33 coefﬁcient only
slightly increases when the applied ﬁeld increases to 160 MV/m, whereas more strong
increase occurs above 180 MV/m so that the d33 coefﬁcient has the low-ﬁeld value at 395
MV/m. The increased d33 coefﬁcient value between 180 and 395 MV/m was assigned to
the Ti-O bond elongation (Grigoriev et al., 2008). Another technologically relevant ﬁnding
was related to the initial stage of polarization switching: a series of 50 ns duration pulses
did not switch the polarization if the ﬁeld was below 150 MV/m, even when the total pulse
duration was several milliseconds (Grigoriev et al., 2009). It is also worth to note that 150
MV/m was estimated to be three times the low-frequency EC and in low-frequency hysteresis
measurements 1 ms above the EC is sufﬁcient for polarization reversal. To address the
stability of unswitched polarization states three possible explanations were considered: (i)
slow initial domain propagation, limited by the time required for the establishment of charge
distribution necessary for the movement of curved (charged) domain walls (Landauer, 1957),
(ii) disappearance of small domains between pulses and (iii) nucleation times are longer
than 50 ns applied in the study (Grigoriev et al., 2009). The ﬁrst and third explanation were
found plausible, whereas the second explanation was ruled out as it was estimated that 50
ns is sufﬁcient for a nucleated domain to reach stable size (which can be estimated through
thermodynamical considerations, see ref. (Strukov & Levanyuk, 1998)).

5. Intrinsic and extrinsic contributions
Terms intrinsic and extrinsic contribution are commonly used in literature. Though both
contributions frequently occur simultaneously, it is helpful to trace the origin of the
piezoelectric response down to atomic scale. Piezoelectric materials response involves
changes in the primitive cell level and also in the larger scale, in which case the motion of
domain boundaries and grain boundaries must be taken into account. Fig. 5 illustrates a
polycrystalline material consisted of grains, which in turn contain domains. The applied
stimulus is transmitted via grains, and results in changes in grain boundaries and domain
wall motion. Both are examples of an extrinsic contribution. The stimulus also causes
changes within a primitive cell, an example is the shift of an oxygen octahedra with respect
to A-cations in perovskites, Fig. 1. The structure of the sample structure signiﬁcantly
inﬂuences its response to an external stimulus, examples being poled polycrystalline ceramics
and non-twinned single crystals. Correct treatment of piezoelectric response requires the
determination of the texture present in the sample as it is the whole system, consisted of
variously oriented domains (or crystallographical twins), which responds to an external
stimulus. After the texture, or preferred orientation, is known appropriate angular averages
of piezoelectric constant can be determined. For instance, electrically poled ceramics belong
to symmetry group ∞m (Newnham, 2005). Texture, and individual piezoelectric constants,
change as sufﬁciently large stimuli are applied. This section summarizes the changes
occurring in the atomic scale in piezoelectric materials by dividing the response to changes
occurring in the individual primitive cells and changes occurring in the domain distribution.

6. Intrinsic contribution
By intrinsic term one refers to the changes in electric polarization within a domain as a
response to an external stimulus. This implies that no domain wall motion or changes in
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Stimulus

Fig. 5. Schematic illustration of different contributions resulting in the net polarization
(black arrow). When stress is applied to a polycrystalline material, the effect is transmitted
via grains (polygons). Each grain in turn is divided into domains, exempliﬁed by a 90◦
domain wall (dashed line). Red arrows indicate the polarization directions within the
domains, and the white arrow is the resultant polarization.
phase fraction is taken into account. An example is given in Fig. 1 in which the piezoelectric
response of a ABO3 perovskite is shown for different applied stress. As a special case of an
intrinsic response is the 180◦ domain reversal. It is also worth noting that applied stimuli
frequently breaks the equilibrium symmetry, though the symmetry changes may not always
be experimentally resolved. Computationally the piezoelectric and elastic constants can
be determined by ﬁst-principles techniques, which is a very useful method for estimating
the pure intrinsic contribution. Notable care should be paid on the phase stability, as
computation of the crystal properties of unstable phases results in meaningless results. In the
context of pressure induced transitions in PbTiO3 the phase stability issues were addressed
in refs. (Frantti et al., 2007; 2008a). Recent inelastic neutron scattering study suggests
that a phase instability induced by a polar nanoregion-phonon interaction contributes to
the ultrahigh piezoelectric response of Pb(Zn1/3 Nb2/3 )O3 -4.5%PbTiO3 and related relaxor
ferroelectric materials (Xu et al., 2008). Presently an ab-initio computational modelling of a
PZT solid-solution is a formidable task as it would require enormous supercells. One way
to bypass this problems is to mimic the ’chemical pressure’ (partial substitution of Ti by Zr)
by hydrostatic pressure. Density-functional theory (DFT) computations predict that at 0 K
(ground state) a phase transition between tetragonal P4mm and rhombohedral R3c phase
take place at 9.5 GPa pressure (Frantti et al., 2007), which suggests that some insight about the
PZT system can be drawn. Signiﬁcant increase of certain piezoelectric constants, notably the
d15 , was observed once the phase transition was approached. Thus, the vicinity of the phase
transition causes that also intrinsic contribution is signiﬁcantly increased. Experimental and
computational studies suggest that the curvature of the phase boundary is determined by two
factors, the entropy term favouring the tetragonal phase, and the oxygen octahedral tilting
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giving an advantage for the rhombohedral R3c phase (Frantti et al., 2009). Octahedral tilting,
characteristic to the R3c phase, allows efﬁcient volume compression (Thomas & Beitollahi,
1994).
In thin ﬁlms biaxial stress can be used to tune the piezoelectric properties by deliberately
straining the material, in which case strain engineering is a term used for a thin ﬁlm
technology method applied to improve the piezoelectric properties (Janolin, 2009). The phase
diagram in thin ﬁlms is often quite different from the one found for bulk ceramics, which
in turn may result in signiﬁcant differences in electromechanical response (Janolin, 2009;
Liu et al., 2010). The interplay between ﬁlm thickness and different stress has a large impact
on stress relaxation mechanism (Janolin, 2009; Liu et al., 2010).
6.1 Notes on polarization rotation model

There have been attempts to explain the piezoelectric response of many perovskite solid
solution systems in the vicinity of the morphotropic phase boundary through (more or
less) continuous polarization rotation. Characteristically, the morphotropic phase boundary
separates tetragonal and rhombohedral phases. The common feature of these models is that
focus is put on the intrinsic part of the piezoelectric response, speciﬁcally on the rotation of
polarization vector between the tetragonal polarization direction, 001, and rhombohedral
polarization direction, 111, and the extrinsic contributions are simply discarded. This type
of transition route was essentially based on the computational study on monodomain BaTiO3
according to which it takes less energy to rotate the polarization along the 110 plane than
through path which is consisted of segments parallel to the unit cell edges(Fu & Cohen, 2000),
which was commonly believed to explain the high electromechanical response observed in
many perovskite oxide solid-solutions. However, the transition between the tetragonal and
rhombohedral phases is necessarily of ﬁrst order, implying hysteretic transition in which the
phase proportions between the two phases varies as a function of composition.
The small but unambiguous monoclinic distortion (space group Cm, monoclinic c-axis is
deviated by a less than half degree from the tetragonal c-axis, in contrast to the 55◦ required
to have a continuous rotation) observed in lead-zirconate-titanate ceramics within the MPB
(Frantti et al., 2000; Noheda et al., 1999) and Zr-rich area(Yokota, 2009) suggests that one
should consider the role of the Cm phase for the electromechanic properties. Though some
reports in rather straightforward manner linked the exceptional electromechanical properties
of lead-based piezoelectrics, such as PZT, to be due to the monoclinic distortion(s) serving as
a bridging phase(s) between the rhombohedral and tetragonal phases (see also discussion ref.
(Frantti et al., 2008a)), the following points should be noted:
• even though the polarization direction of the Cm phase can point in any direction in
the mirror plane (as far as crystal symmetry is considered), experiments reveal that the
monoclinic β angle remains roughly constant through the whole composition area, being
about 90.5◦ : if there would be a continuous rotation from tetragonal to rhombohedral
direction, it would be easily seen by standard diffraction techniques. However, no
evidence for that is reported.
• the treatment given in ref. (Sergienko et al., 2002) shows that the phase transition
between monoclinic and tetragonal phases can be of second order, the transition between
rhombohedral and monoclinic phases must be of ﬁrst order. This is consistent with the
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observed two-phase co-existence of R3c and Cm phases (Frantti et al., 2002; Yokota, 2009):
i.e., the Cm phase is not observed alone.
Our interpretation is that the monoclinic phase is not stable alone, but is probably due
to the interaction between rhombohedral and tetragonal phases. In this spirit, it is worth
to experimentally look the crystal boundary between rhombohedral and monoclinic phase.
Certain external stimuli (e.g., X1 and X4 ) break the tetragonal symmetry, the magnitude of
which can be estimated from the elastic constants. Thus, even internal stresses are able to
lower the symmetry and the signiﬁcance of the monoclinic distortion might be a stress relief,
as was suggested in ref. (Topolov & Turik, 2001)
We note that there are computational and experimental reports on PbTiO3 according to
which hydrostatic pressure would induce monoclinic phase(s) intermediating the P4mm and
R3m phases. However, it turned out that the computational study was carried out for an
unstable phase (as could be revealed by enthalpy values and phonon instabilities) and the
experimental data was interpreted in terms of a wrong structural model (the model Bragg
reﬂection positions and peak intensities did not match with the experimental data). For more
details, see refs. (Frantti et al., 2007) and (Frantti et al., 2008a). It is the opinion of the authors
that after the intrinsic and extrinsic contributions are properly taken into account, an accurate
and sufﬁcient description for piezoelectricity is achieved.

7. Extrinsic contribution
Modeling extrinsic contribution is challenging, as it requires a description for domain
boundary motion, which itself is rather complex process, and also a model for changes in
phase fractions. Below a crystal boundary motion in an intergrowth and domain switching
are discussed.
7.1 Changes in phase fractions

Studies of materials operating in the vicinity of the ﬁrst-order phase transition require notable
care as even small quantities of energy (e.g., in the form of heat or due to an applied ﬁeld)
can cause signiﬁcant changes in the phase fractions. This is evidenced in PZT powders
with composition at the MPB region by phase fraction changes in (pseudo-)tetragonal and
rhombohedral phases as a function of temperature (Frantti et al., 2003). The two-phase
co-existence is found in the Zr-rich side of MPB (Yokota, 2009), consistently with ref.
(Sergienko et al., 2002) according to which the phase transition between monoclinic and
rhombohedral phase is of ﬁrst-order. The mechanism behind transformation is not yet clear,
but it is probable that there are regions in which rhombohedral and monoclinic crystals are
grown together. The phase transformation mechanism is crucial for the understanding of the
piezoelectric response of PZT. Detailed studies to understand the atomic scale structure of
the contact plane separating the two phases within the intergrowth and the movement of the
plane under external stimuli are yet missing.
Fig. 6 shows an intergrowth of rhombohedral and monoclinic crystals. Though the reality
is more complex, this type of intergrowth, and the contact plane motion, are suggested to
have a crucial role for electromechanical response. Analogously to the domain boundary
motion, phase transition (and changes in phase fractions) result in once the boundary moves.
Needless to say, Fig. 6 does not imply continuous rotation, in contrast experiments indicate
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Ps,m
Ps,r

Fig. 6. Schematic illustration of an intergrowth of rhombohedral cystal (below the gray
plane) and monoclinic crystal (above the gray plane). The directions of the spontaneous
polarization in the monoclinic and rhombohedral phases are labelled as Ps,m and Ps.r .
Motion of the gray plane by external stimuli corresponds to a change in the phase fractions
and would lead to large electromechanical response. No continuous polarization is involved.
discontinuous change. The electric and mechanical boundary conditions should serve as
reasonable limiting factors when possible intergrowths are considered. Experimental studies
are challenged by the fact that sample thinning inﬂuences the samples domain and grain
boundary structure, implying that it is not straightforward to compare the results obtained
from transmission electron microscopy technique and neutron powder diffraction studies (see
section 4.1.2).
7.2 Domain switching

Figure 7 shows schematically the importance of a domain boundary. The lattice points of both
domains are common at the boundary (implying no strain, so that the mechanical boundary
condition is fulﬁlled), and since the polarization component perpendicular to the boundary
does not change, also electrical compatibility requirement is fulﬁlled. However, the atom
positions corresponding to the different domains at the boundary do not overlap: the atoms at
the boundary region are disordered. One expects that also the polarization changes gradually
in the domain wall, as is discussed in section 7.2.0.1. By applying external stimulus (e.g.,
stress) one domain state is preferred. In the simplest (perhaps excessively simple) picture
the domain boundary sweeps through the energetically unfavorable domain. Now, there is
an energy barrier for moving the atoms in the boundary zone. Obviously, if the difference
between the atomic positions (shown in the upper part in Fig. 7(a)) is not large, switching
is easy. Fig. 7(b) shows one way to diminish the stress in domain boundary by introducing
a centrosymmetric cubic layer. The strain changes once one moves from the interior of the
domain through the domain boundary, implying elastic energy which one must overcome in
order to move the domain boundary
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A study about the domain switching showed that the 90◦ domains in single phase tetragonal
phase (titanium rich PZT) hardly switch, whereas the domains in the two-phase region switch
(Li et al., 2005). Texture and strain analysis of the ferroelastic behavior of Pb(Zr0.49 Ti0.51) O3 by
in situ neutron diffraction technique showed that the rhombohedral phase plays a signiﬁcant
role in the macroscopic electromechanical behavior of this material (Rogan et al., 2003). Figure

(a)

(b)

PS
PS

Fig. 7. (a) Schematic illustration of the (nearly) 90◦ domains in tetragonal ABO3 perovskite.
Continuous bold line shows the domain boundary. Black and unﬁlled spheres illustrate the
lattice points of the different domains. The domain boundary lattice points are indicated by
crosshatched spheres. Oxygen octahedra are shown by dotted lines. Red spheres indicate
oxygen and the blue spheres indicate the B cations. Note that in this case, both electrical and
mechanical boundary conditions are fulﬁlled. However, the atoms at the boundary are about
to decide which domain their prefer, which causes disorder in atomic positions. This is
crucial for domain switching and the magnitude of disorder depends on structural
parameters. (b) One possibility to introduce long range order along the boundary is to allow
ﬁnite width for the domain boundary by introducing a cubic layer. This also means that the
electric polarization is zero at the boundary. Presumably this type of layer is formed in
structures which do not signiﬁcantly deviate from the cubic structure.
8 shows the experimental lattice parameters of PZT as a function of temperature. In the
vicinity of the phase boundary the c axis signiﬁcantly shortens and the a axis lengthens so
that the c/a axis ratio drops to one in the phase boundary area. Geometrical consideration
shows that this makes it easier to match the pseudo-tetragonal (precisely, monoclinic Cm) and
rhombohedral crystals. This in turn suggests easier crystal boundary motion.
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1.0

Zr content x
Fig. 8. Room-temperature tetragonal (space group P4mm) and pseudo-tetragonal (space
group Cm) a (ﬁlled spheres) and c axis (ﬁlled squares) parameters and the c/a axis ratio
(ﬁlled triangles). Lattice parameter, a R , for rhombohedral phase (space group R3c) is
indicated by crosses. In the case of the monoclinic Cm phase (structure slightly
deviates from
√
the tetragonal
structure)
the
average
of
the
a
and
b
axes
were
divided
by
2,
whereas


a R = 13 3a2H + (c H /2)2 , where a H and c H are the hexagonal lattice parameters. The data
indicated by black colour are from. refs. (Frantti et al., 2000; 2002; 2003) and the data
indicated by blue colour are from. ref. (Yokota, 2009).
7.2.0.1 Domain wall width.

We summarize the description given in ref. (Strukov & Levanyuk, 1998) for a domain
boundary (parallel to yz plane) width estimation in a case that an inﬁnitely large crystal
is divided in two domains, one with x < 0 and the other with x > 0. To ﬁnd out how
the order parameter η (in this case proportional to the spontaneous polarization) changes
∂η
cross the boundary one includes a gradient term, proportional to ( ∂x )2 , to the density of the
thermodynamic potential ϕ(η ). By expanding the thermodynamic potential up to forth order
in order parameter and integrating over the entire crystal volume one gets the thermodynamic


∂η
potential v ϕ(η )dv = v [ ϕ0 + 12 Aη 2 + 14 Bη 4 + 12 C ( ∂x )2 ]dv. A solution η ( x ), which minimizes
the thermodynamic potential, is obtained through variational computation with boundary
∞, where η0 is a solution
conditions η → η0 when x → ∞ and η → − η0 when x → −√
)
obtained for a homogeneous crystal. The solution is η ( x ) = ± − A/B tanh( √ x
2

C/ (−2A )

(Strukov & Levanyuk, 1998).

8. Conclusions
Piezoelectric contribution in lead-zirconate-titanate (PZT) ceramics was reviewed and
classiﬁed to intrinsic and extrinsic contributions. Models of intrinsic contribution were
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addressed in light of recent experimental and theoretical studies. The very controversial
polarization rotation model was addressed. Extrinsic contribution, consisted of grain
boundary movement, domain wall movement, movement of the boundaries between crystal
intergrowths and changes in phase fractions signiﬁcantly contribute to the piezoelectric
response of ceramics. Crystal symmetry analysis is not only useful for reducing the number
of piezoelectric constants in single crystals, but ﬁnds applications in ferroelectric domain
formation both in bulk ceramics and in thin ﬁlms. Domain distribution depends on the sample
size and shape, and the type of domain boundaries is affected by the sample preparation
route. An example of the ﬁrst case is Kittel’s law, whereas changes in electrical conductivity
between differently synthesized samples often result in different types of domain boundaries.
Different contributions have characteristically different time-dependencies. Contemporary
synchrotron facilities allow time-dependent studies down to 10 ns, making time-dependent
studies feasible.
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1. Introduction
This article represents a systematic review of the behaviour of B-site multi-element doping
effect on electrical property of bismuth titanate ceramics. Bismuth titanate, Bi4Ti3O12 (BIT) is
a potential candidate for high-temperature device applications due to their high dielectric
constant, Curie temperature (Tc), breakdown strength, anisotropy and, low dielectric
dissipation factor, therefore attracting considerable commercial interest in applications such
as high temperature piezoelectric devices, memory storage and optical displays. These
features make bismuth layer-structured ferroelectrics (BLSFs) attractive in the field of
developing lead-free piezoelectric materials. BIT is a well-known member of the BLSFs,
which can be represented by a general formula (Bi2O2)2+(Am-1BmO3m+1)2-, where A represents
a mono-, di, or trivalent ion, such as La3+, Nd3+, Pr3+, Sm3+, etc., B stands for transition-metal
cations like Ti4+, Nb5+, Ta5+, W6+, etc., and m is the number of BO6 octahedra in the
perovskite-like layer (m=1-5) (Aurivillius, 1949; Kumar, 2001; Markovec, 2001; Nagata, 1999;
Noguchi, 2000; Sugibuchi, 1975; Shimakawa, 2000; Subbarao, 1961; Shulman, 2000; Shimazu,
1980l; Takenaka, 1981). The layer structure of Bi4Ti3O12 (m=3) consists of three perovskitelike (Bi2Ti2O10)2- units with a pseudo-perovskite layer structure, sandwiched between
(Bi2O2)2+ layers along its crystallographic c axis. In the (Bi2Ti2O10)2- units, Ti ions are enclosed
by oxygen octahedra, and Bi ions occupy the spaces in the framework of octahedral
(Subbarao, 1950).
BIT is of interest in high-temperature piezoelectric sensors, because it remains ferroelectric
up to 675 °C and offers relatively high piezoelectric property (Subbarao, 1961). However, the
high leakage current and domain pinning due to defects in BIT have appeared as obstacles
for further applications. The reasons for such problems are suggested due to the instability
in the oxidation state of Ti ions and the volatile property of Bi during the sintering process
(Nagata, 1999). Great efforts have been made to solve the high-leakage current, by
incorporation of W, Nb or Ta dopants, as these can significantly decrease the conductivity in
BIT (Hong, 2000; Markovec, 2001; Shulman, 1999; Takenaka, 1981; Villegas, 1999; Zhang,
2004). Unfortunately, the piezoelectric effect in the high Curie temperature BIT is relatively
low, with coefficient values typically less than 20 pC N-1 found for both pure and modified
Bi4Ti3O12. Thus, it is a challenge to seek a rational pathway to improve the electrical property
of BIT ceramics.
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We have reported in our publications, the effects of composition and crystal lattice structure
upon microstructure, dielectric, piezoelectric and electrical properties of BIT, Bi4Ti3xWxO12+x+0.2wt%Cr2O3 (BTWC), Bi4Ti3-2xNbxTaxO12 (BTNT) and Bi4Ti3-2xNbxTax-ySbyO12
(BTNTS) ceramics have been widely investigated (Hou et al, 2009, 2010 and 2011). The
processing of as-synthesized BIT were optimized and the main parameters were
determined, and confirmed that the piezoelectric coefficient (d33) of undoped BIT is 8 pC N-1.
As for BTWC, the results have shown the systematic changes in the lattice parameters; the
formation of secondary phase(s) at higher levels of W/Cr doping; and the increase in
dielectric constant and loss at room temperature with increase of doping content. A higher
value of d33, at 22 pC N-1, was obtained for the sample with x=0.025, which may result
directly from lowering conductivity. With regard to BTNT and BTNTS, the results have
shown the formation of orthorhombic structure for all the samples within these family of
dopants; the addition of Nb/Ta caused a remarkably suppressed grain growth while there is
not much difference in grain size for BTNTS; as the doping content was increased, the Curie
temperatures of BTNT decreased significantly, to as low as 630oC while the difference is not
very significant for BTNTS. The co-doping at B-site could induce the distortion of oxygen
octahedral and reduce the oxygen vacancy concentration, resulting in the enhancement of
d33. Especially, the highest values of 26 and 35pC N-1, were obtained for
Bi4Ti2.98Nb0.01Ta0.01O12 and Bi4Ti2.98Nb0.01Ta0.002Sb0.008O12, respectively. The activation energy
associated with the electrical relaxation and DC conductivity were determined from the
electric modulus spectra, suggesting the movements of oxygen ions are possible for both
ionic conductivity as well as the relaxation process. To ascertain the electrical conduction
mechanism in the ceramics, various physical models have been proposed, suggesting the
conductivity behavior of the ceramics can be explained using correlated barrier hopping
model. All measurements demonstrated that BTNT ceramics are promising candidates for
high temperature applications.

2. W/Cr modified Bi4Ti3O12 ceramics
Bismuth titanate, Bi4Ti3O12 (BIT) is a potential candidate for high-temperature device
applications due to their high Curie temperature (Tc) and an excellent fatigue endurance
property. However, the piezoelectricity of pure BIT ceramics is relatively very low (d33 < 8
pC N-1). The piezoelectric properties can be enhanced by grain orientation techniques.
However these methods are not cost effective. So, it is favourable to optimize piezoelectric
properties via structural modification using appropriate doping. In this connection, to
improve the piezoelectric properties of BIT, ions substitution with other cations have been
considered and explored. It has been shown that doping with donor cations such as Nb5+,
V5+ or Ta5+ in the Ti4+ positions decreases electrical conductivity and improves piezoelectric
properties of BIT ceramics (Du, 2009; Shulman, 1999; Tang, 2007). Cr doping is another one
of the most adopted strategies to tailor the dielectric and piezoelectric properties of
ferroelectrics to practical specifications. It is well known that Cr is effective in decreasing the
aging effect and decreasing dielectric loss thus the effect of doping of Cr3+ is that of stabilizer
of piezoelectric and dielectric properties (Li, 2008; Yang, 2007). The density of ceramics can
be increased using small amount of Cr2O3. However, large content of Cr2O3 will inhibit
grain growth because of accumulation of Cr3+ at the grain boundary, which results in
decrease in the grain size (Hou et al, 2005; Takahashi, 1970).
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It is noted that the studies concerning the effect of W+6 doping on electrical and sintering
behavior have been reported earlier (Jardiel, 2006, 2008; Villegas, 2004). However reports on
W/Cr doped BIT ceramics are scarce. We have made an attempt to optimize the W/Cr
doping to yield enhanced piezoelectric and dielectric properties of BIT ceramics. The
influence of W/Cr doping on the structural, sintering behavior, dielectric, electrical
conductivity and piezoelectric properties of BIT ceramics is reported in this section.
Fig. 1 (A) shows the X-ray diffraction patterns of BITWC ceramics at room temperature.
Diffraction data does not show any evidence of the formation of tungsten and chromium
oxide or associated compounds that contain bismuth or titanium. Therefore, the BITWC
ceramics maintains a layer structure similar to the perovskite BIT even under extensive
modifications by W6+/Cr3+.

Fig. 1. (A) XRD patterns of BITWC with different W/Cr content: (a) 0.0, (b) 0.025, (c) 0.05,
(d) 0.075, (e) 0.10 and (f) 0.15. (B)Evolution of XRD patterns associated with the peaks of
(020)/(200) and (220)/(1115) of BITWC powders with different W/Cr content.

Fig. 2. Variation in lattice parameters of BITWC powders calcined at 800 °C for 4 h vs.
different amount of W/Cr doping.
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Fig. 3. SEM images of polished and thermal etched surfaces of various samples: (a) 0.025, (b)
0.05, (c) 0.075, (d) 0.10 and (e) 0.15. Scale represented in the figures is 3 μm.
Evolution of XRD patterns associated with the peaks of (020)/(200) and (220)/(1115) of
BITWC with different W/Cr content are shown in Fig. 1 (B). For sample with 0.025W/Cr,
the (020) diffraction pattern at 2θ=33° is clearly split into two (020) and (200) peaks in the
orthorhombic phase thus the lattice constants a ≠ b. With increasing W/Cr content, the
splitting between the (020) and (200) peaks is decreased, indicating the reduction of the
orthorhombicity a/b. When x=0.05, only the reflection (020) can be observed and the (020)
reflections have shifted to higher 2θ values, indicating a decrease in the lattice parameters a
and b in the crystal structure. From Fig. 1 (B) the (220) reflections are observed to shift
upwards in the orthorhombic form and the reflection (1115) is absent at x=0.10. That means
the modification of tungsten and chromium for titanium ions distorts the positions of ions in
the lattice, which may result from the different lattice strain relating to different ionic radius
and outer electronic configuration between W6+ and Cr3+. As typically shown in Fig. 2, the
decrease of the orthorhombic lattice parameters a and b, and lattice volume V of the BIT
phase with an increasing amount of W/Cr doping are obvious, especially for the
composition with W/Cr being less than 0.10. Further an increase in the amount of W/Cr to
0.15 does not cause a change of cell dimensions based on XRD results. However, no
significant drop in lattice parameter, c, is found in BITWC powders calcined at 800 °C for 4
h. It is observed that the almost no volume change could be found for powders with W/Cr
doping more than 0.10, allows us to further study the possibility of the formation of a
second phase like Bi6Ti3WO18 and Bi6Ti5WO22 in the samples (Jardiel, 2008), although any
secondary phases were not found by XRD techniques because of the limitation of XRD
intensity below a certain concentration. A careful examination of the XRD patterns in Figs. 1
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(B) reveal that apart from the decrease of the lattice parameters and the difference between
the a and b parameters, the peaks have broadened. The (1115) peaks in the patterns of
x=0.10 and 0.15 appear as a weak shoulder on the right of the corresponding (220) peaks.
Although the line-broadening of XRD peaks can have various origins, including grain size
and dislocation structure (Snyder, 1999), it is expected that the observed line-broadening can
be attributed to micro -strain in the material.
Fig. 3 shows the SEM images of the polished and thermally etched surfaces of BITWC
ceramics. It is observed that the average grain size decreased with W/Cr doping ranging
from approximately 10 μm to 1 μm, which suggest that W/Cr control the growth of the
plate-like grains. It is reported that WO3 influences the grain growth kinetics due to the
slowing of grain boundary diffusion processes (Jardiel, 2008). The aspect ratio of the grains
decreases with increase of W/Cr doping as shown in Fig. 3. This will lead to a better
arrangement of the particles during the sintering processes and consequently to an
enhanced densification of the ceramics. Table I shows the EDS analysis data of BITWC
ceramics. When x ≤ 0.05, the experimentally observed atomic ratios agreed with the initial
compositions signifies that the BITWC ceramics are single phase. This shows that the
W6+/Cr3+ cations were incorporated into the layered perovskite structure and presumably
occupied Ti4+ sites. While for x ≥ 0.075 compositions, EDS results were not in agreement
with the initial theoretical atomic ratios. This indicates the presence of the secondary phases
in the samples.
Element

BIT

x=0.025

x=0.05

x=0.075

x=0.1

x=0.15

Bi

4.00

3.98

3.97

3.96

3.93

3.87

Ti

2.99

2.98

2.94

2.91

2.86

2.81

W

0

0.025

0.05

0.076

0.11

0.16

Cr

0

0.4

0.4

0.39

0.4

0.37

O

12.00

12.00

12.00

12.08

12.09

12.16

Table 1. Energy-Dispersive Spectra (EDS) Analysis Data for BITWC ceramics
Fig. 4 (a) shows the variation of the real part of impedance ( Z' ) with frequency at various
temperatures for x = 0.025 composition. It is observed that the magnitude of Z' decreases
with increase in both frequency as well as temperature, indicating an increase in ac
conductivity with rise in temperature and frequency. The Z' values for all temperatures
merge at high frequencies. Similar trends were observed for the other compositions which
are not depicted in the Fig. 4. Fig. 4 (b) shows the normalized imaginary parts of impedance
"
"
(Z" Zmax
) as a function of frequency at the selected temperatures. The values of (Z" Zmax
)
are observed to shift to higher frequencies with increasing temperature consistent with
temperature dependent electrical relaxation behavior. These observed relaxation processes
for the studied samples could be attributed to the presence of defect/vacancies.
Relaxation processes in many electric, magnetic, mechanical and other systems are governed
by the Kohlrausch-Williams-Watts (KWW) law (Williams, 1970),

( )

β⎤
⎡
ϕ(t ) = exp ⎢ − t
⎥⎦
τ
⎣

(1)
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where τ is the relaxation time and 0 < β ≤ 1 is the parameter which indicates the deviation
from Debye-type relaxation. The dielectric behaviour of the present ceramics is rationalized
by invoking modified KWW function suggested by Bergman (Bergman, 2000). The
imaginary part of the electric modulus ( Z" ) can be defined as:
Z"
1
=
"
β ⎡
Zmax
(1 − β) +
β ( f max / f ) + ( f f max ) .β ⎤⎦
1+β⎣

(2)

"
where Zmax
is the peak value of the Z" and fmax is the corresponding frequency. Theoretical
fit of Eq. 2 to the experimental data is shown in Fig. 4 (b) as the solid lines. It is seen that the
experimental data are well fitted to this model except in the low frequency regime which
may be due to electrode effect associated with the samples. From the fitting of Z" versus
frequency plots, the value of β was determined and found to be temperature independent.
The value of β is found to be 0.82±0.02 in the 400-600 °C temperature range. Eq. 2 can be
fitted for other compositions under study which are not shown in Fig. 4.

Fig. 4. (a) Real and (b) imaginary parts of impedance versus frequency plots at various
temperatures and the solid lines are the theoretical fit.
Fig. 5 depicts the variation of relaxation frequency with an inverse of absolute temperature
for the composition of x=0.025. The activation energy for electrical relaxation can be
calculated using Arrhenius relation as:

(

f m = f o exp − E

kT

)

(3)

where fo is the pre exponential factor, k is the Boltzmann constant, and T is the absolute
temperature. Activation energy was calculated from the linear fit of the experimental data as
shown in Fig. 5 for x=0.025 samples. Activation energy was estimated for the other
compositions under study and the plot for activation energy versus composition is shown in
the inset of Fig. 5. The activation energy increases with the W/Cr content, which suggests a
decrease of oxygen vacancy concentration (Coondoo, 2007).
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Fig. 5. Arrhenius plot for relaxation frequency versus temperature and inset shows variation
of activation energy with x.
T (oC)
450
500
550
600

R1 (ohm)
1.98×105
5.7×104
2.2×104
1.1×104

CPE (1) [nF]
1.26
1.8
1.66
1.2

n1
0.88
0.89
0.89
0.9

R2 (ohm)
1.14×105
3.3×104
1.5×104
7871

CPE (2) [F]
3×10-6
2×10-5
1×10-5
0.037

n2
0.60
0.5
0.41
0.35

R3 (ohm)
6333
1300
268
0.01

Table 2. Cole-Cole fitted parameters for the x=0.025 samples
"
and each f with fmax, the entire curves collapse into a single
If we scale each Z" with Zmax
master curve as shown in the Fig. 6 for x=0.025 samples. The scaling nature of Z" implies
that the relaxation shows the same mechanism in the entire temperature range. Similar
behaviors were also observed for the other compositions (x = 0.05, 0.075, 0.1 and 0.15) under
study which are not shown here in the figure.
Figs. 7 depict complex impedance plots at 600 °C temperatures for x=0.025 samples. The
complex impedance plots were resolved with two depressed semicircles corresponding to
grain and grain boundaries. The impedance data for x=0.025 samples were fitted using
superimposition of two Cole-Cole expressions as:

Z* =

R1
R2
+
⎡1 + ( iωτ )n1 ⎤ ⎡1 + ( iωτ )n 2 ⎤
1
2
⎣
⎦ ⎣
⎦

(4)

where R1, R2, τ1 and τ2 are resistance and relaxation times from grain and grain boundaries,
respectively. The factors n1 and n2 indicate poly-dispersive multi Debye type relaxation. If
the values are unity then the relaxation is explained by Debye type response. Experimental
data were fitted using the software “ZsimpWin” as shown in Fig 7(a-d). The electrical
contribution of the grains and grain boundaries was introduced by using an equivalent
circuit as shown in inset of Fig 7(a). The results show the well-fitted impedance plots to the
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Fig. 6. Scaling behaviour of Z" at various temperatures.

Fig. 7. Cole-Cole plots for x=0.025 BITWC samples at various temperatures.
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experimental data.
The capacitors in the equivalent circuit are universal
n−1
capacitors (C * = A ( iω) ) , as introduced by Jonscher (Jonscher, 1977). Fitted parameters are
reported in the Table II.
"
In order to study the relaxation mechanism for various compositions, the plots of (Z" Zmax
)
versus f/fmax are shown in Fig. 8 for the compositions under study at 600 °C. It is to be noted
that relaxation peaks are completely overlapped. This indicates that the relaxation
mechanism is invariant with W/Cr content. However, the plots have not merged in the
lower frequency regime. It is due to the extrinsic phenomenon associated with the samples.

Fig. 8. Scaling plots for various values of x at a temperature of 600oC.
Dielectric constant and dielectric loss were calculated at various frequencies and
temperatures (for the compositions under study) from the impedance data using the
following relations:
ε' =

(

− Z"

ωC o Z'2 + Z"2
tan δ =

Z'
−Z"

)

(5)

(6)

where Co is the equivalent vacuum capacitance ( = ε o A / t ) of the sample. A and t are area
and thickness of the sample. Fig. 9 shows the dielectric permittivity and dielectric loss (tanδ)
of W/Cr-doped BIT as a function of temperature measured at a frequency of 100 kHz. The
dielectric peaks occur when the temperature is higher than 640 °C, which corresponds to the
Curie temperatures. The Curie temperatures of BITWC are found to be slightly lower than
that of BIT ceramic, and gradually decreased from 675 to 640 °C with increasing W/Cr
content, which may partially arise from the difference of ionic radii (W6+: 0.62 Å, Cr3+: 0.52
Å, and Ti4+: 0.605 Å) and partially result from an decrease in the lattice distortion (Kan, 2004;
Lopatin, 1989; Nagata, 2004; Villegas, 2004). A small hump is observed in temperature
dependence dielectric constant plots for higher compositions of BITWC ceramics (x > 0.075)
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(as shown in inset of Fig. 9). This may be due to the presence of secondary phase in the
ceramics (Hyatt, 2005; Luo, 2001). There is a sudden increase of loss (tan δ) in the curve,
with a peak position slightly below the Tc. After the Tc, the loss (tan δ) reaches a minimum
value and then begins to increase once again. This dielectric loss valley is corresponding to
the dielectric peak, i.e., the Curie temperature. The selected room temperature properties of
BITWC ceramics are characterized and listed in Table III. With increasing of W/Cr contents,
the Curie temperature and the dielectric loss decreased whilst the dielectric permittivity and
loss vary sluggishly.

Fig. 9. Temperature dependence of dielectric constant and loss for the BITWC ceramics on
W/Cr content.
In order to further elucidate the transport mechanism in the present ceramics, the electrical
conductivity at different temperatures is studied. Electrical conductivity can be calculated
from the dielectric data as:
σ(ω) = ω.ε o .ε' .tan δ

(7)

where ω is the angular frequency and ε o is the vacuum permittivity. Fig. 10 shows the
frequency dependent (0.1 Hz-3 MHz) electrical conductivity at various temperatures for
0.025BITWC. Similar trends were found for other samples which are not mentioned in here
Fig. 10. The electrical conductivity depends on frequency according to the “universal
dynamic response” and can be related as σ(ω) = σDC + A.ωn , where A is the temperature
dependent parameter and the exponent n is a characteristic parameter representing the
many body interactions of the electrons, charges and impurities. It varies from 0 to 1 and for
ideal Debye type behaviour it is equal to 1 (Jonscher, 1977). In Fig. 10, at all the
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temperatures, the conductivity is independent of frequency at low frequency regime. Above
a characteristic frequency, the conductivity increases with increase in frequency with
characteristics ωn dependence. The conductivity increases with increasing temperature due
to thermal activation of conducting species in the samples. The frequency response of the
other compositions also behaved similarly. Electrical conduction in BITWC ceramics is
expected to result mainly from the defects presented in the lattice. These defects could come
from the volatilisation of Bi2O3 during sintering, which could result in oxygen and bismuth
vacancies. The variation of dc conductivity ( σDC ) with temperature can be described by
Arrhenius equation as;
−E
⎞
σDC = σo exp ⎛⎜ DC
kT ⎟⎠
⎝

(8)

Where σo is pre-exponential factor and EDC is activation energy associated with dc
conductivity. Fig. 11 shows dc conductivity as a function of inverse of absolute temperature.
From the slope of the linear fit, we can estimate activation energy associated with dc
conduction. The variation of the activation energy with the W/Cr (x) content is depicted in
the inset of Fig. 11. The activation energy (0.9 eV) for the conductivity of x=0.025 samples
suggested an extrinsic conduction mechanism. With increasing W/Cr doping, the activation
energy increased from ~0.9 to ~1.5 eV. This is associated with a change from extrinsic to
intrinsic conductivity (Takahashi, 2003; Zhou, 2006; Zhang, 2009). It is well known that the
intrinsic electronic conductivity activation energy is equal to half of the energy of the band
gap (Eg). The reported value for the band gap is 3.3 eV for Bi4Ti3O12 ceramics (Ehara, 1981)
which is in close agreement with that of the present results (1.5 eV). It is interesting to note
that the values for activation energy of dc conduction and electrical relaxation (Fig. 5) are in
close agreement which indicates that the same ions are responsible for the both the
processes (dc conduction and relaxation).

Fig. 10. Frequency dependent electrical conductivity at various temperatures.
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Fig. 11. Arrhenius plot for dc conductivity for x=0.025 sample and inset shows variation of
activation energy with W/Cr content.

Fig. 12. Frequency dependent electrical conductivity for various W/Cr content
To further investigate the conductivity for all the compositions, we have plotted frequency
dependent (0.1Hz-3MHz) electrical conductivity for all the compositions under study at
600 °C temperature as shown in Fig. 12. It is interesting to note that electrical conductivity of
x=0.025 sample decreases significantly as compared with that of undoped BIT ceramics.
Consequently conductivity increases with further increase in W/Cr content. In BIT ceramics,
hole compensation of bismuth vacancies promotes p-type electronic conductivity. Under
charge neutrality restriction, when W6+ substitutes Ti4+, two positive charge centers at W site
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and two electrons will be created. These electrons neutralize the influence of the holes. The
conductivity decreases with donor doping to a minimum value where the concentration of
electron holes matches the electron concentration (p=n). With a further increase in the donor
(W+6) concentration the conductivity becomes n-type and starts to increase again. The
minimum conductivity appears at a lower W/Cr content doped BIT ceramics (x=0.025).
Presence of secondary phase in higher concentration doped (x>0.075) ceramics can also play
crucial role in the conductivity behaviour (Hyatt et al. 2005; Jardiel et al. 2006). It is reported
that the Bi6Ti3WO18 ceramics have higher conductivity than Bi4Ti3O12 ceramics which results
higher conductivity associated with the ceramics of higher concentration (x > 0.075).
However, it is reported in the literature that the conductivity decreases up to concentration
of x = 0.08 and consequently increases in sluggish manner with increase in the W doping
(Jardiel, 2008). The reported value of dc conductivity at 600 °C is 3.2 × 10-5 (ohm·cm)-1 for the
W doping concentration of 0.05 (Jardiel, 2008). While in the present investigations, the value
of dc conductivity is found to be 2.38 × 10-6 (ohm·cm)-1 for the x=0.05 W/Cr doping at
600 °C. This difference in the value of electrical conductivity can be attributed to microscopic
heterogeneity and random arrangement of cations in the structure due to the presence of Cr
ions along with W and Ti ions at B-site. The interaction between the cations controls the
conduction and dielectric mechanisms of the present ceramics. A defect chemistry
expression for W doping can be written as
TiO

2
WO3 + Vo•• ←⎯⎯
→ 0.5WTi•• + 3OD

(9)

It shows that the oxygen vacancies are reduced upon the substitution of donor W6+ ion for
Ti4+. Hence, it is reasonable to believe that the conductivity in BIT ceramics is suppressed by
donor doping.
The piezoelectric constant (d33) was measured at room temperature for all the compositions.
All the samples were electrically poled prior to piezoelectric measurements. It is interesting
to observe that the sample for x=0.025 has higher d33 coefficient than that of the other
compositions (Table III). It is related to the fact that composition corresponding to x=0.025
has lowest conductivity among the samples studied in this work and thus allowing for
better poling. The gained increment in d33 by W/Cr co-doping is very desirable, indicating a
significant improved piezoelectric property due to W/Cr modification.
tan δ at
100 kHz,

d33(pC N-1)

658

ε' ,
at 100 kHz,
178

0.02

22

x=0.050

650

186

0.021

17

x=0.075

648

197

0.023

16

x=0.100

645

205

0.028

14

x=0.150

640

211

0.028

12

Bi4Ti3-xWxO12+x
+0.2wt%Cr2O3

Tc
(°C)

x=0.025

Table 3. Physical characteristics for W/Cr modified BIT ceramics at room temperature.
The crystallographic evolution and phase analysis of Bi4Ti3O12:W/Cr ceramics were
determined by the XRD and the microstructural morphology was studied by SEM analysis.
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The modification of W/Cr significantly improved the piezoelectric activity of the
Bi4Ti3O12:W/Cr ceramics. The Curie temperature decreased slightly with W/Cr
modification increasing. Electrical relaxation mechanism was found to be similar for all the
compositions. The excellent piezoelectric and dielectric properties coupled with high Curie
temperature, demonstrated that the Bi4Ti2.975W0.025O12.025+0.2wt%Cr2O3 (x=0.025) ceramics
are promising candidates for high temperature applications.

3. Nb/Ta modified Bi4Ti3O12 ceramics
Doped BIT is of interest in high-temperature piezoelectric sensors, because it remains
ferroelectric at T > 600 °C and offers relatively high piezoelectric property (Kumar, 2001;
Nagata, 1999; Noguchi, Sugibuchi, 1975; Shimakawa, 2000; Subbarao, 1961; 2000; Shulman,
2000; Shimazu, 1980). High leakage current and domain pinning due to defects in undoped
BIT have appeared as obstacles for further applications. Unfortunately, the piezoelectric
effect in high Curie temperature BIT is relatively low, with coefficient values less than 10 pC
N-1 for pure BIT and less than 20 pC N-1 for modified Bi4Ti3O12. To improve the piezoelectric
property, Nb/Ta co-modified BIT ceramics were fabricated by a conventional solid-state
reaction process and the influence of the Nb2O5/Ta2O5 additive on the structure and
electrical properties of the ceramics was investigated. The composition Bi4Ti3-2xNbxTaxO12
(BTNT, x=0, 0.01, 0.02, 0.04, 0.06) polycrystals were prepared by the conventional solid-state
reaction technique.
To investigate the effect of Nb/Ta modified BIT ceramics on the phase stability, Bi4Ti32xNbxTaxO12 powders calcined at 800 °C for 4 h were prepared and their crystal structures
were analyzed using XRD. Fig. 13 shows the XRD patterns of all samples. Diffraction data
does not show any evidence of the formation of niobium and tantalum oxides or associated
compounds that contain bismuth or titanium. This observation indicates that Nb/Ta ions in
the BTNT ceramics do not form minority phase or segregate from the interior grain but
dissolve into the perovskite lattice. Therefore, the BTNT ceramics maintains a layer structure
similar to the perovskite BIT.

Fig. 13. XRD patterns of Bi4Ti3-2xNbxTaxO12 powders calcined at 800 °C for 4 h on different
Nb/Ta amounts.
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The microstructures of BTNT ceramics are shown in Fig. 14. As figure 14 show average
grain size ranging from approximately 40 μm to 1μm in length decreased with increase of
Nb/Ta amount, which suggested that the additive controlled the growth of the plate-like
grains. The porosity was mainly located on grain boundaries. As is well known, both
sintering and grain growth are closely associated with ion migration. Thus if the
incorporation of Nb5+/Ta5+ into BIT led to an increase in the activating energy for ion
migration, a reduction in the rate of grain growth would be expected with increasing
amounts of Nb/Ta. Furthermore, according to the sintering theory, the particle surface
energy and grain boundary energy are the major driving forces for sintering and grain
growth.

Fig. 14. SEM images of Bi4Ti3-2xNbxTaxO12 ceramics on different Nb/Ta amount: (a) x=0.01,
(b) x=0.02, (c) x=0.04, (d) x=0.06.
BTNT ceramics sintered at the temperatures giving maximum density values were used for
the measurement of dielectric property. Fig. 15 shows the permittivity, εr, and dielectric loss,
tanδ, of Nb/Ta-doped BIT ceramics as a function of temperature measured at a frequency of
100 KHz. The Curie temperatures of BTNT ceramics are found to be slightly lower than that
of BIT ceramic, and gradually decreased from 675 to 630 °C with increasing Nb/Ta amounts
due to the contribution of space charge and ionic motion (Fouskova, 1970). Moreover, the
phase transition peaks become broad and diffusive, which may result from the cationexchange between Ti4+ in TiO6 octahedra and Nb5+/Ta5+ at the B sites to release the misfit
strain due to the similar ionic radii (Nb: 0.69 Å, Ta: 0.64 Å, Ti: 0.605 Å). For the dielectric
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loss, there is a sudden increase in the curve, with a peak position slightly below the Curie
temperature, Tc. After the Tc, the dielectric loss reaches a minimum value and then begins to
increase once again. With increasing Nb/Ta amounts the peaks of the dielectric loss shifted
to the lower temperature and even became flatter. So the activation energy of oxygen
vacancy correspondingly increased with the distortion of lattice after doping enhances its
hopping barrier. It is clear that the introduction of the Nb5+/Ta5+ at B-site in BIT as donor
impurities can effectively reduce the oxygen vacancies, which may be elucidated by the
defect reaction:

Fig. 15. Temperature dependence of permittivity and dielectric loss for BTNT ceramics on
Nb/Ta amounts.
⋅
⋅
Nb2O5 + VO⋅⋅ → 2 NbTi
+ 5Oo and Ta2O5 + VO⋅⋅ → 2TaTi
+ 5Oo .

(10)

A decrease of the oxygen vacancy after the Nb5+/Ta5+ doping results in the depression of the
dielectric loss peak, which was consistent with previous reports (Shulman, 2000, 1996;
Villegas, 1999). Thus B-site doping of equal valence can screen the effect of oxygen vacancy,
which is contributing to an enhancement of the dielectric property of BTNT ceramics.
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The selected room temperature properties of BTNT ceramics as a function of Nb/Ta
amounts are characterized. Fig. 16c shows the permittivity and dielectric loss of the BTNT
ceramics as a function of Nb/Ta amount. It was found that the room temperature
permittivity of BTNT ceramics increased drastically whilst the dielectric loss decreased
due to the depression of the oxygen vacancies with increasing Nb/Ta amounts. Figure 16a
and 16b show the piezoelectric coefficient d33 and Curie temperature Tc of the BTNT
ceramics for varying amounts of Nb/Ta . The d33 values first increased and reached a
maximum value of 26 pC N-1 for samples with x=0.01. However, previous research has
shown that doping a small amount of Nb2O5 or Ta2O5 resulted in an increase in the d33,
from 8 to 20 pC N-1 (Shulman, 1996, Shulman, 2000). The gained increment in d33 by
Nb/Ta co-doping is very desirable, indicating a significant improvement in the
piezoelectric property. The change in piezoelectric properties was explained with a grain
size effect, namely, a sound grain growth with the addition of Nb2O5/Ta2O5, enables a
consummate development of ferroelectric domains and thus improves the piezoelectric
properties. As a result, there may be more crystallographic directions suitable for
polarization, facilitating piezoelectricity. Based on decreasing dielectric loss, it’s proposed
that the grain size effects play a dominant role in the piezoelectric response. On the other
hand, with decrease in oxygen vacancies diffusing to the domain wall in bulk, the pinning
of the domain wall can decrease and the number of available switching domain walls can
increase, resulting in enhancement of the d33. But a further increase of concentration of
Nb/Ta in BIT could act as pinning centres for domain walls and reduce their contribution
to the piezoelectric effect, which is consistent with the previous reports that the addition
of Nb and other cations in perovskite layer with dimensional mismatch between
perovskite and bismuth oxide layers (Armstrong, 1972). It also can be seen the Nb/Ta
doping causes more drastic decrease in the values of Tc. Thermal annealing behavior for
the control and Nb/Ta modified BIT ceramics are shown in Figure 16d, where the
piezoelectric coefficient, d33 are plotted against the annealing temperature. The values of
d33 of the BTNT ceramics show no obvious drop, when the annealing temperature is lower
than 500 °C. This reveals that BTNT orthorhombic structured materials are very stable to
thermal annealing. When annealing temperature is higher than 500 °C, about 74 % of Tc,
the piezoelectric coefficient of all BTNT ceramics decreases sharply, and tends to zero
when the annealing temperature is above Tc.
The B-site vacancies Bi4Ti3-2xNbxTaxO12 ceramics were synthesized by the solid-state reaction
process. The analysis of the structure and the morphology were performed by XRD and
FESEM. All the specimens maintained the orthorhombic structure and the addition of
Nb2O5/Ta2O5 caused a remarkably suppressed grain growth, which plays the dominant role
in the piezoelectric response. This work also presented the considerable influence of
Nb2O5/Ta2O5 additive on the dielectric and piezoelectric properties. The Curie temperature,
Tc, decreased from 675 to 630 °C while the permittivity increased drastically. The Nb/Ta
doping at B-site could induce the distortion of oxygen octahedral and reduce the oxygen
vacancy concentration by the compensating effect which is contributed to the enhancement
of piezoelectric activity. The high piezoelectric coefficient d33 of Bi4Ti2.98Nb0.01Ta0.01O12
ceramics controlled by precisely optimizing Nb/Ta amounts is found to be 26 pC N-1. All
measurements demonstrated that BTNT ceramics are the promising candidates for high
temperature applications.
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b
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Fig. 16. Properties of Bi4Ti3-2xNbxTaxO12 ceramics for different Nb/Ta amounts at room
temperature (a,b,c), effect of annealing temperature for 2 h on d33 of Bi4Ti3-2xNbxTaxO12
ceramics (d).

4. Nb/Ta/Sb modified Bi4Ti3O12 ceramics
Lead-based piezoelectric ceramics such as Pb(Zr,Ti)O3 (PZT), are widely used in
piezoelectric actuators, sensors, and transducers due to their high relative permittivity, large
remnant polarization, and excellent piezoelectric coefficients (Jaffe, 1971; Uchino, 2000).
However, evaporation of toxic lead oxides during high temperature sintering produces
environmental toxic burden and also generates instability of the composition and electrical
properties of the ceramics. Thus, investigation of the possible use of ecologically clean leadfree ceramics in the field of science and technology is of great interest.
Bismuth titanate, Bi4Ti3O12 (BIT) is considered to be an excellent candidate as a key lead-free
piezoelectric material owing to promising piezoelectric and ferroelectric properties. It is also
a promising material for high temperature piezoelectric applications because of the high
Curie temperature. However, as the spontaneous polarization movements are restricted to
the a(b) plane of the unit cell (the c-axis component can be neglected), the ferroelectric and
piezoelectric properties are much lower than those of PZT materials. It is likely, the
piezoelectricity of pure BIT ceramics is low (d33 < 8 pC N-1), due to the fact that it has high
electrical conductivity and high coercive field which impedes the poling process (Ahn, 2009;
Hou, 2010; Shulman, 2000, 1996; Villegas, 2004). The piezoelectric properties can be
enhanced by grain orientation techniques (Jones, 2005; Zhang, 2005). However, these
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processing methods such as hot forging or tape casting methods are not as cost effective as
the production of ceramics via traditional powder pressing technologies. So, it is favourable
to optimize piezoelectric properties via structural modification using appropriate doping. In
this context, cations substitution to improve the piezoelectric properties of BIT have been
considered and explored. It has been shown that the doping with donor cations such as
Nb5+, W6+ or Ta5+ in the Ti4+ positions decreases electrical conductivity and improves
piezoelectric properties of BIT ceramics (Azurmendi, 2006; Hou et al, 2010; Hong, 2000). We
have reported that the value of d33 was 26 pC N-1 for Nb/Ta doped BIT ceramics, fabricated
via the conventional solid state reaction route (Hou, 2009).
It is noted that the studies concerning the effect of Sb doped lead-free piezoelectric ceramics
have been reported earlier, exhibiting high-performance piezoelectric and dielectric
properties (Saito, 2004; Zhao, 2008; Zhang, 2010). However, reports on Sb-doped BIT
ceramics are scarce. To further study the piezoelectric property, Sb2O3 has been considered for
modifying Bi4Ti3-2xNbxTaxO12 (BTNT) ceramics via the conventional solid-state reaction route.
The influence of the Sb2O3 additive on the structural, morphological, dielectric, electrical
conductivity and piezoelectric properties of the ceramics is investigated in this work.
Fig. 17 shows XRD patterns of BTNTS powders calcined at 800 °C for 4 h. The XRD analysis
of BTNTS ceramic powders revealed the presence of BTNTS phase. Therefore, the BTNTS
ceramics in the Sb substituted structure can maintain a layer perovskite structure similar to
the parent BIT perovskite.

e)
d)
c)
b)
a)

10

20

30
40
2 theta

50

60

Fig. 17. XRD patterns of BTNTS powders calcined at 800 °C for 4 h with varying
concentration of Sb2O3: a) 0BTNTS, b) 2BTNTS, c) 4BTNTS, d) 6BTNTS, e) 8BTNTS, f)
10BTNTS
The microstructures of BTNTS ceramics are shown in Fig. 18. The average grain size can be
observed to be varying with the content of Sb2O3, suggesting that the additive controlled the
growth of the plate-like grains of BTNTS. 8BTNTS ceramic has slight larger grains while there
is a small variation in grain size for the other samples. Change in the microstructure with
doping content is due to the reported formation of liquid phase (sillenite phase) which is
generally observed during the synthesis of BIT (Rojero et al. 2010) (Although, this secondary
phase was not detected in XRD due to small amounts (Fig. 17)). This liquid phase is increasing
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with the increase in Sb2O3 content and avail grain growth. 8BTNTS ceramic has larger grain
size due to the presence of larger quantity of sillenite phase. However 10BTNTS ceramic
samples were observed with smaller grains (Fig. 18(f)). It may be due to excess amount of
antimony (after formation of solid solution) which reacted with sillenite phase and reduced it.

Fig. 18. SEM images of BTNTS ceramics with different Sb2O3 content: a) 0BTNTS, b)
2BTNTS, c) 4BTNTS, d) 6BTNTS, e) 8BTNTS, f) 10BTNTS
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Fig. 19. Piezoelectric coefficients (d33) of BTNTS ceramics with different Sb2O3 content at
room temperature (a), comparison of d33 among 8BTNTS and BIT family (b) (BIT, BIT-W,
BIT-Ta BIT-Nb, BIT-V, BIT-Nb/Ta)
Fig. 19 shows the variation of the piezoelectric coefficient (d33) with respect to the content of
Sb2O3 for the BTNTS ceramics. The value of d33 was found to be highest (35 pC N-1) for
8BTNTS ceramics. The d33 value is lower with deviation from 8BTNTS composition in both
directions of increasing or decreasing the content of Sb2O3, but in all other compositions
from 0 to 8, exceeds the hitherto maximum value of ~20 pC N-1. The d33 (35 pC N-1) of
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8BTNTS is 337.5%, 84.2%, 75% and 34.6% higher than that of BIT (Shulman, 1996), W-doped
BIT (Zhang, 2004), V-doped BIT (Tang, 2006), Nb-doped BIT (Shulman, 2000), Ta-doped BIT
(Hong, 2000), and Nb/Ta-doped BIT (Hou et al, 2009). The thermal annealing behaviors for
the 0BTNTS, 8BTNTS and 10BTNTS ceramics are shown in Fig. 20, where the piezoelectric
coefficient, d33 are dependent on the annealing temperature. The d33 values of the BTNTS
ceramics show no obvious drop, when the annealing temperature is lower than 500 °C. This
indicates that BTNTS monoclinic structured materials are very stable to thermal annealing.
When annealing temperature is higher than 500 °C, the piezoelectric coefficients of the
0BTNTS, 8BTNTS and 10BTNTS ceramics decrease sharply, and tend to zero when the
annealing temperature is above Curie temperature (675 °C). No obvious degradation of the
0BTNTS, 8BTNTS and 10BTNTS ceramics is observed below 500 °C.
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Fig. 20. Effect of annealing temperature for 2 h on d33 for 0BTNTS, 8BTNTS and 10BTNTS
ceramics
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Fig. 21. Temperature dependence of permittivity for Bi4Ti2.98Nb0.01Ta0.002Sb0.008O12 ceramics at
100 kHz and 1 MHz
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It is well known that the electrical properties are of fundamental importance for the
piezoelectric applications. It is therefore worthwhile to investigate these properties over a
moderately wide frequency and temperature range for 8BTNTS samples (highest d33 value
among the Bi4Ti3O12–based ceramics). Fig. 21 shows the permittivity, εr, of
Bi4Ti2.98Nb0.01Ta0.002Sb0.008O12 ceramics as a function of the temperature measured at 100 KHz
and 1 MHz. Two peaks are observed at around 600 °C and 660 °C (at both frequencies (100
KHz and 1 MHz)) corresponding to the phase transformation of secondary and 8BTNTS
phases, respectively. To confirm our results, the differential scanning calorimetric trace for
8BTNTS ceramics is depicted in Fig. 22. The sharp peak at 664 °C is associated with the
phase transformation and ascribed as a Curie temperature which is in close agreement with
that of the permittivity versus the temperature plots (Fig. 21).Though, another peak (600oC)
was not detected in DSC trace.
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Fig. 22. DSC curve of Bi4Ti2.98Nb0.01Ta0.002Sb0.008O12 ceramic
Fig. 23 depicts the frequency dependent (0.1 Hz~3 MHz) electrical conductivity for all the
compositions at 600 °C. It is interesting to note that the electrical conductivity of 8BTNTS
decreases significantly as compared with that of other ceramics. This difference in the value
of electrical conductivity may be attributed to microscopic heterogeneity and random
arrangement of cations in the structure due to Sb/Nb/Ta/Ti ions at B-site. We have
reported that addition of Nb and Ta can directly introduce additional electrons for
neutralizing the effect of p-type conductivity commonly observed in pure BIT (Shulman,
1996). These dopants also decrease the concentration of oxygen vacancy in the BIT doped by
Nb/Ta. Sb has 3+ oxidation state in Sb2O3 (0.76 Å ionic radii) and can not be fitted on Ti4+
site (0.605 Å). However it is reported (Peiteado, 2006) that Sb3+ is unstable above 500 °C and
completely transform into Sb5+ (0.60 Å ionic radii) in the presence of Bi2O3 oxide. It indicates
that in the present study, Sb5+ ions are accommodated at Ti4+ sites since samples were
sintered at 1100 °C. The amount of Sb added to the Nb/Ta doped BIT is in relatively small
concentrations at the B-sites in the perovskite structure. In addition to the effect of reducing
p-type conductivity, and decreasing oxygen vacancy concentration we can expect greater
domain wall movement. Thus, Sb has the effect of controlling this switch to n-type
conductivity while not impairing the decrease in p-type conductivity. In addition to donor
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effect of antimony, it is noticed that the microstructures of these samples are also doping
dependent (Fig. 18). Scanning electron micrographs (Fig. 18) show that 8BTNTS ceramics
have larger grain size than that of the other investigated samples. It is reported that
microstructure plays for electrical properties of BIT ceramics (Jardiel, 2006). Due to the
decrease in electrical conductivity, the polarization is aided, facilitating the improved
piezoelectricity. The possible explanation may be ascribed to decrease in the concentration
of oxygen vacancies that can diffuse to domain walls in the piezoelectric ceramic, resulting
in lowering the pinning of the domain walls, thus increasing the number of available
switching domain walls and resulting in the enhancement of d33 (Zhang, 2006).
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Fig. 23. Electrical conductivity of BTNTS ceramics with different Sb2O3 content at 600 °C
In order to understand the conductivity mechanism in BTNTS ceramics, the ac conductivity
plots that were obtained in the 300~600 °C temperature range for the 8BTNTS ceramics are
shown in Fig. 24. The conductivity increases with increasing temperature due to thermal
activation of conducting species in the samples. It exhibits two relaxations at different
frequency region. The low frequency relaxation can be attributed to the grain boundary. As
the frequency increases, the grain boundary resistance might become less than that of grain
and grains dominate conductivity. The resistance and capacitance associated with grain and
grain boundary interplay between their capacitive and dielectric contributions depending
upon the frequency range. The high frequency conductivity is entirely due to the hopping of
localized charge carriers. The bulk DC conductivity is difficult to ascertain from the above
data (Fig. 24) because of significant contributions of grain boundary to the conductivity in
low frequency regime.
The electric modulus approach was invoked to elucidate the electrical transport mechanism
in 8BTNTS ceramics. The physical nature of the electric modulus (Macedo, 1972) is used to
make a correlation between the conductivity and the relaxation of ions in these materials.
This approach can effectively be employed to study bulk electrical behaviour of the
moderately conducting samples. The complex electric modulus (M*) is defined in terms of
the complex dielectric constant (ε*) and is represented as:
M* = (ε*)-1

(11)
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M '+ iM " =

(ε'r )2

ε'r
ε"
+i ' 2 r " 2
" 2
+ (εr )
( ε r ) + ( εr )

(12)

where M ' , M " and ε'r , ε"r are the real and imaginary parts of the electric modulus and
dielectric constant, respectively. Effects of electrode polarization and the electrical
conductivity can be suppressed using the electric modulus formalism. The real and
imaginary parts of the modulus at different temperatures are calculated using Eq. 12 for the
8BTNTS ceramics and depicted in Figs. 25 (a) and 25 (b), respectively.
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Fig. 24. Frequency dependence of ac conductivity at different temperatures for 8BTNTS
ceramics
It is seen from Fig. 25 (a) that at low frequencies, M ' approaches zero at all the
temperatures under study suggesting the suppression of electrode polarization effects.
M ' reaches a maximum value corresponding to M∞ = ( ε∞ )-1 due to the relaxation process.
It is also observed that the value of M∞ decreases with the increase in temperature. The
imaginary part of the electric modulus (Fig. 25 (b)) is indicative of the energy loss under
electric field. The M " peak shifts to higher frequencies with increasing temperature. This
suggests the involvement of temperature-dependent relaxation processes in the present
ceramics. The frequency region below the M " peak indicates the range in which ions drift
to long distances. In the frequency range which is above the peak, the ions are spatially
confined to potential wells and free to move only within the wells. The frequency range
where the peak occurs is suggestive of the transition from long-range to short-range
mobility of ions.
The relaxation time associated with the process was determined from the plot of M " versus
frequency. The activation energy involved in the relaxation process of ions can be obtained
from the temperature dependent relaxation frequency (fmax) as:
⎛ E ⎞
f max = f o exp ⎜ − R ⎟
⎝ kT ⎠

(13)
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Fig. 25. (a) Real and (b) imaginary parts of the electric modulus as a function of frequency at
different temperatures for 8BTNTS ceramics
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where ER is the activation energy associated with the relaxation process, fo is the preexponential factor, k is the Boltzmann constant and T is the absolute temperature. Fig. 26
shows a plot between ln(fmax) and 1000/T along with the theoretical fit (solid line) to the
above equation (Eq. 13). The value that is obtained for ER is 1.00 ± 0.03 eV, which is ascribed
to the motion of oxygen ions and is consistent with more reported in the literature. The
value of activation energy for 8BTNTS ceramics is higher than that of activation energy
reported for pure BIT (Uchino, 2000). An increase in the activation energy as compared to
BIT is an indication of the reduction of oxygen vacancies in 8BTNTS ceramics. This is due to
the fact that the hole compensation of bismuth vacancies promotes p-type electronic
conductivity. When Sb5+&Nb5+&Ta5+ ions substitute Ti4+ and electrons will be created under
charge neutrality restriction. These electrons neutralize the influence of the holes. The
conductivity decreases with donor doping to a minimum value where the concentration of
electron holes matches the electron concentration (p = n). With a further increase in the
donor (Sb5+&Nb5+&Ta5+) concentration the conductivity becomes n-type and starts to
increase again.
The electric modulus can be expressed as the Fourier transform of a relaxation function φ(t):
⎡ ∞
⎛ dϕ ⎞ ⎤
M * = M∞ ⎢1 − ∫ exp( −ωt ) ⎜ − ⎟ dt ⎥
⎝ dt ⎠ ⎦⎥
0
⎣⎢

(14)

where the function φ(t) is the time evolution of the electric field within the materials and is
usually taken as the Kohlrausch-Williams-Watts (KWW) function (Kohlrausch, 1954;
Williams, 1970):
β⎤
⎡
ϕ(t ) = exp ⎢ − ⎛⎜ t ⎞⎟ ⎥
τ
⎣⎢ ⎝ m ⎠ ⎦⎥

(15)

where τm is the conductivity relaxation time and the exponent β (0 < β < 1) indicates the
deviation from Debye type relaxation. The smaller the value of β, the larger is the deviation
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temperatures for 8BTNTS ceramics
from Debye-type relaxation. When β is close to zero, there exists a strong correlation
between the hopping ions and its neighbouring ions. The β was calculated at different
temperatures using the electric modulus formalism. For the ideal Debye type relaxation, the
full-width half maximum (FWHM) of imaginary part of electric modulus is 1.14 decades.
Therefore, β can be defined as 1.14/FWHM. One can estimate DC conductivity at different
temperatures using the electrical relaxation data. The DC conductivity can be expressed as
(Ngai, 1984):

σDC (T ) =

⎡
⎤
εo
⎢ β ⎥
M∞ (T ) * τm (T ) ⎢⎢ Γ 1 ⎥⎥
β ⎦
⎣

( )

(16)

where ε o is the free space dielectric constant, M∞(T) is the reciprocal of high frequency
dielectric constant and τm(T)(1/2πfmax) is the temperature dependent relaxation time. This
equation is applicable to a variety of materials with low concentrations of charge carriers
(Takahashi, 2004; Vaish, 2009). Calculation for DC conductivity from AC conductivity
formalism causes a large error (due to electrode effect) that can be circumvented from the
electrical relaxation formalism. Fig. 27 shows the DC conductivity data obtained from the
above expression (Eq. 16) at various temperatures. The activation energy for the DC
conductivity was calculated from the plot of ln(σDC) versus 1000/T for BTNTS ceramics,
which is shown in Fig. 27. The plot is found to be linear and fitted using following the
Arrhenius equation,
E
⎞
σDC (T ) = B exp ⎛⎜ − DC
kT ⎟⎠
⎝

(17)

where B is the pre-exponential factor and EDC is the activation energy for the DC conduction.
The activation energy is calculated from the slope of the fitted line and found to be 1.08 ±
0.02 eV. This value for activation energy is in close agreement with the activation energy for
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electrical relaxation. Fig. 28 represents the normalized plots of electric modulus M " as a
function of frequency wherein the frequency is scaled by the peak frequency. A perfect
overlapping of all the curves on a single master curve is not found. This shows that the
conduction mechanism changed with temperature which is in good agreement with that of
reported in literature (Takahashi et al 2004). Takahashi et al. reported that BIT exhibits
mixed (ionic-p-type) conduction at high temperature and ionic conductivity was larger than
hole conductivity in Curie temperature range.
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Fig. 29. The frequency dependence of (a) the dielectric constant and (b) loss at various
temperatures for 8BTNTS ceramics
Fig. 29 shows the frequency dependence plots of permittivity (ε’) and dielectric loss (tanδ) at
various temperatures for 8BTNTS ceramics. It is evident that at all the temperatures (Fig. 29
(a)), the value of ε’ decreases with increasing frequency and attains a constant value. The
high value of the dielectric constant in low-frequency regions is a extrinsic phenomenon
arising due to the presence of metallic or blocking electrodes which do not permit the
mobile ions to transfer into the external circuit, and as a result, mobile ions pile up near the
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electrodes and give a large bulk polarization in the materials as well as oxygen ion
polarization at grain boundaries. When the temperature rises, the dispersion region shifts
towards higher frequencies and the nature of the dispersion changes at low frequencies due
to the electrode polarization along with grain boundary effects. A plateau region at 500 °C
was observed at moderately low frequencies that shifted to higher frequencies with increase
in temperature (600 °C). This plateau region distinguished electrode polarizations to the grain
boundary polarizations. The variation in the tanδ with the temperature at various frequencies
(Fig. 29(b)) is consistent with that of the dielectric behaviour. The loss decreases with increase
in frequency at different temperatures (300-600 °C). It is also observed that the dielectric loss
increases with increase in temperature which is attributed to the increase in conductivity of the
ceramics due to thermal activation of conducting species. The clear relaxation peak was not
encountered at any temperature under study because of dominant DC conduction losses due
to high oxygen ion mobility in the temperature range under study.

5. Conclusions
We have reported the effects of composition and crystal lattice structure upon
microstructure, dielectric, piezoelectric and electrical properties of BIT, Bi4Ti3xWxO12+x+0.2wt%Cr2O3 (BTWC), Bi4Ti3-2xNbxTaxO12 (BTNT) and Bi4Ti3-2xNbxTax-ySbyO12
(BTNTS) ceramics. WE have shown how doping can increase the piezoelectric coefficient of
BIT. For the W/Cr samples, a d33 coefficient of 22 pC N-1 was measured for x=0.025. The
piezoelectric coefficient d33 of Bi4Ti2.98Nb0.01Ta0.01O12 ceramics controlled by precisely
optimizing Nb/Ta amounts is found to be 26 pC N-1. The highest room temperature value of
the piezoelectric coefficient is found to be 35 pC N-1 for 8BTNTS ceramics. The antimony
incorporation into the BTNT ceramics controlled electrical conductivity through reduction
in the ionic and electronic conductivities as well as altered microstructure. The activation
energy associated with the electrical relaxation determined from the electric modulus
spectra was found to be 1.0 ± 0.03 eV, close to that of the activation energy for DC
conductivity (1.08 ± 0.02 eV). It suggests that the movements of oxygen ions are responsible
for both ionic conduction as well as the relaxation process. These results demonstrated that
8BTNTS ceramic is a promising candidate for high temperature piezoelectric applications.
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1. Introduction
Magnetoelectric (ME) multiferroics are materials in which ferromagnetism and
ferroelectricity occur simultaneously and coupling between the two is enabled. Applied
magnetic field H gives rise to an induced polarization P which can be expressed in terms of
magnetic field by the expression, P=αH, where α is the ME-susceptibility tensor. Most of the
known single-phase ME materials are known to show a weak ME coupling (Fiebig, 2005;
Kita et al., 1988; Wang et al., 2003; Prellier et al., 2005; Cheong et al., 2007). A composite of
piezomagnetic and piezoelectric phases is expected to have relatively strong ME coupling.
ME interaction in a composite manifests itself as inducing the electrical voltage across the
sample in an applied ac magnetic field and arises due to combination of magnetostriction in
magnetic phase and piezoelectricity in piezoelectric phase through mechanical coupling
between the components (Ryu et al., 2001; Nan et al., 2008; Dong et al., 2003; Cai et al., 2004;
Srinivasan et al., 2002).
In last few years, strong magneto-elastic and elasto-electric coupling has been achieved
through optimization of material properties and proper design of transducer structures.
Lead zirconate titanate (PZT)-ferrite and PZT-Terfenol-D are the most studied composites
to-date (Dong et al., 2005; Dong et al.,2006b; Zheng et al., 2004a; Zheng et al., 2004b). One of
largest ME voltage coefficient of 500 Vcm-1Oe-1 was reported recently for a high
permeability magnetostrictive piezofiber laminate (Nan et al., 2005; Liu et al., 2005). These
developments have led to magnetoelectric structures that provide high sensitivity over a
varying range of frequency and DC bias fields enabling the possibility of practical
applications.
In this paper, we focus on four broad objectives. First, we discuss detailed mathematical
modeling approaches that are used to describe the dynamic behavior of ME coupling in
magnetostrictive-piezoelectric multiferroics at low-frequencies and in electromechanical
resonance (EMR) region. Expressions for ME coefficients were obtained using the solution of
elastostatic/elastodynamic and electrostatic/magnetostatic equations. The ME voltage
coefficients were estimated from the known material parameters. The basic methods
developed for decreasing the resonance frequencies were analyzed. The second type of
resonance phenomena occurs in the magnetic phase of the magnetoelectric composite at
much higher frequencies, called as ferromagnetic resonance (FMR). The estimates for
electric field induced shift of magnetic resonance line were derived and analyzed for
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varying boundary conditions. Our theory predicts an enhancement of ME effect that arises
from interaction between elastic modes and the uniform precession spin-wave mode. The
peak ME voltage coefficient occurs at the merging point of acoustic resonance and FMR
frequencies.
Second, we present the experimental results on lead – free magnetostrictive –piezoelectric
composites. These newly developed composites address the important environmental
concern of current times, i.e., elimination of the toxic “lead” from the consumer devices. A
systematic study is presented towards selection and design of the individual phases for the
composite. Third, experimental data from wide range of measurement and literature was
used to validate the theoretical models over a wide frequency range.
Lastly, the feasibility for creating new class of functional devices based on ME interactions is
addressed. Appropriate choice of individual phases with high magnetostriction and
piezoelectricity will allow reaching the desired magnitude of ME coupling as deemed
necessary for engineering applications over a wide bandwidth including the
electromechanical, magnetoacoustic and ferromagnetic resonance regimes. Possibilities for
application of ME composites in fabricating ac magnetic field sensors, current sensors,
transformers, and gyrators are discussed. ME multiferroics are shown to be of interest for
applications such as electrically-tunable microwave phase-shifters, devices based on FMR,
magnetic-controlled electro-optical and piezoelectric devices, and electrically-readable
magnetic memories.

2. Low-frequency magnetoelectric effect in magnetostrictive-piezoelectric
bilayers
We consider only (symmetric) extensional deformation in this model and at first ignore any
(asymmetric) flexural deformations of the layers that would lead to a position dependent
elastic constants and the need for perturbation procedures. For the polarized piezoelectric
phase with the symmetry m, the following equations can be written for the strain and
electric displacement:
p

Si  p sij pTj  p dki pEk ;

p

Dk  p dki pTi  p  kn p En ;

(1)

where pSi and pTj are strain and stress tensor components of the piezoelectric phase, pEk and
pDk are the vector components of electric field and electric displacement, psij and pdki are
compliance and piezoelectric coefficients, and pεkn is the permittivity matrix. The
magnetostrictive phase is assumed to have a cubic symmetry and is described by the
equations:
m

Si m sij mTj  m q ki m H k ;

m

Bk m q ki mTi  m  kn m H n ;

(2)

where mSi and mTj are strain and stress tensor components of the magnetostrictive phase,
mHk and mBk are the vector components of magnetic field and magnetic induction, msij and
mqki are compliance and piezomagnetic coefficients, and mμkn is the permeability matrix.
Equation (2) may be considered in particular as a linearized equation describing the effect of
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magnetostriction. Assuming in-plane mechanical connectivity between the two phases with
appropriate boundary conditions, ME voltage coefficients can be obtained by solving Eqs.(1)
and (2).
2.1 Longitudinal ME effect
We assume (1,2) as the film plane and the direction-3 perpendicular to the sample plane.
The bilayer is poled with an electric field E along direction-3. The bias field H0 and the ac
field H are along the same direction as E and the resulting induced electric field E is
estimated across the sample thickness. Then we find an expression for ME voltage
coefficient αE,L=αE,33=E3/H3. The following boundary conditions should be used for finding
the ME coefficient:
p

Si  m Si ;  i  1, 2  ;

p

Ti  m Ti  1  v  / v ;  i  1, 2  ;

(3)

where v=pv/(pv+ mv) and pv and mv denote the volume of piezoelectric and magnetostrictive
phase, respectively. Taking into account Eqs. (1) and (2) and the continuity conditions for
magnetic and electric fields, Eqs. (3) and open circuit condition enables one to obtain the
following expressions for longitudinal ME voltage coefficient.

E , 33 

E3
H3

2

p

p

p

p

m

m

{2 d (1 v)  33 [( s11  s12 )( v  1) v( s11  s12 )]}
p



m

 0 v(1 v) d31 q 31
2
31

p

p

m



(4)

m

[( s11  s12 )( v 1) v( s11  s12 )]
m

m

m

p

p

m 2

2

{[ 0 ( v  1)  33 v][ v( s12  s11 )( s11  s12 )( v  1)] 2 q 31 v }

In deriving the above expression, we assumed the electric field to be zero in magnetic phase
since magnetostrictive materials that are used in the case under study have a small
resistance compared to piezoelectric phase. Thus the voltage induced across the
piezoelectric layer is the output voltage. Estimate of ME voltage coefficient for cobalt ferrite
(CFO) gives αE,33=325 mV/(cm Oe). However, considering CFO as a dielectric results in
αE,33=140 mV/(cm Oe) (Osaretin & Rojas, 2010) while the experimental value is 74 mV/(cm
Oe) (Harshe et al., 1993). We believe CFO should be considered as a conducting medium
compared to dielectric PZT in the low-frequency region in accordance with our model. The
discrepancy between theoretical estimates and data can be accounted for by features of
piezomagnetic coupling in CFO and interface coupling of bilayer (Bichurin et al., 2003a).
Harshe et al. obtained an expression for longitudinal ME voltage coefficient of the form
2 v  v  1  d13mq 31
p

E ,33 



m

s11  m s12



p

T 33 v 



p

s11  p s12



p

T 33  1  v  – 2



p

d13



2

1  v

(5)

The above equation corresponds to a special case of our theory in which one assumes
m33/0=1. Thus the model considered here leads to an expression for the longitudinal ME
coupling and allows its estimation as a function of volume of the two phases, composite
permeability, and interface coupling.
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2.2 Transverse ME effect
This case corresponds to the poling direction along direction-3 and H0 and H along
direction-1 (in the sample plane). Here we estimate the ME coefficient αE,T = αE,31 = E3/H1.
Once again, Eqs.(1)-(3) lead to the following expression for transverse ME voltage
coefficient.

E,31 

v(1 v)( m q11  m q21 ) p d31
E3

H 1 p  ( ms  ms )v  p  ( p s  p s )(1 v)2 p d 2 (1 v)
33
12
11
33
11
12
31

(6)

2.3 In-plane longitudinal ME effect
Finally, we consider a bilayer poled with an electric field E in the plane of the sample. The
in-plane fields H0 and H are parallel and the induced electric field E is measured in the same
direction (axis-1). The ME coefficient is defined as αE,IL=αE,11=E1/H1. Expression for αE is given
below.
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The in-plane ME coefficient is expected to be the strongest amongst the cases discussed so
far due to high values of q and d and the absences of demagnetizing fields.

3. ME effect at longitudinal modes of EMR
Since the ME coupling in the composites is mediated by the mechanical stress, one would
expect orders of magnitude stronger coupling when the frequency of the ac field is tuned to
acoustic mode frequencies in the sample than at non-resonance frequencies. Two methods
of theoretical modeling can be used for calculating the frequency dependence of ME
coefficients by solving the medium motion equation. First approach rests on considering
the structure as an effective homogeneous medium and implies the preliminary finding the
effective low-frequency material parameters (Bichurin et al., 2003b). The second approach is
based on using the initial material parameters of components. A recently reported attempt
to estimate ME coefficients using this approach consists in supposing the magnetic layer to
move freely, ignoring the bonding to piezoelectric layer while vibration of piezoelectric
layer is supposed to be a combination of motions of free magnetic layer and free oscillations
of piezoelectric layer (Filippov, 2004, 2005). In case of perfect bonding of layers, the motion
of piezoelectric phase is described by magnetic medium motion equation. As a result, the
expressions for ME coefficients appear inaccurate. Particularly, the expressions give a
wrong piezoelectric volume fraction dependence of ME voltage coefficient.
This section is focused on modeling of the ME effect in ferrite-piezoelectric layered
structures in EMR region. We have chosen cobalt ferrite (CFO) - barium titanate as the
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model system for numerical estimations. The ME voltage coefficients αE have been
estimated for transverse field orientations corresponding to minimum demagnetizing fields
and maximum αE. (Bichurin et al., 2010) As a model, we consider a ferrite-piezoelectric
layered structure in the form of a thin plate with the length L.
We solve the equation of medium motion taking into account the magnetostatic and
elastostatic equations, constitutive equations, Hooke's law, and boundary conditions. The
equation of medium motion has the form:
 2 u1
  k 2 u1 ;
x 2

(8)

where u1 is displacement in the traveling direction x. For the transverse fields’ orientation
(poling direction of piezoelectric phase, dc and ac magnetic fields are parallel to x-axis), the
wave value k is defined by expression:
 v
1  v
k    p  v  m (1  v )  p
 m 
s11 
 s11

1

;

(9)

where ω is the circular frequency, pρ and mρ are the piezoelectric and piezomagnetic densities, v
= pv/(pv + mv), and pv and mv denote the volume of piezoelectric and phases, respectively. For
the solution of the Eq. (8), the following boundary conditions are used: pS1 = mS1 and pT1 v + mT1
(1-v) =0 at x=0 and x=L, where L is the sample length. The ME voltage coefficient αE 13= E3/H1 is
calculated from Eqs. (8), (9) and using the open circuit condition D3=0.
 E , 31 

2 p d31 m g11 eff p s11 v(1  v )tan( kL 2 )
2
2 m B
 p s11 p  33 )kL  2 p d31
s2 ( p d31
v s11 tan( kL 2 )

;

(10)

where s2=vmsB11+(1-v)ps11 and eff is effective permeability of piezomagnetic layer. To take
into consideration the energy loss, we set ω equal to ω´ - iω´´ with ω´´/ ω´ =10-3. The
resonance enhancement of ME voltage coefficient for the bilayer is obtained at antiresonance
frequency. ME voltage coefficient, αE, 13 increases with increasing barium titanate volume,
attains a peak value for v = 0.5 and then drops with increasing v as in Fig. 1.
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Fig. 1. Frequency dependence of αE,13 for the bilayer with v=0.5
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4. ME effect at bending modes of EMR
A key drawback for ME effect at longitudinal modes is that the frequencies are quite high,
on the order of hundreds of kHz, for nominal sample dimensions. The eddy current losses
for the magnetostrictive phase can be quite high at such frequencies, in particular for
transition metals and alloys and earth rare alloys such as Terfenol-D, resulting in an
inefficient magnetoelectric energy conversion. In order to reduce the operating frequency,
one must therefore increase the laminate size that is inconvenient for any applications. An
alternative for getting a strong ME coupling is the resonance enhancement at bending
modes of the composite. The frequency of applied ac field is expected to be much lower
compared to longitudinal acoustic modes. Recent investigations have showed a giant ME
effect at bending modes in several layered structures (Xing et al., 2006; Zhai et al., 2008;
Chashin et al., 2008). In this section, we focus our attention on theoretical modeling of ME
effects at bending modes. (Petrov et al., 2009)
An in-plane bias field is assumed to be applied to magnetostrictive component to avoid the
demagnetizing field. The thickness of the plate is assumed to be small compared to
remaining dimensions. Moreover, the plate width is assumed small compared to its length.
In that case, we can consider only one component of strain and stress tensors in the EMR
region. The equation of bending motion of bilayer has the form:
 2 2 w 

 b 2 w
0;
D 2

(11)

where 22 is biharmonic operator, w is the deflection (displacement in z-direction), t and ρ
are thickness and average density of sample, b= pt+ mt, ρ=(pρ pt + mρmt)/b, pρ, mρ, and pt, mt, are
densities and thicknesses of piezoelectric and piezomagnetic, correspondingly, and D is
cylindrical stiffness.
The boundary conditions for x=0 and x=L have to be used for finding the solution of above
equation. Here L is length of bilayer. As an example, we consider the plate with free ends.
At free end, the turning moment M1 and transverse force V1 equal zero: M1 =0 and V1 =0 at
x=0 and x=L, where M1   zT1dz1 , V1 
A

M1
, and A is the cross-sectional area of the
x

sample normal to the x-axis. We are interested in the dynamic ME effect; for an ac magnetic
field H applied to a biased sample, one measures the average induced electric field and
calculates the ME voltage coefficient. Using the open circuit condition, the ME voltage
coefficient can be found as
z0



 E 31

p

E3 dz
E3
z0  t


;
H1
t H 1 p  33
p

(12)

where E3 and H1 are the average electric field induced across the sample and applied
magnetic field. The energy losses are taken into account by substituting  for complex
frequency +i with /=10-3.
As an example, we apply Eq. 12 to the bilayer of permendur and PZT. Fig. 2 shows the
frequency dependence of ME voltage coefficient at bending mode for free-standing bilayer
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with length 9.15 mm and thickness 3.22 mm for PZT volume fraction 0.67. Graph of αE,31
reveals a giant value αE 31=6.6 V/cm Oe and resonance peak lies in the infralow frequency
range. Fig. 3 reveals the theoretical and measured frequency dependencies of transverse ME
voltage coefficients for a permendur-PZT bilayer that is free to bend at both ends.
According to our model, there is a strong dependence of resonance frequency on boundary
conditions. The lowest resonance frequency is expected for the bilayer clamped at one end.
One expects bending motion to occur at decreasing frequencies with increasing bilayer
length or decreasing thickness.

Fig. 2. Frequency dependence of longitudinal and transverse ME voltage coefficients for a
bilayer of permendur and PZT showing the resonance enhancement of ME interactions at
the bending mode frequency. The bilayer is free to bend at both ends. The sample
dimensions are L = 9.2 mm and total thickness t = 0.7 mm and the PZT volume fraction
v=0.6.

Fig. 3. Theoretical (line) and measured (circles) frequency dependence of transverse ME
voltage coefficients for a permendur-PZT bilayer that is free to bend at both ends and with
v=0.67.
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5. Inverse magnetoelectric effect
In the case of inverse ME effect, external field E produces a deformation of piezoelectric
layers due to piezoelectric coupling. The deformation is transmitted to magnetic layers. The
inverse piezomagnetic effect results in a change of magnetic parameters of the structure. ME
coefficient αH, ij=Hi/Ej can be easily found similarly to ME voltage coefficient using the open
magnetic circuit condition, Bi=0. As an example, the expression for αH, 33 takes the form
(Huang, 2006)
 H ,33 

2 d31q 31m v

H
H p
E
E m
E m
( m s11
 m s12
) v  ( ps11
 p s12
) v  2( k31 )2 p s11
v

,

(13)

where k31 is the coupling coefficient for the piezoelectric phase, pv and mv are the volume
fractions of piezoelectric and magnetostrictive components.
5.1 Inverse magnetoelectric effect at electromechanical resonance
To obtain the inverse ME effect, a pick up coil wound around the sample is used to measure
the ME voltage due to the change in the magnetic induction in magnetostrictive phase. The
measured static magnetic field dependence of ME voltage has been attributed to the
variation in the piezomagnetic coefficient for magnetic layer. The frequency dependence of
the ME voltage shows a resonance character due to longitudinal acoustic modes in
piezoelectric layer. Next we derive an expression for the ME susceptibility at EMR. (Fetisov
et al., 2007) For the transverse field orientation, the equations for the strain tensor Si in the
ferrite and piezoelectric and the magnetic induction B have the form
p

S1  p s11 pT1  p d31E3 ,

m

m

S1 m s11mT1  m g11B1 ,

H 1  B1 /m m 33 m g11mT1 ,

(14)

(15)

where ps11 and ms11are the components of the compliance tensor at constant electric field
for piezoelectric and at constant magnetic induction for ferrite, respectively; m33 is the
component of the permeability tensor, and pd31 and mq11 are the piezoelectric and
piezomagnetic coefficients, respectively. Here we take into account only stress components
along x axis, because close to EMR we can assume T1>>T2 and T3. Expressing the stress
components via the deformation components and substituting these expressions into the
equation of the medium motion, we obtain a differential equation for the x projection of the
displacement vector of the medium (ux). Taking into account the fact that the trilayer
surfaces at x=0 and x=L are free from external stresses, we find the solution to this equation.
The magnetic induction arising due to the piezoelectric effect can be found from Eq. 15. The
magnetic induction in the trilayer is expressed as:
L

B1  m  33  ( m H 1  m g11 mT1 )dx ,
0

(16)

where W and L are the width and length of the sample. The ME susceptibility is defined by
B
 31  1 . Taking into account this definition, Eq. 16 yields:
E3
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 31 

2 v(1  v ) m q11 p d31 tan( kL )
2
kL[ v m s11  (1  v ) p s11 ]

(17)

1

 v
1  v
 m  , v is the PZT volume fraction and ρ is
where k    p  v  m (1  v )  p
s11 
 s11
average density. Eq. 17 does not take into account power waste therefore at resonant
frequency the ME coefficient sharply increases. In real structures, there are losses that occur
first of all in the contacts. These losses can be taken into account in Eq. 17 by substituting 
for ω´ - iω´´ with ω´´/ ω´ =1/Q where Q is the measured quality factor of EMR. The estimated
the ME susceptibility is shown in Fig. 5. The susceptibility determined from data on
generated magnetic induction at opened magnetic circuit is also shown in Fig. 5. One
observes a very good agreement between theory and data. The investigations carried out
have enabled us to establish a relation between efficiencies of the direct and the inverse ME
interactions and their frequency dependences.

Fig. 4. Theoretical (line) and measured (filled circles) ME susceptibility for the PZT-Ni-PZT
trilayer structure.
5.2 Inverse magnetoelectric effect at microwave range
A thorough understanding of high frequency response of a ferrite - piezoelectric composite
is critically important for a basic understanding of ME effects and for useful technologies.
In a composite, the interaction between electric and magnetic subsystems can be
expressed in terms of a ME susceptibility. In general, the susceptibility is defined by the
following equations for the microwave region (Kornev et al., 2000; Bichurin, 1994;
Bichurin et al., 1990).

p  Ee  EM h ,
m  MEe  M h.

(18)
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Here p is the electrical polarization, m is the magnetization, e and h are the external
electrical and magnetic fields, χE and χM are the electrical and magnetic susceptibilities, and
χEM and χME are the ME susceptibilities , with ikМE  EМ
ki . In Eq. 18, the ac amplitudes are
shown explicitly, but the susceptibilities also depend on constant fields.
We consider the magnetic susceptibility tensor of a composite which exhibits ME coupling.
The sample is subjected to constant electric and magnetic fields and a ac magnetic field. The
thermodynamic potential density can be written as:

W= W0 + WМE,

(19)

where W0 is the thermodynamic potential density at Е = 0, and
WME  BiknEi M k Mn  bijknEi E j M k Mn .

(20)

Here Bikn and bijkn are linear and bilinear ME constants, respectively. The number of
independent components is determined by the material structure. The main contribution to
WМE arises from the linear ME constants Bikn in polarized composites. If the composite is
unpolarized, the bilinear ME constants is dominant. We used the effective demagnetization
factor method to solve the linearized equation of motion of magnetization and obtained the
following expression for the magnetic susceptibility:
 1

 M  s  i a

0

 s  i a 0 

0 ,
2
0
0 

(21)

where
1  D1  2 M0  H 03  M0  ( N 2 2 i N 3i 3 )];  2  D1  2 M0 [ H 03  M0  ( N 1i 1 N 3i 3 )];
i

i

s  D1  2 M02  N 1i 2  ;  a  D1 M0 ; D  02  2 ;
i

02

  [ H 03   ( N 1i 1  N 3i 3 )M0 ][ H 03   ( N 2i 2 N 3i 3 )M0 ]  (  N 1i 2  M0 )2
2

i

i

Here γ is the magneto-mechanical ratio, ω is the angular frequency, N ki n are
demagnetization factors describing the effective magnetic anisotropy fields, and 1, 2, 3 is a
coordinate system in which the axis 3 is directed along the equilibrium magnetization. In
Eq. 21 the summation is carried out over all types of magnetic anisotropy. The ME
interaction results in an additional term (i =Е)
N kEn  2( Bikn  bijknEoj )Eoikknn ,

(22)

where β is matrix of direction cosines of axes ( 1, 2, 3 ) relative to the crystallographic
M
 0 in Eq. 21 since the sample is
coordinate system (1, 2, 3). It should be noted that 33
supposed to be magnetized by bias field that is high enough to drive the composite to a
saturated (single-domain) state. Using Eq. 21 it can be easily shown that the resonance line
shift under the influence of the electric field to the first order in N klE has the form:
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Eq. 23 enables us to determine the ME constants of a composite and consequently to
interpret the obtained data on the resonant ME effect. As an example, we consider the
composite with 3m or 4mm symmetry. The general expression for the magnetic susceptibility
tensor of a disk sample magnetized along the symmetry axis has the form

1  2  D1  2 M0 H eff ; s  0;  a  D1M0,
where

(24)

D  02   2 ; 0   H eff ; H a  K1 / M 0 ;
H eff  H 0  2 H a  4M0  2 M0 ( B31  B33 )E0  2 M0 (b31  b33 )E02

Assuming the dissipative term in the equation of motion of magnetization as
i(M0m)/M0, where  is the dissipation parameter, the magnetic susceptibility tensor
components are complex and take the form 1 =  + i , where
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(25)

It follows from Eqs. 21 and 24 that the dependence of the magnetic susceptibility on an
external constant electric field is resonant. The nature of this dependence can be explained
as follows. By means of ME interactions, the external electric field results in a change in the
effective magnetic field Heff in Eq. 24 with 2HME = 2M0(B31 – B33)E0 + 2M0(b31 – b33)E02. The
change originates from the piezoelectric phase mechanically coupled to the magnetostrictive
phase, and is phenomenological described by ME constants Bikn and bijkn in Eqs. 28 and 29.
Thus the variation of the external constant electric field has the same effect as magnetic field
variations and reveals a resonant behavior. Expressions for the susceptibility components
could be obtained by using the demagnetization factors stipulated by ME interactions
according to Eq. 26.
Next we consider specific composites and estimate the magnetic susceptibility and its
electric field variation. (Bichurin et al., 2002) Three composites of importance for the
estimation are lithium ferrite (LFO) - PZT, nickel ferrite (NFO) - PZT and yttrium iron
garnet (YIG) - PZT because of desirable high frequency properties of LFO, NFO and YIG.
We consider a simple structure, a bilayer consisting of single ferrite and PZT layers. In
order to obtain the susceptibilities, one requires the knowledge of ME constants and the
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loss parameter. Assuming that the poling axis of the piezoelectric phase coincides with
[100] axis of the magnetostrictive phase and │100│ = 1.410-6, 2310-6 and 4610-6 for YIGPZT, LFO-PZT and NFO-PZT, respectively, we obtained 2M0(B31-B33) = 0.1, 0.6 and 1.4
Oecm/kV for the three bilayer samples. For LFO the following parameters are used: mc11 =
24.471010 N/m2; mc12 = 13.711010 N/m2; mc44 = 9.361010 N/m2; 4Ms =3600 G. Finally, the loss
parameters are  = 0.025, 0.05 and 0.075 for YIG-PZT, LFO-PZT and NFO-PZT,
respectively. Figure 5 shows the static magnetic field dependencies of real and imaginary
parts of magnetic susceptibility for layered LFO-PZT, NFO– PZT and YIG – PZT. The
results are for a bilayer disk sample with the H and E-fields perpendicular to the sample
plane and for a frequency of 9.3 GHz. The static field range is chosen to include
ferromagnetic resonance in the ferrite. For E = 0, one observes the expected resonance in
the profiles. With the application of E = 300 kV/cm, a down-shift in the resonance field is
obvious. The magnitude of the shift is determined by ME constants which in turn is
strongly influenced by the magnetostriction constant. The large magnetostriction for NFO
leads to a relatively strong E-induced effect in NFO-PZT compared to YIG-PZT. The shift
also correlates with resonance linewidth. It is possible to understand the correlation from
the fact that the resonance linewidth is dependent on the effective anisotropy field, a
parameter that is a function of the magnetostriction.
Figure 6 shows the estimated variation of the real and imaginary parts of the magnetic
susceptibility as a function of E for a frequency of 9.3 GHz. The constant magnetic field is set
equal to the field for ferromagnetic resonance (FMR). The width of resonance measured in
terms of electric field is inversely proportional to the parameter 2M0(B31-B33). It follows from
Eq. 29 that a narrow resonance is indicative of strong ME coupling in the composites. Thus
NFO-PZT bilayer shows a sharp resonance in comparison to YIG-PZT.
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Fig. 5. Theoretical magnetic field dependence of the magnetic susceptibility for the
multilayer composites of LFO-PZT (curves 1 and 2), NFO– PZT (curves 3 and 4) and YIG–
PZT (curves 5 and 6) represents the real (a) and imaginary (b) parts of the susceptibility at
9.3 GHz. Curves 1, 3 are at E=0 and curves 2, 4 at E=300 kV/cm.
Figures 5 and 6 represent the magnetic spectra of the composites obtained by magnetic and
electric sweep, respectively. Thus the presented model enables finding ME coefficients from
data on the electric field induced shift of magnetic resonance line.
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Fig. 6. Theoretical electric field dependence of the magnetic susceptibility for the multilayer
composites of LFO-PZT (curves 1), NFO– PZT (curve 2) and YIG– PZT (curve 3) represents
the real (a) and imaginary (b) parts of the susceptibility at 9.3 GHz.

6. Magnetoelectric coupling in magnetoacoustic resonance region
Here we provide a theory for ME interactions at the coincidence of FMR and EMR, at
magnetoacoustic resonance (MAR). (Bichurin et al., 2005; Ryabkov et al., 2006) At FMR,
spin-lattice coupling and spin waves that couple energy to phonons through relaxation
processes are expected to enhance the piezoelectric and ME interactions. Further
strengthening of ME coupling is expected at the overlap of FMR and EMR. We consider
bilayers with low-loss ferrites such as nickel ferrite or YIG that would facilitate observation
of the effects predicted in this work. For calculation we use equations of motion for the
piezoelectric and magnetostrictive phases and equations of motion for the magnetization.
Coincidence of FMR and EMR allows energy transfer between phonons, spin waves and
electric and magnetic fields. This transformation is found to be very efficient in ferrite-PZT.
The ME effect at MAR can be utilized for the realization of miniature/nanosensors and
transducers operating at high frequencies since the coincidence is predicted to occur at
microwave frequencies in the bilayers.
We consider a ferrite-PZT bilayer that is subjected to a bias field H0. The piezoelectric phase
is electrically polarized with a field E0 parallel to H0. It is assumed that H0 is high enough to
drive the ferrite to a saturated (single domain) state that has two advantages. When domains
are absent, acoustic losses are minimum. The single-domain state under FMR provides the
conditions necessary for achieving a large effective susceptibility. The free-energy density of
a single crystal ferrite is given by mW = WH + Wan +Wma + Wac, where WH = - M·Hi is
Zeeman energy, M is magnetization, Hi is internal magnetic field that includes
demagnetizing fields. The term Wan given by Wan = K1/M04(M12 M22+ M22 M32+ M32 M12) with
K1 the cubic anisotropy constant and M0 the saturation magnetization. The magnetoelastic
energy is written as Wma = B1/M02 (M12 mS1 + M22 mS2+ M32 mS3) + B2/M02(M1 M2 mS6 + M2 M3
mS4 + M1 M3 mS5) where B1 and B2 are magnetoelastic coefficients and Si are the elastic
coefficients. Finally, the elastic energy is Wac= ½ mc11(mS12 + mS22 + mS32 ) +½ mc44 (mS42 + mS52 +
“mc12 (mS1 mS2 + mS2 mS3 + mS1 mS3)” and mcij is modulus of elasticity.
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The generalized Hook’s law for the piezoelectric phase can be presented as follows.
p

T4  p c 44 pS4  p e15 p E2 ,

p

(26)

T5  p c 44 pS5  p e15 p E1 ,

where ep15 is piezoelectric coefficient and pE is electric field. Equations of motion for ferrite
and piezoelectric composite phases can be written in following form:
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The equation of motion of magnetization for ferrite phase has the form
M / t    M , Heff  ,

(28)

where Heff = - ∂ (mW)/∂ M. Solving Eqs. 31 and 32, taking into account Eq. 30 and open circuit
condition, allows one to get the expression for ME voltage coefficient
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 1
) , p k   p ( p c 44 )1 , H+ = H1 + i H2, E+ = E1 + i E2. Now we apply
where m k   m ( m c 44
the theory to specific bilayer system of YIG-PZT. YIG has low-losses at FMR, a necessary
condition for the observation of the enhancement in ME coupling at MAR that is predicted
by the theory. The assumed thicknesses for YIG and PZT are such that the thickness modes
occur at 5-10 GHz, a frequency range appropriate for FMR in a saturated state in YIG. The
resonance field Hr is given by Hr = ω/γ - 4πMo. As H0 is increased to Hr, αE is expected to
increase and show a resonant character due to the resonance form for frequency dependence
for mechanical displacement in the FMR region. Figure 7 shows estimated αE vs f. Signal
attenuation is taken into account in these calculations by introducing a complex frequency
and for an imaginary component of ω = 107 rad/s.

7. Lead-free ceramic for magnetoelectric composites
Owing to the prohibition on the use of Pb-based materials in some commercial applications
the demand for lead-free ceramics has grown considerably in the last decade. Various
systems for nonlead ceramics have been studied and some of these have been projected as
the possible candidates for the replacement of PZT. However, the dielectric and
piezoelectric properties of all the known nonlead materials is inferior as compared to that
PZT and this has been the stimulant for growing research on this subject. For high
piezoelectric properties perovskite is the preferred crystallographic family and large
piezoelectric and electromechanical constants are obtained from alkali-based ceramics such
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(a)

(b)

Fig. 7. The ME voltage coefficient aE vs. frequency profile for a bilayer of PZT of thickness
100 nm and YIG of thickness 195 nm and for dc magnetic field of 3570 (a) and 5360 (b) Oe.
The FMR frequency coincides with fundamental ЕMR mode (a) and second EMR mode (b)
frequency.
as (Na1/2Bi1/2)TiO3 (NBT), (K1/2Bi1/2)TiO3 (KBT) and (Na0.5K0.5)NbO3. Table VII.1 compares
the properties of the PZT and the prominent non-lead based systems. The data shown in this
table has been collected from various publications (Nagata & Takenaka, 1991; Sasaki et al.,
1999; Kimura et al., 2002; Priya et al., 2003a, 2003b). It can be easily deduced from the data
shown in this table that none of the nonlead ceramics qualifies for the direct replacement of
PZT. (Na, K)NbO3 ceramics has good longitudinal mode and radial mode coupling factors
along with high piezoelectric constants.
d33
(pC/N)

d31
(pC/N)

k33
(%)

kp
(%)

Tc
(C)

10002000

300

-100

60

50

300

600

500

120

-40

45

25

260

SBT(1)

150

>2000

20

-3

20

3

550

Bi-layer

NCBT(1)
NCBT(1)(HF(2),
TGG(2))

150
150




15
40

-2
-2

15
40

2
2

>500
>500

(Na,K)NbO3

KNN(1)

400

500

120

-40

40

30

350

Tungsten
Bronze

SBN(1)

500



120



30



250

Others

BT(1)

1100

700

130

-40

45

20

100

Symbol

33T/0

PZT (Mn, Fe
doped)

PZT

1500

(Bi,Na)TiO3

BNT(1)

Qm

Table 1. Properties of lead-free piezoelectric ceramics. (1) BNT: (Bi1/2 Na1/2)TiO3, SBT:
SrBi4Ti4O15, NCBT: (Na1/2Bi1/2)0.95Ca0.05Bi4Ti4O15, KNN: (K1/2Na1/2)NbO3, SBN: (Sr,Ba)Nb2O6,
BT: BaTiO3; (2) HF: Hot Forging method, TGG: Templated grain growth method.
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It is well known that the composition corresponding to 0.5/0.5 in the NaNbO3 – KNbO3
(KNN) system has the maximum in the piezoelectric properties. Table VII.2 compares the
properties of the annealed and un-annealed KNN samples. KNN has an intermediate phase
transition from the ferroelectric orthorhombic phase (FEo) to the ferroelectric tetragonal
phase (FEt) at around 200 oC. It is believed that annealing the sample in the tetragonal phase
induces (100) oriented domains at room temperature. Since the spontaneous polarization is
along <110> in the orthorhombic phase, rapid cooling (100oC/min) from FEt phase
(spontaneous polarization along <100>) results in titling of the polarization which provides
enhancement of piezoelectric properties.
Density
(gm/cm3)

Log
(.cm)

4.23

9.4

10

720

1160 (Annealed)

4.44

9.97

4.05

616

1160 (Unannealed)

4.45

10.14

4.75

630

Sintering Temperature
(oC)
1150

tan
(%)



Table 2. Properties of unpoled KNN ceramics showing the affect of annealing.
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Figure 8 (a) and (b) shows the dielectric constant and loss as a function of temperature for
the poled KNN sample. The room temperature dielectric constant is of the order of 350. The
dielectric constant curve shows a discontinuity at ~180 oC and 400 oC. These discontinuities
are related to the transition from FEo phase to FEt phase and FEt phase to PEc. In the range of
0 – 180 oC, the dielectric loss magnitude remains in the range of 4.2 – 4.5%. No significant
difference was observed in the dielectric behavior of the annealed and unannealed samples
below 200 oC.
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Fig. 8. Temperature dependence of dielectric constant and loss for KNN. (a) Dielectric
constant and (b) Dielectric loss.
The magnitude of piezoelectric constants at room temperature for annealed samples was
found to be: d33 = 148 pC/N and d31 = 69 pC/N. The magnitude of d33 for the unannealed
sample was found to be 119 pC/N. Figure 9 (a) and (b) shows the radial mode
electromechanical coupling factor (kp) and mechanical quality factor (Qm) as a function of
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temperature. It can be clearly seen that piezoelectric properties remain almost constant until
the FEt phase appears at 180 oC. The magnitude of kp at room temperature is of the order of
0.456 and Qm is around 234. Since in this system the high temperature phase (FEt) is also
ferroelectric there is no danger of depoling on exceeding the transition temperature. This
provides a considerable advantage over the competing NBT-KBT and NBT-BT systems and
for this reason KNN ceramics are the most promising high piezoelectric non-lead system.
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Fig. 9. Temperature dependence of piezoelectric properties for KNN. (a) Radial mode
coupling factor and (b) Mechanical quality factor.
Further improvement in the properties of KNN can be obtained by synthesizing solid
solution (1-x)(Na0.5K0.5)NbO3-xBaTiO3. Three phase transition regions exist in (1x)(Na0.5K0.5)NbO3-xBaTiO3 ceramics corresponding to orthorhombic, tetragonal, and cubic
phases. The composition 0.95(Na0.5K0.5)NbO3-0.05BaTiO3, which lies on boundary of
orthorhombic and tetragonal phase, was found to exhibit excellent piezoelectric properties.
The piezoelectric coefficients of this composition were measured on a disk-shaped sample
and were found to be as following: kp=0.36, d33=225 pC/N and ε33T/ε0=1058 (Ahn et al.,
2008). The properties of this composition were further improved by addition of various
additives making it suitable for multilayer actuator application. The composition
0.06(Na0.5K0.5)NbO3-0.94BaTiO3 was found to lie on the boundary of tetragonal and cubic
phase. This composition exhibited the microstructure with small grain size and excellent
dielectric properties suitable for multi-layer ceramic capacitor application. Table 3 shows the
piezoelectric properties of modified 0.95(Na0.5K0.5)NbO3-0.05BaTiO3 (KNN-BT) ceramics. It
can be seen from this table that excellent piezoelectric properties with high transitions
temperatures can be obtained in this system making it a suitable candidate for lead – free
magnetoelectric composite.
The choice for the magnetostrictive phase in sintered or grown composites is spinel ferrites.
In the spinel ferrites, the spontaneous magnetization corresponds to the difference between
the sublattice magnetizations associated with the octahedral and tetrahedral sites. Results
have shown enhanced magnitude of the ME coefficient for Ni0.8Zn0.2Fe2O4 (NZF) and
Co0.6Zn0.4Fe2O4 (CZF). In the nickel zinc ferrite solid solution (Ni1-xZnxFe2O4) as x is
increased Zn2+ replaces Fe3+ in the tetrahedral sites and Fe3+ fills the octahedral sites emptied
by Ni2+. The net magnetization of nickel zinc ferrite is proportional to 5(1 + x) + 2(1 - x) - 0(x)
- 5(1 - x) = 2 + 8x. Thus, the magnetic moment as a function of the Zn content increases until
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there are so few Fe3+ ions remaining in tetrahedral sites that the superexchange coupling
between tetrahedral and octahedral sites breaks down. Figure 10 shows our results on the
PZT – NZF and PZT – CZF composites. It can be seen from this figure that CZF is a hard
magnetic phase, requires higher DC bias, has lower remanent magnetization and results in
larger reduction of the ferroelectric polarization as compared to NZF. On the other hand, a
high increase in the resistivity of the Ni-ferrites is obtained by doping with Co. Thus, a
combination of NZF and modified KNN-BT phase presents an opportunity to develop
magnetoelectric composites with reasonable magnitude of coupling coefficient. Figure 11 (a)
and (b) shows the ME response of (1-x) [0.948K0.5Na0.5NbO3 – 0.052LiSbO3] – x
Ni0.8Zn0.2Fe2O4 (KNNLS-NZF) composites. A reasonable magnitude of ME coefficient was
obtained for the sintered composites (Yang et al., 2011). Compared to PZT based ceramics,
this magnitude is about 50% smaller in magnitude.
Additives
(in 0.95NKN-0.05BT)

d33
(pC/N)

kp

3T/0

Qm

Tc
(oC)

Sin.
T.
(oC)

None 40,41

225

0.36

1,058

74

320

1,060

0.5 mol% MnO2 53

237

0.42

1,252

92

294

1,050

1.0 mol% ZnO

220

0.36

1,138

71

-

1,040

2.0 mol% CuO 47,54

220

0.34

1,282

186

286

950

2.0 mol% CuO
+ 0.5 mol% MnO2 54

248

0.41

1,258

305

277

950

Table 3. Piezoelectric and dielectric properties of 0.95(Na0.5K0.5)-0.05BaTiO3 + additives.

Fig. 10. Comparison of magnetic properties for PZT-NZF and PZT-CZF.
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Fig. 11. ME coefficient and Hbias for (1-x) KNNLS – x NZF composites.

8. Devices based on magnetoelectric interactions
8.1 Ac magnetic field sensors
The working principle of magnetic sensing in the ME composites is simple and direct. (Nan
et al., 2008) When probing a magnetic field, the magnetic phase in the ME composites
strains, producing a proportional charge in the piezoelectric phase.
Highly sensitive magnetic field sensors can be obtained using the ME composites with
high ME coefficients. The ME composites can be used as a magnetic probe for detecting ac
or dc fields.
Apart from a bimorph, a multilayer configuration of ME laminates has been reported that
enables ultralow frequency detection of magnetic field variations. This configuration can
greatly improve the low-frequency capability because of its high ME charge coupling and
large capacitance. At an extremely low frequency of f =10 mHz, the multilayer ME laminates
can still detect a small magnetic field variation as low as 10−7 T.
8.2 Magnetoelectric gyrators
ME transformers or gyrators have important applications as voltage gain devices, current
sensors, and other power conversion devices. An extremely high voltage gain effect under
resonance drive has been reported in long-type ME laminates consisting of Terfenol-D and
PZT layers. A solenoid with n turns around the laminate that carries a current of Iin was
used to excite a Hac. The input ac voltage applied to the coils was Vin. When the frequency of
Hac was equal to the resonance frequency of the laminate, the magnetoelectric voltage
coefficient was strongly increased, and correspondingly the output ME voltage (Vout)
induced in the piezoelectric layer was much higher than Vin. Thus, under resonant drive,
ME laminates exhibit a strong voltage gain, offering potential for high-voltage miniature
transformer applications. Figure 12 shows the measured voltage gain Vout /Vin as a
function of the drive frequency for a ME transformer consisting of Terfenol-D layers of 40
mm in length and a piezoelectric layer of 80 mm in length. A maximum voltage gain of 260
was found at a resonance frequency of 21.3 kHz. In addition, at the resonance state, the
maximum voltage gain of the ME transformer was strongly dependent on an applied Hdc,
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which was due to the fact that Terfenol-D has a large effective piezomagnetic coefficient
only under a suitable Hdc. Other reports have shown that a ME laminate with a coil carrying
current Iin has a unique current-to-voltage I-V conversion capability. ME laminates actually
act as a I-V gyrator, with a high I-V gyration coefficient (Dong et al., 2006a; Zhai et al., 2006).
Fig. 13 shows ME gyration equivalent circuit. At electromechanical resonance, the ME
gyrator shows a strong I-V conversion of 2500 V/A, as shown in Fig. 10.
We also observed (i) reverse gyration: an input current to the piezoelectric section induced a
voltage output across coils, and (ii) impedance inversion: a resistor Ri connected in parallel
to the primary terminals of the gyrator resulted in an impedance G2 /Ri in series with the
secondary terminals.
8.3 Microwave devices
Ferrite–ferroelectric layered structures are of interest for studies on the fundamentals of
high-frequency ME interaction and for device technologies. Such composites are promising
candidates for a new class of dual electric and magnetic field tunable devices based on ME
interactions (Bichurin et al., 2005; Tatarenko et al., 2006). An electric field E applied to the
composite produces a mechanical deformation in the piezoelectric phase that in turn is
coupled to the ferrite, resulting in a shift in the FMR field. The strength of the interactions is
measured from the FMR shifts.

Fig. 12. I-V gyration of the ME gyrator.
Ferrite–ferroelectric layered structures enable new paths for making new devices:
(1) Resonance ME effects in ferrite–piezoelectric bilayers, at FMR for the ferrite. The ME
coupling was measured from data on FMR shifts in an applied electric field E. Low-loss YIG
was used for the ferromagnetic phase. Single crystal PMN–PT and PZT were used for the
ferroelectric phase; (2) Design, fabrication, and analysis of composite based devices,
including resonators and phase shifters. The unique for such devices is the tunability with E.
Our studies on YIG–PZT composites resulted in the design and characterization of a new
class of microwave signal processing devices including resonators, filters, and phase shifters
for use at 1–10 GHz. The unique and novel feature in ME microwave devices is the
tunability with an electric field. The traditional “magnetic” tuning in ferrite devices is
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relatively slow and is associated with large power consumption. The “electrical” tuning is
possible for the composite and is much faster and has practically zero power consumption.

Fig. 13. ME gyration equivalent circuit.
The studies on microwave ME effects in YIG–PZT, YIG–PMNPT, and YIG–BST led to the
design, fabrication, and characterization of a new family of novel signal processing devices
that are tunable by both magnetic and electric fields. The device studied included YIG–PZT
and YIG–BST resonators, filters, and phase shifters. As an example, a stripline ferrite–
ferroelectric band-pass filters is considered. Design of our low-frequency ME filter is shown in
Fig. 14 and representative data on electric field tuning are shown in Fig. 15. The single-cavity
ME filter consists of a dielectric ground plane, input and output microstrips, and an YIG–PZT
ME-element. Power is coupled from input to output under FMR in the ME element. A
frequency shift of 120 MHz for E = 3 kV/cm corresponds to 2% of the central frequency of the
filter and is a factor of 40 higher than the line width for pure YIG. Theoretical FMR profiles
based on our model are shown in Fig. 6 for bilayers with YIG, NFO, or LFO and PZT. For E =
300 kV/cm, a shift in the resonance field HE that varies from a minimum of 22 Oe for
YIG/PZT to a maximum of 330 Oe for NFO–PZT is predicted. The strength of ME interactions
A = δHE/E is determined by piezoelectric coupling and magnetostriction.

Fig. 14. ME band-pass filter. The ME resonator consisted of a 110 µm thick (111) YIG on
GGG bonded to PZT.
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Fig. 15. Loss vs. f characteristics for a series of E for the YIG–PZT filter.
It is clear from the discussions here that ME interactions are very strong in the microwave
region in bound and unbound ferrite–ferroelectric bilayers and that a family of dual electric
and magnetic field tunable ferrite–ferroelectric resonators, filters, and phase shifters can be
realized. The electric field tunability, in particular, is 0.1% or more of the operating
frequency of filters and resonators. A substantial differential-phase shift can also be
achieved for nominal electric fields.

9. Conclusions
We discussed detailed mathematical modeling approaches that are used to describe the
dynamic behavior of ME coupling in magnetostrictive-piezoelectric multiferroics at lowfrequencies and in electromechanical resonance (EMR) region. Our theory predicts an
enhancement of ME effect that arises from interaction between elastic modes and the
uniform precession spin-wave mode. The peak ME voltage coefficient occurs at the merging
point of acoustic resonance and FMR frequencies. The experimental results on lead – free
magnetostrictive –piezoelectric composites are presented.
These newly developed
composites address the important environmental concern of current times, i.e., elimination
of the toxic “lead” from the consumer devices. A systematic study is presented towards
selection and design of the individual phases for the composite.
There is a critical need for frequency tunable devices such as resonators, phase shifters,
delay lines, and filters for next generation applications in the microwave and millimeter
wave frequency regions. These needs include conventional radar and signal processing
devices as well as pulse based devices for digital radar and other systems applications.
For secure systems, in particular, one must be able to switch rapidly between frequencies
and to do so with a limited power budget. Traditional tuning methods with a magnetic
field are slow and power consumptive. Electric field tuning offers new possibilities to
solve both problems.
Ferrite–piezoelectric composites represent a promising new approach to build a new class of
fast electric field tunable low power devices based on ME interactions. Unlike the situation
when magnetic fields are used for such tuning, the process is fast because there are no
inductors, and the power budget is small because the biasing voltages involve minimal
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currents. The critical goal for the future is in the development of a wide class of efficient
wide band and low-loss electrically tunable magnetic film devices for battlefield radar,
signal processing, and secure and experimental evaluation of characteristics. The anticipated
advantages of ME devices are yet to be exploited.
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1. Introduction
Materials, which are either electrically or magnetically polarizable, have attracted the
interest of the scientific community for long, due to both their potential technological
applications and the emergent fundamental questions associated with the mechanisms
tailoring their pertinent physical properties.1
Among them, a class of materials exists, exhibiting at least two ferroic ground states, which
are known as multiferroic materials.2 Another class is characterized by the emergence of a
magneto-electric coupling, where multiferroicity is not even necessary to be present. This
sort of materials yields the possibility to control the magnetic (polar) state through an
applied electric (magnetic field). One of the most relevant examples is its use to processing
of barriers and interfaces to spintronic devices, enabling to implement electrically controlled
spin transport, but other interesting applications are currently under investigation.3-11
Unfortunately though, either magnetoelectric coupling coefficient is rather small, or the
range of temperatures it occurs is far way from room temperature, precisely where devices
are requested to have their working range. Based on theoretical and experimental results, an
intensive research to designing new magnetoelectric materials has been undertaken aimed
at overcoming the aforesaid drawbacks.12 On designing new systems, their crystal structure
has been addressed concerning both lattice and geometrical arrangements of their atomic or
molecular constituents. This is particularly the case of the orthorhombic rare-earth
manganites belonging to the GdFeO3 type structure.13 In this sort of structure, rare-earth site
alteration drives the magnitude of the orthorhombic distortion, so-called cooperative
GdFeO3-type distortion, wherein the increase of the Mn-O1-Mn bond angle of the MnO6
octahedra yields an increasing of the orthorhombic distortion, whenever a smaller-sized
rare-earth ion is used.13 Thus, by handling the Mn-O1-Mn bonds angle between consecutive
MnO6 octahedra, drastic changes of their phase diagrams can be reached.13 As it will be
presented further below, this is highly predictable, since changing the Mn-O1-Mn bond
angle directly modifies the balance between the competitive ferromagnetic and
antiferromagnetic exchange interactions, existing in these materials. This is the background
mechanism of magnetically induced ferroelectricity, in some rare-earth manganites.
Contrarily to well know ferroelectrics, like BaTiO3, where hybridization between the
titanium 3d states and the oxygen 2p states is at the very origin of ferroelectricity, in
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magnetoelectric rare-earth materials it seems to stem from the emergence of spin-lattice
interactions in modulated off-centre symmetric magnetic structures, which is in favour for
the improper nature of the ferroelectric ground state. For some magnetoelectric materials, it
has been proposed that ferroelectricity is originated from a variety of spiral magnetic
structures, and can be explained in terms of the inverse Dzyaloshinski-Morya model.14-16 On
the grounds of this model, the interaction between spins, arranged in a modulated structure,
deform the crystal lattice, yielding the loss of the spatial inversion centre and, thus, enabling
the emergence of electric dipoles. As the electric polarization arises from lattice distortions,
the study of the coupling between spins and phonons is of most relevant matter in systems,
wherein magnetic and ferroelectric properties are coupled. Consequently, from both
fundamental and application point of views, a deeper understanding of spin-phonon
coupling remains a very important issue.
The most studied magnetoelectric materials are the orthorhombic rare-earth manganites,
such as EuMnO3, GdMnO3, TbMnO3 and DyMnO3.17-23 These systems exhibit rather
interesting phase diagrams, with magnetically driven ferroelectric phase transitions, for
compounds with the lighter rare-earth ions, or magnetically switching of electric
polarization, for those ones with the heavier rare-earth ions. These materials behave
differently since, by changing rare-earth ion size, the Mn-O1-Mn bond angle changes
accordingly and hence the balance between ferromagnetic and antiferromagnetic
interactions. Unfortunately, the change of rare-earth ions also brings changes to the
magnetic state through its own magnetic characteristics. If it is required to comprehend just
the effect of ion radius size, the solid solution obtained by A-site substitution in europium
manganite with a non-magnetic ion, with a radius smaller than europium will ensure the
aforesaid requisites. Since neither yttrium nor europium ions possess magnetic moment,
interchanging them does not change the total magnetic moment. It stems only from the
Mn3+ ions. From the reasoning presented to above, it is apparent why Y-doped EuMnO3
system has been extensively studied to date.24-32
Several studies of the lattice dynamics by using Raman and infrared spectroscopies in Ydoped EuMnO3, have revealed a coupling between magnetic excitations and phonons,
through anomalous temperature behaviour of the phonon parameters or absorption
across the magnetic phase transitions.33-38 However, an overview of the experimental
results in order to evidence the main mechanisms underlying the spin-phonon coupling is
still missing.
In this book chapter, we will present a detailed review of the main theoretical and
experimental results concerning the lattice dynamics and spin-phonon coupling in the case
study: Eu1-xYxMnO3 for 0≤x≤0.5, where the structure is orthorhombic with the Pbnm space
group. The main goal is to understand the mechanisms of coupling between magnetic
excitations and phonons yielding the magnetically switching of ferroelectricity in spiral
magnets and, in this way, the very origin of the ferroelectric ground state in these
compounds.

2. Theoretical background
Important advances have been achieved towards a fundamental understanding of the
stabilization of ferroelectric ground states in magnetoelectrics through experimental
observation and investigation of the coupling mechanism between the ferroelectric and
magnetic orders. Some examples involve the use of second harmonic light generation,
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dielectric and magnetic measurements or structural investigation. In contrast, very little is
known about the behaviour of phonons in magnetoelectrics, although studies of phonons
have in the past played a crucial role in the understanding of classic ferroelectrics. Phonons
are also known to be altered by spin correlations thus offering a complementary and maybe
even unique powerful tool to investigate coupling mechanism in magnetoelectrics.39-41
Before going into details of phonon analysis and their coupling with spins, let us summarize
some aspects associated with the origin and main characteristics of spin structure in
orthorhombic rare-earth manganites. The main crystalline motif of their structure is the
existence of MnO6 octahedra, which run over chains by sharing apical oxygen ions. The 3d
electronic orbitals of the transition Mn3+ ions yield a rather multifaceted correlation between
spin arrangements and crystalline structure, which is at the very origin of the broad range of
physical properties observed in rare-earth manganites. In an ideal cubic crystal field
environment, the 3d Mn3+ orbitals are splitted into two degenerate higher energy states,
called d(x2-y2) and d(3z2-z2), with eg symmetry, and three degenerate lower energy states,
(dxy, dxz, d z), with t2g symmetry. Since eg orbitals are much closer to the 2p oxygen electronic
orbitals, Coulomb interaction yields a partial degeneracy lifting of the 3d orbitals. Moreover,
if the magnitude of the crystal field is much larger than spin-orbit coupling, a quenching of
the orbital angular momentum occurs, reflecting the actual spin structure in rare-earth
manganites.42,43
Over Coulomb interaction, the 3d electrons of Mn3+ ions can assure different kinds of
interactions. Whilst Hund and direct interactions favour ferromagnetic ordering of spins,
Hubbard tends to align spins antiferromagnetically. Moreover, orbital degeneracy is at the
origin of some types of superexchange interactions. From the substantial overlapping of
these latter orbitals with 2p oxygen ones, a strong superexchange interaction is obtained.
Contrarily, due to the orthogonal spatial orientation of the t2g orbitals against the 2pσ oxygen
orbitals and just a reduced overlapping with the 2pπ ones, weak superexchange interactions
are thus expected.42,43
In orthorhombic rare-earth manganites a significant distortion occurs associated with MnO6
octahedra, which is known as the Jahn-Teller effect.44,45 This distortion, which occurs along
the molecular fourfold axes, has the effect of lifting both orbital and electronic degeneracies,
leading to a decrease of the total energy.42,43
The coupling between spins and lattice has become one of the major mechanisms to
understand the interplay between magnetism and ferroelectricity occurring in rare-earth
manganites with intermediate-range magnitudes of the GdFeO3 distortion, as it is the case of
ReMnO3, Re=Eu, Gd, Tb, and Dy. The so-called magnetoelectric effect has been understood
in the scope of both phenomenological and microscopic theories. In the former case,
contributions first from Landau and latter from Dzyaloshinskii and Moriya (DM) were
presented, wherein symmetry conditions imposed by the magnetic point group are essential
issues for understanding the emergence of the magnetoelectric effect. 46-48 In particular, both
time and inversion symmetries are key issues for controlling the ME effect. Microscopic
quantum theory of the ME effect has been developed by I. A. Sergienko et al16 and Katsura et
al.49 These latter authors showed that ME effect and spin current are related to one another
in non-linear spin structures, like spiral-like states. In fact, as both electric polarization and
spin current belong to the same symmetry class, it is expected that are coupled together. The
coupling was demonstrated by considering a cluster scheme with two transition metal ions
intermediated by an oxygen atom shown in Figure 1.
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Fig. 1. The cluster model with two transition metal ions M1 and M2, and an oxygen atom
between them. Reprinted figure from Ref. 49. Copyright (2005) by the American Physical
Society.
By assuming the overlapping between the electronic wave functions of two adjacent sites i
, the inverse Dzyaloshinskii-Moriya model
and i+1 with mutually canted spins, and
yields a local polarization pi, given by:50
,

.

(1)

stands for the unit vector linking both sites, being A a constant reflecting spin-orbit
,
interactions and spin-exchange. Thus, the cycloidal spin arrangement in rare-earth
manganites enables an electric polarization to emerge, obtained by summing all of the local
polarization . It comes out from equation (1) that the polarization lays in the cycloidal
plane. As a consequence, in rare-earth manganites, the ferroelectric polarizations expected
along a- and c-direction lay in the ab- and cb-cycloidal planes, respectively (Figure 2).

∑
for (a) ab-cycloidal
Fig. 2. Spatial scheme of the DM polarization against
spin plane and (b) bc-cycloidal spin plane. Reprinted figure from Ref. 50. Copyright (2009)
by the American Physical Society.
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The inverse DM model has been successfully tested both theoretically and experimentally in
a variety of magnetoelectric rare-earth manganite systems.15,16,51,52 The emergence of inverseDM induced polarization in rare-earth manganites depends on the magnitude of the
GdFeO3 distortion, characterized by the amplitude of the Mn-O1-Mn bond angle or the rareearth ionic radius size. The following examples show that increasing (decreasing) the
GdFeO3 distortion (Mn-O1-Mn bond angle or the rare-earth radius size) enhances the
inverse-DM magnetically induced polarization. The first example is the emergence of an
electric polarization along the c-direction when changing from GdMnO3 to TbMnO3 and
DyMnO3 , which is associated with the increase of the GdFeO3 distortion due to ionic radius
size decrease.53,54 Further examples can be found in Gd1-xTbxMnO3 55,56 and Eu1-xYxMnO3
24,26,31,57,58 solid solutions.
Changes of the polarization state are obtained by continuously control the GdFeO3
distortion by increasing dopant content, decreasing in this way the ionic radius size. In fact,
above a certain doping level a long-range ferroelectric ground state is stabilized at low
temperatures associated with an ab-cycloidal spin state, where electric polarization emerges
along the a-crystallographic direction. For larger dopant concentration the cycloidal cb-plane
spontaneously flops at higher temperature to the ab-plane at lower temperatures, along with
a rotation of the electric polarization from the c- to the a-direction.26
The examples referred to above undoubtedly evidence the role of the GdFeO3 distortion to
inducing electric polarization via inverse DM interaction. Moreover, it is has been
established that this distortion has a crucial effect on the balance between the ferromagnetic
superexchange interaction, associated with the next-nearest (NN) spins, and the
antiferromagnetic superexchange one of the next-next nearest (NNN) spins.13,50 Increasing
the GdFeO3 distortion enhances the antiferromagnetic against the ferroelectric interactions.
This mechanism apparently yields the reduction of the AFM(A) phase transition
temperature with decreasing Mn-O1-Mn bond angle in orthorhombic rare-earth manganites,
and the emergence of the AFM ordering or spiral spin ordering, where ferroelectric ground
states can be stabilized.
Several attempts have been made in order to develop microscopic spin models
to understand the phase diagrams of rare-earth manganites.13,16,59-62 The essence
of magnetoelectric properties can be described if they are mapped onto a frustrated classical
S=2 Heisenberg model on a cubic lattice, with FM NN (Jab), and AFM NNN (J2) exchange
interactions acting in the ab-plane, and AFM NN (Jc) exchange interaction along
the c-direction, as it is shown in figure 3. In the Hamiltonian the Mn S=2 spins are
considered as classical vectors expressed as
,
,
, with
their components along a, b, and c axes of the Pbnm space group.
The Hamiltonian includes four terms involving superexchange and DM interactions, and
contributions from both single ion and cubic anisotropies, expressed as follows:50
(2)

,
wherein:
∑

,

∑

∙

,

∑
∑

,

∙

,

∑

1

∑

∙

,

∙

,

(3)
(4)

,
,
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(a)

(b)
Fig. 3. (a) Exchange interactions in rare-earth manganites. Jab-FM interactions on the Mn-Mn
bonds along the cubic x- and y-axes, J2-AFM interactions on the in-plane diagonal Mn-Mn
bonds along the orthorhombic b-axis, and Jc-AFM interactions on the Mn-Mn bonds along
the c-axis. (b) eg occupied orbitals configuration and both Jab and J2 interactions (solid lines)
in the ab-plane. A dashed line marks J2 interaction path, via two oxygen 2p orbitals.
Reprinted figure from Ref. 50. Copyright (2009) by the American Physical Society.
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and
∑

.

(6)

ix, iy and iz are the coordinates of the i-th manganese ion along the x, y ,and z cubic axes.
The superexchange term consists of NN FM Jab, NNN AFM J2, and AFM NN Jc interactions.
Jab is associated with the AFM arrangement of eg orbitals in the ab-plane, while J2 stems from
AFM exchange between the two Mn eg orbitals in the b-direction, along the path defined by
the two 2p oxygen orbitals. AFM Jc comes from ferro-orbital stacking along the c-direction.
As in manganites Jab and Jc are comparable in magnitude, and J2 is strongly dependent on
GdFeO3 distortion, it is evident the important role played by changing the Mn-O1-Mn bond
to alter the magnetic properties of rare-earth manganites. Thus, it is expected that by
increasing J2 against Jab, the GdFeO3 distortion will tend to stabilize spiral spin ordering with
ferroelectric properties. This is in perfect agreement with the experimental results obtained
in the rare-earth manganite systems referred to above.
The second term of the Hamiltonian (Eq. 4) concerns the DM interactions.47,48,63 The
vector regards the Mn(i)-O-Mn(j) bond along the α cubic axis (α = x, y, z). Figure 4 shows
the DM in-plane and out-of-plane vectors in the vicinity of the Mn(i)-O-Mn(j).

Fig. 4. DM vectors around the Mn(i)-O-Mn(j) bond, expressed as a function of the
parameters  ab ,  ab  ab ,  c , and c . Reprinted figure from Ref. 50. Copyright (2009) by the
American Physical Society.
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From the spatial orientation of the eg orbitals it can be reckoned that while the DM vectors
regarding in-plane Mn-O-Mn bonds are almost perpendicular to the plane, those
corresponding to out-of-plane bonds are not. Recent calculations yield a magnitude three
times larger for the out-of-plane DM vector relative to the in-plane one. It is worthwhile to
note that αc has the same sign in each plane, though alternating along de c axis. Due to spin
canting in the AFM(A) phase, a week ferromagnetism is thus expected along c axis, in good
agreement with earlier results.26,64
The single-ion anisotropy contribution is determined by the octahedron environment of the
manganese ion. The first term of equation 5 implies that the c-axis becomes a hard
magnetization axis, as ςi is directed mainly along c. Contrarily, the second term evidences
the existence of local magnetization axes along ξi and ηi, alternatively located in the ab plane.
The cubic anisotropy term reflects the cubic anisotropy, which stems from the nearly cubic
symmetry of the perovskite lattice. The contribution from orthorhombic distortion is not
taken into account, since its magnitude is comparatively very small.
Earlier experimental results, which were aimed at studying the magnetic, electric and
magnetoelectric properties of rare-earth manganites, reveal that the GdFeO3 distortion plays
a major role by enhancing the AFM exchange interactions J2 against the FM ones Jab. Thus, it
is challenging to trace the (T, J2) phase diagrams in order to understand those obtained
experimentally as a function of either the rare-earth radius size or the concentration of
dopant ion. Figure 5 shows the (T, J2) phase diagram obtained on the grounds of this model
for αc = 0.30 meV, and tends to reproduce the main characteristics revealed by a variety of
experimental (T, x) phase diagrams earlier presented for Eu1-xYxMnO3.24,26,31

Fig. 5. Theoretical (T, J2) phase diagram obtained for αc = 0.30 meV. Reprinted figure from
Ref. 50. Copyright (2009) by the American Physical Society.
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Except for some distinctive details regarding the trace of the phase boundaries, the diagram
shown in Figure 5 reproduces quite well the phase arrangement obtained experimentally.
WFM+AFM(A) phase emerges for lower values of J2. For increasing J2 values, AFM
modulated phases are stabilized, where modulation is a consequence of DM interaction,
here determined by αc = 0.30 meV. The modulation of the AFM phases is needed for
stabilizing the ferroelectric ground state.
It is also worth to note the flop of the polarization from Pc at high temperatures to Pa at low
temperatures for higher values of J2. This flop is though puzzling. Since the c axis in rare∑
single-ion
earth manganites is always the magnetization hard axis due to the
anisotropy, it is expected a higher energy for the bc-cycloidal spin state than for the ab one.
The reason for the stabilization of the bc-cycloidal spin state for high J2 values stems from
Δ
due to DM term for both bc- and ab-spin
considering the energy balance Δ
states. In fact, this balance dominates for high J2 values the energetic disadvantage
stemming from the hard c-magnetization axis. This means that the ab- and bc-cycloidal spins
states are actually stabilized by single-ion anisotropy or DM interactions.
Moreover, as the spins in the bc-cycloidal state are mainly associated with a component of
DM vectors on the out-of-plane Mn-O-Mn bonds, it is expected that αc becomes an important
parameter to determine the relative temperature range of both bc- and ab-spin states. It can
be shown by increasing αc up to 0.38 meV that the Gd1-xTbxMnO3 phase diagram can be
reproduced, where for high values of J2 just the bc-cycloidal spin state is stabilized in good
agreement with earlier experimental results. Contrarily to earlier results, it is also evidenced
that the flop of the cycloidal spin plane is quite independent of the f-electron moments, as it
becomes clear from the (T, J2) phase diagrams of Gd1-xTbxMnO3 and Eu1-xYxMnO3
systems.24,26,31
Additionally, by analysing the single-ion anisotropies, it can be reckoned that the GdFeO3
distortion energetically favours the orientation of the spins along the b axis in both the
AFM(A) and sinusoidal collinear phases.

3. Case study: Eu1-xYxMnO3 (0< x < 0.55)
The coupling between spin and phonons has been observed in a broad range of materials,
exhibiting ferromagnetic, antiferromagnetic, magnetoresistive, or superconducting
properties. Many of them do not present magnetoelectric effect, evidencing that the
existence of that coupling does not necessary lead to the emergence of this effect.65-68 Thus, if
we aim at assessing the role of spin-phonon coupling to stabilize ferroelectric ground states,
it will be undertaken in materials that exhibit magnetoelectric coupling. Orthorhombic rareearth manganites are actually good candidates as magnetoelectricity can be gradually
induced by simply changing the rare-earth ion.13,16,17,50 This is the case of rare-earth ions
passing from Nd, Sm, Eu, Gd, Tb, to Dy, which are quite suitable to study the way the
magnetoelectric effect correlates with spin-phonon coupling. However, along with the
change of the ionic radius size, an unavoidable change of the total magnetic moment will
occur, due to the different magnitude of the magnetic moment of each rare-earth ion. The
best way to have just the change of one variable is to preserve the magnetic moment by
choosing a system that does not involve any other magnetic moments than those that stem
from the manganese ions. There is at least one system that fulfils these requirements. The
solid solution obtained by introducing yttrium ions at the A-site of EuMnO3. Since both
europium and yttrium ions do not possess any magnetic moment by interchanging them the
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total magnetic moment remains constant. Most interesting is then what really changes? As
yttrium has a smaller radius than europium by increasing yttrium content the effective Asite radius decreases accordingly. We have then a system worth to be studied, where by
decreasing just the A-site effective site and consequently decreasing the Mn-O1-Mn bond
angle, it will directly act on the balance of the ferromagnetic and antiferromagnetic
interactions, tailoring in the way the phase diagram of the system. One of the consequences
is the stabilization of spiral incommensurate antiferromagnetic spin structures, enabling the
emergence of ferroelectric ground states on the basis of the DM model.
From the phase diagram presented to above it is reckoned that the different compositions
for x less than 0.5 can be gathered in several sets with specific physical properties. Thus,
the experimental data obtained will be shown by taking this division into sets in account.
But before going into it, let us summarize the state-of-art of the yttrium doped EuMnO3
system.
3.1 General considerations about the phase diagram of Eu1−xYxMnO3, x < 0.55
The possibility of systematic and fine tuning of the A-site size, without increasing the
magnetic complexity arising from the rare-earth ion, is achieved by the isovalent
substitution of the trivalent Eu3+ ion by Y3+, Eu1-xYxMnO3, with x < 0.55. This allows us for a
continuous variation of the Mn-O1-Mn bond angle, which is associated with the
development of the complex magnetic ground states and ferroelectric phases.
The main features of the phase diagram of Eu1−xYxMnO3, with 0 ≤ x < 0.55, has been
described on the grounds of competitive NN ferromagnetic and NNN antiferromagnetic
interactions, along with single-ion anisotropy and the Dzyaloshinsky-Morya interaction.50
Therefore, this system exhibits a rich variety of phase transitions from incommensurate to
commensurate antiferromagnetic phases, some of them with a ferroelectric character,
depending on the magnitude of x substitution.
We should highlight the importance of this result as it definitely confirms assumptions
forwarded in previously published works carried out in orthorhombically distorted rareearth maganites.17-26 What makes them a very interesting set of materials is the fact that
they share a common GdFeO3–distortion, where the tilt angle of the MnO6 octahedra
becomes larger when the rare-earth radius decreases. This behaviour is illustrated in Figure
6 for several undoped rare-earth manganites and the Eu1-xYxMnO3 doped system.31 As it can
be seen for undoped rare-earth manganites, by decreasing the ionic radius size, the Mn-O1Mn bond angle decreases almost linearly. However, for the Eu1-xYxMnO3 system, a
significant deviation from the linear behaviour observed for undoped manganites, is
detected. It is worthwhile to note that a much steeper slope is observed for the Eu1-xYxMnO3
system. Since the slope of the Mn-O1-Mn bond angle as a function of x scales with the
degree of competition between both the NN neighbour ferromagnetic and the NNN
antiferromagnetic exchanges in the basal ab-plane, its phase diagram has then to exhibit very
unique features, which distinguish the Eu1-xYxMnO3 system from the others. Such features
are apparent out from earlier phase-diagrams.24,26
Ivanov et al58, Hemberger et al24, and Yamasaki et al26 have proposed (x,T) phase diagrams,
for Eu1-xYxMnO3 single crystals, with 0 ≤ x < 0.55, obtained by using both identical
and complementary experimental techniques. Although the proposed phase diagrams
present discrepancies regarding the magnetic phase sequence and the ferroelectric
properties for 0.15 < x < 0.25, there is a good agreement concerning the phase sequence for
0.25 < x < 0.55.
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Recently, a re-drawn (x,T) phase diagram of Eu1-xYxMnO3, with 0 ≤ x < 0.55, based on X-ray
diffraction, specific heat, dielectric constant and induced magnetization data, was
published.31 Figure 7 shows the more recent proposed (x,T)-phase diagram for this system.31

Fig. 6. Mn-O1-Mn bond angle as a function of the ionic radius of the A-site ion, for the
ReMnO3, with Re = Nd, Sm, Eu, Gd, Dy (closed circles), and for Eu1-xYxMnO3 (open
squares). Adapted figure from Ref. 31.

Fig. 7. (x,T) phase diagram of the Eu1-xYxMnO3. The dashed lines stand for guessed
boundaries. Adapted from Ref. 31.
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The phase boundaries were traced by considering the phase transition temperatures
obtained from the set of data referred to above. Below the well-known sinusoidal
incommensurate antiferromagnetic phase (hereafter designated by AFM-1), observed for all
compounds, a re-entrant ferroelectric and antiferromagnetic phase (AFM-2) is stable for x =
0.2, 0.3, and 0.5. The ferroelectric character of this phase was established by P(E) data
analysis. Conversely, the AFM-3 phase is non-polar.31 If the low temperature
antiferromagnetic phase (AFM-3) were ferroelectric, as other authors reported previously,
then, even though the coercive field had increased by decreasing temperatures, the
remanent polarization would have increased accordingly. This is not confirmed by P(E)
behaviour. In fact, the remanent polarization decreases to zero towards TAFM-3, evidencing a
low temperature non-polar phase. The decrease of the remanent polarization as the
temperature decreases, observed for the compositions x = 0.2, 0.3, and 0.5, can be associated
with changes of both spin and lattice structures. As no ferroelectric behaviour was found for
0  x < 0.2 down to 7 K, and taking into account magnetization data, we have considered a
unique weakly ferromagnetic phase (AFM-3). Our current data do not provide any other
reasoning to further split this phase. The phase boundary between AFM-2 and AFM-3
phases for 0.3 < x < 0.5 were not traced, since the experimental data do not indicate
unambiguously whether a transition to a non ferroelectric phase occurs at temperatures
below the lowest measured temperature. Moreover, it is not clear what are the phase
boundaries associated with the polarization rotation from the c to the a-axis, in the
neighbouring of the composition x = 0.5.
The aforementioned (x,T) phase diagram is significantly different from other earlier
reported.24,26 Evidence for a unique non-ferroelectric low temperature AFM-3 phase is
actually achieved.31
The origin of the ferroelectricity in these compounds is understood in the framework of the
spin-driven ferroelectricity model.16 In these frustrated spin systems, the inverse
Dzyaloshinsky-Morya interaction mechanism has been proposed. However, based on
experimental results, the magnetic structure has been well established only for the
compositions x = 0.4 and 0.5. For the other compositions, the magnetic structure is not yet
determined. Moreover, the ferroelectric properties of the Eu1-xYxMnO3 have been also
studied by measurement of the electric current after cooling the sample under rather highapplied electric fields (E > 1 kV/cm). As it was shown in Refs. 29, 30 and 32, Eu1-xYxMnO3
exhibits a rather high polarizability, which can prevent the observation of the spontaneous
polarization.
3.2 Experimental study and discussion
In order to ascertain the correlation between crystal structure and spin arrangements
referred to above different approaches can be realized. One way is to use high-resolution Xray diffraction using synchrotron radiation, to figure out the behaviour of structural
parameters across the magnetic phase transitions. Very recently, a work on Eu1-xYxMnO3
system was published showing the temperature behaviour of some structural parameters
across the magnetic phase transitions.28 Anomalies observed in the lattice parameters and
both octahedra bond angle and bond distances clear evidence spin rearrangements
occurring at phase transition temperatures, which are in favour of a significant spin-lattice
coupling in these materials.28
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Another alternative way to figure out magnetic-induced ferroelectric ground states is to
study the phonon behaviour across the magnetic phase transition through Raman
spectroscopy. As the electric polarization arises from lattice distortions, the study of the
spin-phonon coupling is particularly interesting in systems that present strong spin-lattice
coupling, as it is the case of rare-earth magnetoelectric manganites. Consequently, from both
fundamental point of view and technological applications, to comprehend spin-phonon
coupling is a central research objective.
A variety of Raman scattering studies of orthorhombic rare-earth manganites, involving Pr,
Nd and Sm, has evidenced a significant coupling between spins and phonons close and
below the Néel temperature.34 We also note that the effect of the magnetic ordering is very
weak in magnetoelectrics rare-earth manganites involving other rare-earth ions like Gd, Tb,
Dy, Ho and Y.34 Since the change of the GdFeO3 distortion is accompanied with the change
of the magnetic moment due to the rare-earth ions alteration, a comparative analysis of the
coupling between spin degrees of freedom and phonons is a rather difficult task. This is not
the case of the solid solution consisting of orthorhombic Eu1-xYxMnO3 system (0 ≤ x ≤ 0.5),
since no magnetic contributions stem from europium and yttrium ions. In fact, the magnetic
properties are entirely due to the manganese 3d spins. In the absence of other effects, a direct
relation of spin-phonon coupling with the GdFeO3 distortion can be achieved. We would
like to emphasize that this distortion is a consequence of the Jahn-Teller cooperative effect
and the tilting of the octahedra around the a-axis, which yield a lowering of the symmetry.
As a consequence of this increasing lattice deformation, the orbital overlap becomes larger
via the Mn-O1-Mn bond angle changing in turn the balance between ferromagnetic and
antiferromagnetic exchange interaction.50
The main goal is to understand how phonons relate with both lattice distortions and spin
arrangements, and to determine their significance to stabilizing ferroelectric ground states.
In the following, we will present and discuss the main experimental results obtained in the
aforementioned system, in the form of polycrystalline samples. Details of the sample
processing and experimental method could be found in Refs. 69 and 38.
The Raman spectra were analyzed in the framework of the sum of independent damped
harmonic oscillators, according to the general formula:70
,

1

,

∑

,

(7)

by fitting this equation to the experimental data. n( , T ) stands for the Bose-Einstein factor,
and Aoj , oj and  oj are the strength, wave number and damping coefficient of the j-th
oscillator, respectively.
In the orthorhombic rare-earth manganites, the activation of the Raman modes is due to
deviations from the ideal cubic perovskite structure. Factor group analysis of the EuMnO3
(with Pbnm orthorhombic structure) provides the following decomposition corresponding to
the 60 normal vibrations at the -point of the Brillouin zone:

acustic = B1u+B2u+B3u
optical = (7Ag+7B1g+5B2g+5B3g )Raman-active + (8Au+10B1u+8B2u+10B3u)IR-active.
Since Raman-active modes should preserve the inversion centre of symmetry, the Mn3+ ions
do not yield any contribution to the Raman spectra. From the polycrystallinity of the

316

Ferroelectrics – Physical Effects

samples, the Raman spectra obtained involve all Raman-active modes. Earlier reports by
Lavèrdiere et al,34 suggested that the more intense Raman bands are of Ag and B2g symmetry.
Therefore in our spectra, the Ag and B2g modes are expected to be the more intense bands in
Eu1-xYxMnO3. As these modes are the most essential ones for our study, we are persuaded
that by using ceramics instead of single crystals, no significant data are in fact lost in regard
to the temperature dependence of the mode parameters.
Figure 8 shows the unpolarized Raman spectra of Eu1-xYxMnO3, with x = 0, 0.1, 0.3, 0.4 and
0.5, taken at room temperature.
The spectral signature of all Eu1-xYxMnO3 (with x ≤ 0.5) compounds is qualitatively similar
in the 300-800 cm-1 frequency range, either in terms of frequency, linewidth or intensity.
Their similarity suggests that they all crystallize into the same space group, and that the
internal modes of the MnO6 octahedra are not very sensitive to Y-doping. This results is in
excellent agreement with the quite similar structure, which is slightly dependent on Ycontent.28,38 Nevertheless, a fine quantitative analysis of the spectra evidenced some subtle
changes as Y-concentration is altered. Some examples can be highlighted. The broad band
emerging close to 520 cm-1 becomes more noticeable by increasing the yttrium
concentration. The frequency of the band located near 364 cm-1 increases considerably with
increasing x.
An earlier work by L. Martín-Carrón et al,45 regarding the frequency dependence of the
Raman bands in some stoichiometric rare-earth manganites, has been used to assign the
more intense Raman bands of each spectrum. The band at 613 cm-1 is associated with a JahnTeller symmetric stretching mode involving the O2 atoms (symmetry B2g) ,33,45,71,72 the band
at 506 cm-1 to a bending mode (symmetry B2g), the band at 484 cm-1 to a Jahn-Teller type
asymmetric stretching mode involving also the O2 atoms (symmetry Ag), and the band at
364 cm-1 to a bending mode of the tilt of the MnO6 octahedra (symmetry Ag).45
From the mode assignment referred to above, it is now possible to correlate the x-dependence
of the frequency of these Raman bands with the structural changes induced by the Y-doping.
The more noticeable stretching modes in ReMnO3 are known to involve nearly pure Mn-O2
bond and they are found to be slightly dependent on the chemical pressure. In orthorhombic
rare-earth manganites, the stretching modes change less than 5 cm-1, with the rare-earth ion
substitution from La to Dy.33 Figures 9 (a) and (c) show the frequency of the bands located
close to 613 cm-1 and 484 cm-1, respectively, as a function of x.38
The observed frequency changes of only 2 cm-1 when x increases from 0 to 0.5, correlates
well with a weak dependence of the Mn-O2 bond lengths with x.38 The weak x-dependence
of the frequency of these modes provides further evidence for a slight dependence of the
MnO6 octahedron volume and Mn-O bonds lengths on the Y-doping, in agreement with
literature work on other rare-earth manganites.28,45 Contrarily, the modes B and T shown in
Figures 9 (b) and (d) reveal a significant variation with x, 10 to15 cm-1 when x increases from
0 to 0.5. This feature correlates well with the x-dependence of the tilt angle.38 The largest
variations with x is presented by the lower frequency T mode, which is an external mode Ag
associated with the tilt mode of the MnO6 octahedra. A linear dependence of the frequency
of T mode in the tilt angle was in fact observed (see Fig. 7 of Ref 38). The slope found,
5 cm-1/deg, is much less that the slope obtained for other orthorhombic manganites
(23 cm-1/deg).33 Mode B is assigned to the bending mode B2g of the octahedra.33 The two
broad shoulders observed at round 470 cm-1 and 520 cm-1 are likely the B2g in-phase O2
scissor-like and out-of-plane MnO6 bending modes.
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Fig. 8. Unpolarized Raman spectra of Eu1-xYxMnO3, for x = 0, 0.1, 0.3, 0.4 and 0.5, recorded at
room temperature. The laser plasma line is indicated by (*). Mode assignment: SS-symmetric
stretching mode (symmetry B2g); AS – Jahn-Teller type asymmetric stretching mode
(symmetry Ag); B – bending mode (symmetry B2g); T – tilt mode of the MnO6 octahedra
(symmetry Ag). Reprinted figure from Ref. 38. Copyright (2010) by the American Physical
Society.
Let us address to the temperature dependence of the frequency of Raman active modes.
Figure 10 shows the unpolarized Raman spectra of EuMnO3 and Eu0.5Y0.5MnO3, recorded at
200K and 9K.
As it can be seen in Figure 10, the spectra at 200K and 9K show only very small changes in
their profiles. Especially, no new bands were detected at low temperatures. The lack of
emergence of infrared Raman-active bands, even for those compositions where the
stabilization of a spontaneous ferroelectric order is expected, may have origin in two
different mechanisms: either the inverse centre is conserved or the ferroelectric phases for x
≥ 0.2 are of an improper nature.
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Fig. 9. Dependence of the frequency of the symmetric stretching mode (SS) (a), bending
mode (B) (b), antisymmetric stretching mode (AS) (c) and tilt mode (T) (d), on the Y-content.
The solid lines are guides for the eyes. Adapted from Ref. 38. Copyright (2010) by the
American Physical Society.

Fig. 10. The Raman spectra of EuMnO3 and Eu0.5Y0.5MnO3, recorded at 200 and at 9 K. The
laser plasma line is indicated by (*). Adapted from Ref. 38.
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Despite the absence of new Raman-active bands, an analysis of the spectra reveals striking
anomalies in the temperature dependence of some phonon parameters throughout the
magnetic phase transitions.
According to the spin-phonon coupling models, one should expect detectable changes in the
phonon frequencies on entering the magnetic phases, reflecting the phonon renormalization,
proportional to the spin-spin correlation function for the nearest Mn3+ spins. Aiming at
searching for a spin-phonon coupling in Eu1-xYxMnO3, we have followed the temperature
dependence of the parameters characterizing the MnO6 Raman-active modes. We have
found that the symmetric stretching mode (SS) close to 615 cm-1 is the most sensitive to the
magnetic ordering. In fact, this mode senses any change in the geometrical parameters
associated with the spontaneous orthorhombic strain e and, so a strong coupling between
the B2g symmetric stretching mode and the electronic degrees of freedom is ascertained. In
other rare-earth manganites, like Ca-doped PrMnO3, this mode is so strongly coupled with
the electronic system that it can be used to control a metal-insulator transition, by its
coherent manipulation through selective mode excitation.73 The temperature dependence of
the B2g symmetric stretching mode frequency for different yttrium concentrations is shown
in Figure 11, together with the insets, which reflect the temperature dependence of the
corresponding linewidths.
In order to evaluate the effect of magnetic exchange interactions on the phonon behaviour,
we start by defining the purely anharmonic temperature dependence of the frequency and
of the linewidth of the different modes by the model:74
0

1

(8)

for the temperature dependence of the frequency of the transverse mode and: 74
Γ

Γ 0

1

(9)

for the temperature dependence of its linewidth. In equations (8) and (9),  and (0) are
o
the frequencies of the optical mode at the temperature T and 0 K, respectively, y 
2 kBT
where o is the characteristic frequency of the mode, (T) and (0) are the linewidths of the
mode at the temperature T and 0 K, respectively.74 The solid lines in Figure 11 correspond to
the best fit of these equations to the high-temperature range data (T > 100K), with the
adjustable parameters C, , (0) and o.
The results displayed in Figure 11 clearly show that for Eu1-xYxMnO3, with x = 0, 0.3 and 0.4,
only a faint frequency shift is observed at TN in the temperature dependence of the phonon
frequency, from the normal anharmonic behaviour. Contrarily, a significant negative
frequency shift is found for x = 0.2, along with a negative and positive shifts observed for
x = 0.1 and x = 0.5, respectively.
For all these compounds the shifts appear well above the onset of the magnetic order and
consequently it is very unlikely that these effects are driven by any sort of long range spin
ordering. It may be that the shifts emerge when the temperature allows for some kind of
local spin ordering.
The frequency shift of a given phonon as a function of temperature, due to the spin-phonon
coupling, is determined by the spin-spin correlation function:68,75
〈

∙

〉,

(10)
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Fig. 11. Temperature dependence of the frequency of the B2g symmetric stretching mode (SS)
for Eu1-xYxMnO3, with x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5. The insets show the temperature
dependence of the damping coefficient of the same mode as a function of the temperature.
The solid lines were obtained from the best fit of Eq. 8 and 9, respectively. Reprinted figure
from Ref. 38. Copyright (2010) by the American Physical Society.
where  is the renormalized phonon frequency at a fixed temperature, o denotes the
frequency in the absence of spin-phonon coupling, and  is the spin-phonon coupling
constant.
When ferromagnetic and antiferromagnetic competitive interactions are present, it was
proposed for the frequency shift:75,76
∝

+

(11)

where R1 and R2 are spin dependent force constants of the lattice vibrations deduced as the
squared derivatives of the exchange integrals with the respect to the phonon displacement.

Coupling Between Spins and Phonons Towards Ferroelectricity in Magnetoelectric Systems

321

R1 is associated with the ferromagnetic nearest neighbour and R2 is associated with the
antiferromagnetic next-nearest neighbour exchange.75 The magnetic properties are
determined mainly by the exchange integrals, which depend on the number of
ferromagnetic and antiferromagnetic interactions in the system. This model predicts
negative or positive frequency shifts depending on the relative strength between the
ferromagnetic and antiferromagnetic exchange interactions, associated with the normal
mode being considered. On the grounds of the model presented to above, the Raman
frequency shifts displayed in Figure 11 can be understood by assuming the coexistence of
ferromagnetic and antiferromagnetic competitive exchange interactions, and spin-phonon
coupling in Eu1-xYxMnO3. As it has been assumed in current literature, we consider that the
spin correlation functions of the nearest neighbours and the next-nearest neighbours have
almost the same temperature dependence,37 and thus, we take the same correlation
, S S and
. Moreover, as we are dealing with the same
functions for
eigenmode, we also assume constant values for R1 and R2. So, Equation (11) can be written as
follows:
∝

.

(12)

For x = 0, 0.1 and 0.2, the Raman shift is negative, increasing as the x value increases up to
0.2, where it takes its maximum value. This means that the difference R2 - R1 becomes more
negative with x up to 0.2. For x = 0.3, the Raman frequency shift is also negative, but with a
small value. On the other hand, for x = 0.4 and 0.5 a clear positive Raman shift is observed. It
is worthwhile to stress that the weak ferromagnetic character of the compounds with x
between 0 and 0.2 cannot be explain by this model, as it is associated with the number of the
exchange integrals and not with the second derivatives to the phonon displacements,
represented by the R1 and R2 coefficients. This in good agreement with fact that the
ferromagnetic features in these compounds arise below 45 K – 28 K, depending on x (see
phase diagram in Figure 5 of Ref. 50), which is far below 100 K where the spin-phonon
coupling mechanism emerges.
Except for EuMnO3, the linewidth deviates, around 100 K, from the purely anharmonic
temperature dependence behaviour. For x = 0.20, the linewidth presents a further anomaly
at TN ≈ 50K where the temperature derivative of the wave number is maximum.
In order to search for further corroboration of the spin-phonon coupling, we have also
studied the temperature behaviour of the lattice mode associated with the rotational Ag
mode of the MnO6 octahedra, which scales directly with the Mn-O1-Mn bond angle. Figure
12 shows the results obtained for x = 0.3 and 0.4. Both anomalies at TN, for x = 0.3 and 0.4,
and at TAFM-2 (only for x = 0.4) and deviations from the normal anharmonic behaviour, for
both x = 0.3 and 0.4, entirely corroborates the role of spin-phonon coupling mechanism in
Eu1-xYxMnO3. It is still worth noting, that the sign of the shifts is fully consistent with the
magnetic character of both compositions. The negative (positive) shift obtained for x=0.3
(x=0.4) confirms the relative predominance of the ferromagnetic (antiferromagnetic)
exchanges against the antiferromagnetic (ferromagnetic) ones. This feature is in favour of an
increasing range of stability of the ferroelectric ground state as the yttrium concentration
increases. The different configuration of the low temperature part of the Eu1-xYxMnO3 phase
diagram is in good agreement with the very distinct behaviour of the Mn-O-Mn bond angle
versus the average A-site size, when compared with the one of other magnetoelectric rareearth manganites (see Fig. 6).
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Fig. 12. Temperature dependence of the frequency of the Ag external mode (T) for Eu1xYxMnO3, with x = 0.3 and 0.4. The solid lines were obtained from the best fit of Eq. 8 and 9,
respectively. Reprinted figure from Ref. 38. Copyright (2010) by the American Physical
Society.

4. Conclusions
The experimental results obtained in Eu1-xYxMnO3, with 0 ≤ x ≤ 0.5, using Raman
spectroscopy noticeably reveal the existence of spin-phonon coupling in this system: shifts
of the frequency of the normal modes relative to anharmonic temperature dependence,
energy transfer mechanisms between modes, anomalies in the mode parameters both above
and below to TN. This is most evidenced by the symmetric stretching and tilt modes
associated with MnO6 octahedra.
Despite the existence of the spin-phonon coupling for all x values studied, spin-phonon
coupling is not a sufficient condition to the emergence of ferroelectricity. As it can be
observed in (x,T) phase diagram, ferroelectricity occurs only above x = 0.15, which means
that other mechanisms are required. These mechanisms were theoretically established on
the grounds of the model presented to above.50 The relative magnitude of the Hamiltonian
terms shape the (x,T) phase diagram, as J2 increases. In fact, the emergence of the re-entrant
ferroelectric phase stems from the increasing magnitude of the AFM against the FM
interactions and of DM interaction.30,38,50
An alternative way towards ferroelectricity is to apply an external magnetic field.77
Experiments carried out in Eu1-xYxMnO3 under magnetic field up to 55 T, can induce
magnetic transitions to a multiferroic phase.77 This same effect was also observed
in GdMnO3, but for much lower values of the external magnetic field.17 Figure 13
shows the frequency of the Ag external mode as a function of the magnetic field, recorded
at 10 K.
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The anomalies mark the emergence of ferroelectriciy for a magnetic field of 3 T, in good
agreement with earlier published results.17 This in favour for the presence of a significant
spin-phonon coupling in GdMnO3.

Fig. 13. Magnetic field dependence of the Ag external mode frequency of GdMnO3, at 10 K.
Blue solid circles: increasing magnetic field strength; red solid circles: decreasing magnetic
field strength. The vertical dashed lines mark the phase boundaries between the canted
antiferromagnetic and the ferroelectric (P//a) phases, according Ref. 17.
Our results also yield the existence of spin-phonon coupling even above TN, which in
favour of a coupling between phonons and magnetic ordering in the paramagnetic phase.
In fact, our experimental results correlate with terahertz transmittance data in Eu1xYxMnO3.27,36 They yield the existence of electromagnons for x = 0.20, 0.30 and 0.50,
yielding information on the static dielectric constant below T1, and evidencing a broad
background absorption observed up to TN + 50K.27,36 We have also observed a frequency
deviation from purely anharmonic behaviour, well above TN, associated with spinphonon coupling. Laverdière et al34 have observed a softening for Ag and B2g stretching
modes in, e.g. NdMnO3 and DyMnO3, starting well above TN, which they relate to a small
Mn-O expansion. Since manganites have peculiar local electronic and magnetic structures,
it is also reasonable to associate this behaviour with local magnetic fluctuations, like in
rare-earth nickelates.78-80 Aguilar et al27 have associated the existence of the terahertz
background absorption in the paramagnetic phase with phonon-electromagnon coupling.
We have reconsidered the correlation between the total spectral weight below 140 cm-1,
depicted in Fig 2 of Ref. 27, and the frequency shift calculated from our results for x =
0.20. The results are shown in Figure 14.
This result evidences a mechanism that involves spin-spin interactions, since the shift of the
measured frequency (proportional to ∙ ) for x = 0.2 scales with the spectral weight
displayed in Figure 2 of the Ref. 27, in the temperature range 50 K - 100 K. The spectral
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weight, calculated from the sample with x = 0.25, is reported to be proportional to the
phonon-electromagnon coupling in the paramagnetic phase, and it is also proportional
to ∙ .

Fig. 14. Frequency deviation from the extrapolated temperature behaviour for T > 100K, of
the symmetric stretching mode of Eu0.8Y0.2MnO3, versus the spectral weight calculated from
the terahertz data, below 140 cm-1, for the sample Eu0.75Y0.25MnO3 (Ref. 27). The straight line
is a guide for the eyes. Copyright (2010) by the American Physical Society.
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1. Introduction
Nanotechnology stands for a new paradigm in materials science that aims at exploring
and controlling new physical phenomena and enhanced functionalities that emerge at the
nanoscale. These opportunities are a direct consequence of reduced dimensionality and/or
interfacial phenomena from proximity effects between dissimilar materials Zubko et al. (2011).
Progress in growth techniques Chambers (2010); Eckstein & Bozovic (1995); Martin et al.
(2010); McKee et al. (1998); Posadas et al. (2007); Reiner et al. (2009); Schlom et al. (1992);
Vaz et al. (2009a); Vrejoiu et al. (2008), nanoscale characterization tools Zhu (2005), and ﬁrst
principles calculations Cohen (2000); Fennie (2008); Picozzi & Ederer (2009); Rabe & Ghosez
(2007); Spaldin & Pickett (2003); Waghmare & Rabe (2005) have been instrumental to our
present ability to control matter down to the atomic scale and to fabricate nanoscale device
structures with the potential for technological applications. Examples of current research
work that aims at addressing some of the current grand challenges include the search for
ultrasensitive sensors and actuators for applications in areas such as medicine and energy
harvesting, the development of smaller and more energy efﬁcient electronic devices that
could replace current CMOS switches, and the design of intelligent systems that incorporate
complex operations at the core processing level. While the approach employed to date has
relied on building up complexity from basic building blocks (e.g., complex microprocessor
units formed of MOSFET devices), a new approach is being developed that directly explores
the complex state of matter to achieve integrated functionalities and more complex operations
at a fundamental level. Key to this effort has been the sustained research work aimed
at understanding the properties of strongly correlated systems, and at controlling such
properties down to the atomic scale, from a device physics perspective.
In this context, a particularly interesting class of materials are so-called multiferroic systems,
which are characterized by the presence of simultaneous magnetic and ferroelectric order. As
such, they offer the possibility of achieving control of the magnetic state via applied electric
ﬁelds, or vice versa, which could ﬁnd applications in ultrasensitive magnetic sensors and
transducers, solid state transformers, magnetoelectrooptic devices, energy harvesting and
storage, and new spin-based logic devices in the context of spintronics Bibes & Barthélémy
(2007); Cibert et al. (2005); Žutić et al. (2004). In most single phase multiferroic materials, the
origin of magnetic and ferroelectric orders is largely independent, with the consequence that
the coupling between magnetism and ferroelectricity (mediated by the spin-orbit coupling)
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is weak; in those instances where the coupling is strong, the critical temperatures tend to be
small Khomskii (2006; 2009); Picozzi & Ederer (2009). To overcome the weak magnetoelectric
coupling of single-phase multiferroic materials, alternate approaches have been developed
that explore proximity and interfacial effects between magnetic and ferroelectric materials to
form composite structures with enhanced coupling between electric and magnetic properties.
By judiciously engineering the interfacial properties at the nanoscale, a strong coupling
between magnetic and ferroelectric order parameters can be achieved. This new class of
artiﬁcially structured composite materials exhibits magnetoelectric couplings that are orders
of magnitude larger that those typical of single-phase, intrinsic multiferroics Fiebig (2005); Ma
et al. (2011); Vaz et al. (2010a).
An example of the promise afforded by this approach is provided by the particular case
of the multiferroic perovskite BiFeO3 , characterized by magnetic and ferroelectric critical
temperatures well above room temperature (Tcm = 643 K and Tce = 1100 K, respectively)
Catalan & Scott (2009). BiFeO3 has generated much interest recently, following the ﬁrst report
of the growth of epitaxial thin ﬁlms Wang et al. (2003) and the demonstration of very large
electric polarizations in high quality single crystalline ﬁlms and in bulk crystals Lebeugle et al.
(2007); Shvartsman et al. (2007); Wang et al. (2003). In this system, ferroelectricity originates
from the lone-pair active Bi cations Neaton et al. (2005); Ravindran et al. (2006), while the
magnetic order originates from the oxygen-mediated superexchange interaction between
the Fe cations, which favors an antiferromagnetic coupling between nearest neighbor spins
Kiselev et al. (1963). The magnetic state is modiﬁed further by a break in center of symmetry
and the presence of a ferroelectric polarization, which gives rise to a local spin canting between
the two spin sublattices (and to a weak magnetic moment) through the Dzyaloshinskii-Moriya
interaction Dzialoshinshkii (1957); Moriya (1960). In addition, the coupling of the polarization
to gradients of the magnetization leads to an inhomogeneous spin conﬁguration characterized
by an incommensurate rotation of the total local spin along a 101̄pc direction (indexed
to the pseudocubic perovskite structure) and lying in the {12̄1}pc plane, deﬁned by the
cycloid propagation direction and the electric polarization (with easy axes along 111pc ),
with a period of about 62 nm (spin cycloid) Catalan & Scott (2009); Picozzi & Ederer (2009);
Sosnowska et al. (1982). This spin cycloid averages out the magnetic moment and leads to a
vanishing linear magnetoelectric coupling and to a small effective magnetoelectric response;
however, at the nanoscale, there is a strong coupling between the electric polarization and the
magnetic spins, since they are constrained to point perpendicular to each other, indicating
that a change in the orientation of the electric polarization will result in a change in the
spin direction Cazayous et al. (2008); Lebeugle et al. (2008). Such a phenomenon has been
demonstrated experimentally Lee et al. (2008); Zheng et al. (2006) and has been explored in
exchange-bias coupled multiferroic heterostructures to change the magnetization direction of
a ferromagnetic layer exchange-coupled to the BiFeO3 Chu et al. (2008); Wu et al. (2010). This
approach to magnetoelectric coupling illustrates the current trend towards engineering larger
magnetoelectric couplings by relying on interfacial effects between different materials, an
approach that can be traced back to the 1970s, when the ﬁrst attempts to grow strain-mediated
ferroelectric-ferromagnetic composites were made van Suchtelen (1972). In fact, the most
common approach to date for achieving a magnetoelectric coupling in composites relies on
strain to mediate the magnetic and electrical properties by inducing crystal deformations on
either the magnetic phase through the converse piezoelectric effect, or in the ferroelectric
phase through magnetostriction Fiebig (2005); Ma et al. (2011); Ramesh & Spaldin (2007);
Thiele et al. (2007); Vaz et al. (2009b; 2010a). The effect is indirect, but can be optimized to yield
large magnetoelectric responses by a suitable choice of the material components and device
geometry Nan et al. (2008); Srinivasan (2010); Wang et al. (2009). Another promising route
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involves a direct, charge-mediated magnetoelectric coupling in ferroelectric/ferromagnetic
oxide composite multiferroic heterostructures, where the spin state of the magnetic oxide
is controlled via charge doping induced by the electric polarization of a ferroelectric
Molegraaf et al. (2009); Vaz et al. (2010b). For Pb(Zr0.2 Ti0.8 )O3 /La0.8 Sr0.2 MnO3 (PZT/LSMO)
heterostructures, the effect is electronic in origin and results from a change in the magnetic
spin conﬁguration as a function of the ferroelectric polarization direction, demonstrating
electric ﬁeld control of magnetism in this system (Section 3).
In this chapter, we consider the recent developments in the electric ﬁeld control of magnetism
in artiﬁcial heterostructures based on electrostatic doping. This approach has been explored in
various systems, including dilute magnetic semiconductors, transition metals, and complex
oxides; an overview of the work carried out in each of these systems is given in Section 2.
The focus will be on complex oxide heterostructures, and in particular on our recent work
demonstrating a strong magnetoelectric coupling in PZT/LSMO multiferroic heterostructures
(Section 3). Due to strong electron correlations, complex oxides offer an inexhaustible range
of possibilities for the study of novel phenomena that arise from the sensitivity of these
materials to charge, strain, electric and magnetic ﬁelds, among other control parameters, with
the attendant promise for device applications Imada et al. (1998); Tokura (2006); Tokura &
Nagaosa (2000).

2. Electrostatic control of magnetism in artiﬁcial heterostructures
One approach to artiﬁcial multiferroic structures exploits the electric ﬁeld effect to achieve
an electrostatic modiﬁcation of the charge carrier density and to induce changes in the
magnetic state. The working concept is similar to that of a ﬁeld effect transistor, where an
induced or spontaneous electric polarization at the gate dielectric interface is screened by
charge carriers from the channel layer, leading to charge accumulation or depletion over a
thickness determined by the screening length of the material. In materials where the magnetic
properties are intimately linked to charge, a change in carrier doping results in a change in
the magnetic properties. The amount of charge carrier modulation required will depend on
the particular system. For strongly correlated oxides, where typical carrier densities are of
the order of 1021 cm−3 , the requisite modulation in the charge carrier doping can be achieved
by using a ferroelectric for the gate dielectric, an approach termed the ferroelectric ﬁeld effect
Ahn et al. (2006); Venkatesan et al. (2007). In this approach to electrostatic doping, the charge
carriers screen the large surface bound charge of the ferroelectric; for a ferroelectric such as
Pb(Zr,Ti)O3 (PZT), the charge carrier modulation is of the order of 1014 cm−2 , much larger than
is possible to attain using silicon oxide as the gate dielectric Ahn et al. (2003). The ﬁeld effect
approach has been explored to control a variety of properties in complex systems, including
superconductivity Ahn et al. (1999); Caviglia et al. (2008); Frey et al. (1995); Parendo et al.
(2005); R. E. Glover & Sherrill (1960); Talyansky et al. (1996) and metal-insulator transitions
Dhoot et al. (2009); Hong et al. (2005; 2003). Ferroelectric gates have also been proposed
for non-volatile ﬁeld effect transistors (FET), where the on/off states are maintained by the
ferroelectric polarization Brown (1957); Looney (1957); Miller & McWhorter (1992); Park et al.
(2003). Electrostatic control of magnetism has been reported in the last decade for a variety
of systems, including dilute magnetic semiconductors (DMS), transition metal ferromagnets,
and complex oxides, as discussed brieﬂy below.
The phenomenology of the magnetoelectric coupling in materials has been discussed
extensively, and we refer to a recent review for details and for the relevant literature Vaz et al.
(2010a). The ﬁgure of merit that characterizes the coupling between the electric and magnetic
order parameters is the magnetoelectric susceptibility, which measures the change in magnetic
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moment for a given applied electric ﬁeld. In the case where the magnetoelectric response is
linear, the magnetoelectric susceptibility α = μ0 dM/dE0 (in S.I., where μ0 is the permeability
of vacuum, M is the magnetization, and E0 is the external applied electric ﬁeld) is well deﬁned,
but it is less so in the more general case where the magnetoelectric response is non-linear. In
such instances, it is common to deﬁne an effective magnetoelectric constant corresponding
to the change in magnetization for a given applied electric ﬁeld (or conversely, the change
in electric polarization for a given applied magnetic ﬁeld). In composite systems relying
on interfacial effects, it is useful to deﬁne a surface (interface) magnetoelectric coefﬁcient αs ,
corresponding to the change in surface magnetization for a given applied electric ﬁeld Duan
et al. (2008); Fechner et al. (2008); Niranjan et al. (2009). With the deﬁnition given above,
the linear magnetoelectric constant has units of s m−1 in S.I. units, while in cgs units it is
dimensionless Rivera (1994); they are related one to the other by the speed of light in vacuum,
such that a dimensionless relative magnetoelectric constant (αr ) independent of the system of
units can be deﬁned, in analogy with the magnetic and electric relative permitivities Hehl et al.
(2008; 2009). Often, however, α is given in mixed units, such as Oe cm V−1 . We list in Table 1
the magnetoelectric response of charge-mediated multiferroic heterostructures reported in the
literature, both in terms of the interfacial and relative magnetoelectric coupling coefﬁcients.
System
bcc Fe(001)
hcp Co(0001)
fcc Ni(001)
9 ML Fe/MgO
2 ML Fe/BaTiO3
1 ML Fe/BaTiO3
Fe/BaTiO3 /Pt
1 ML Fe/PbTiO3
Ni/BaTiO3 /Pt
hcp Co/BaTiO3 /Pt
CrO2 /BaTiO3 /Pt
Fe3 O4 /BaTiO3
SrRuO3 /SrTiO3
SrRuO3 /BaTiO3
SrRuO3 /BaTiO3
PZT/LSMO (x = 0.2)
PZT/LSMO (x = 0.2)
PZT/LSMO (x = 0.2)

103 α
0.002
0.0008
0.002
0.008
10
16
3
73
15
4
10
20
0.05
1.1
5.9
0.8
6.2
–13.5

1012 αs
0.024
0.016
0.03
0.11
200
230
43
1000
260
81
150
200
2
42
230
310
2900
–6300

αr
0.0005
0.0002
0.0005
0.0023
3.0
4.8
0.9
22
4.5
1.2
3.0
5.7
0.015
0.32
1.8
2.4
22
–49

T (K)
Theory
Theory
Theory
Theory
Theory
Theory
Theory
Theory
Theory
Theory
Theory
Theory
Theory
Theory
Theory
100 K
100 K
180 K

Reference
Duan et al. (2008)
Duan et al. (2008)
Duan et al. (2008)
Niranjan et al. (2010)
Duan et al. (2006)
Fechner et al. (2008)
Cai et al. (2009)
Fechner et al. (2008)
Cai et al. (2009)
Cai et al. (2009)
Cai et al. (2009)
Niranjan et al. (2008)
Rondinelli et al. (2008)
Rondinelli et al. (2008)
Niranjan et al. (2009)
Molegraaf et al. (2009)
Vaz et al. (2010b;c)
Vaz et al. (2010c)

Table 1. Values of the magnetoelectric coupling coefﬁcient reported in the literature for
charge-driven multiferroic heterostructures. α is given in units of Oe cm V−1 , αs in units of
Oe cm2 V−1 ; T is the temperature. When not directly provided, the surface magnetoelectric
coupling coefﬁcient αs is estimated by multiplying α by 1 ML of the corresponding magnetic
material; for the case of the PZT/LSMO structures, αs and αr are estimated by multiplying
the experimental value of α by the LSMO ﬁlm thickness.
The nature of the magnetoelectric effect due to charge screening can be distinguished between
(i) enhanced spin imbalance at the Fermi level due to screening and the corresponding
modiﬁcation in the magnetic moment of the system as a function of the electric ﬁeld Zhang
(1999); (ii) changes in magnetic moment due to changes in electronic bonding at the polarized
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dielectric interface Duan et al. (2006); (iii) changes in the magnetic order with the charge
density Gerhard et al. (2010); Kudasov & Korshunov (2007); Ovchinnikov & Wang (2008);
Sun et al. (2010); Vaz et al. (2010b), whereby the magnetic state of the system is modiﬁed due
to changes in the charge carrier density, either between magnetic and non-magnetic states, or
between states with different magnetic spin conﬁgurations; and (iv) changes in the magnetic
anisotropy that lead to different global magnetic states for different applied electric ﬁelds
Maruyama et al. (2009); Niranjan et al. (2010).
2.1 Electrostatic control of magnetism in dilute magnetic semiconductors

The ﬁeld effect approach to controlling magnetism is well suited for dilute magnetic
semiconductors (DMS), such as (In,Mn)As, (Ga,Mn)As, and Mnx Ge1− x , where integration
with semiconductor substrates, such as GaAs, follows naturally from the ﬁlm growth process.
In the DMS systems, the ferromagnetic interaction between the Mn spins (mediated by
hole carriers) competes with the antiferromagnetic superexchange, and becomes dominant
at sufﬁciently high hole doping Dietl et al. (2000). The demonstration of electric ﬁeld
modulation of magnetism in a 5 nm epitaxial (In,Mn)As layer was reported by Ohno et al.
(2000), using a thick polyimide layer as the gate dielectric. By varying the charge carrier
doping through the application of a gate voltage, a change in the critical temperature by
about 2 K (Tc = 25 K at zero electric ﬁeld) is achieved between the accumulation and
depletion states. The size of the effect is found to agree with a Zener model used to describe
the onset of magnetism in zinc-bled magnetic semiconductors Dietl et al. (2000). Besides
(In,Mn)As Chiba et al. (2003); Ohno et al. (2000), electric ﬁeld control of magnetism in magnetic
semiconductors has been reported for Mnx Ge1− x Chen et al. (2007); Park et al. (2002); Xiu
et al. (2010), (Zn,Mn)Se Kneip et al. (2006), and (Ga,Mn)As Chiba et al. (2008); Endo et al.
(2010a); Nazmul et al. (2004); Owen et al. (2009); Riester et al. (2009); Stolichnov et al. (2008).
In the report by Stolichnov et al. (2008), a ferroelectric polymer (polyvinylidene ﬂuoride with
triﬂuoroethylene, or P(VDF-TrFE)) is employed as the gate dielectric to achieve non-volatile
control of ferromagnetism in a (Ga,Mn)As channel layer, as manifested by changes in the
coercivity of the magnetic hysteresis loop and in the critical temperature as a function of the
ferroelectric polarization direction.
2.2 Electrostatic control of magnetism in transition metals

The electrostatic control of magnetism in transition metals has been demonstrated by Weisheit
et al. (2007), who report a modulation of the magnetic coercivity in ordered FePt and FePd
intermetallic alloys subject to an applied ﬁeld when immersed in an electrolyte. More
recently, Maruyama et al. (2009) have shown that the perpendicular magnetic anisotropy of 2-4
monolayers (ML) Fe ﬁlms can be modiﬁed by electric ﬁelds by using a polyimide layer as the
gate dielectric (up to 40% for applied ﬁelds of the order of 1 MV/cm). The effect is particularly
promising and could be explored to devise Fe/MgO/Fe magnetic tunnel junctions, where
the tunnel magnetoresistance (TMR) is tuned electrostatically by controlling the magnetic
anisotropy—and the relative magnetization alignment—of the Fe layers. Record high tunnel
magnetoresistance ratios have been reported for Fe/MgO/Fe Bowen et al. (2001); Parkin et al.
(2004); Yuasa et al. (2004), making this system a promising candidate for spintronic device
applications. Indeed, control of the magnetic easy axis from in-plane to out of plane has been
recently demonstrated for Fe80 Co20 Shiota et al. (2009), while modulation of the magnetic
anisotropy has been shown in Fe80 Co20 /MgO/Fe tunnel junctions Nozaki et al. (2010) and in
MgO/Co40 Fe40 B20 /Ta structures Endo et al. (2010b). Another demonstration of electric ﬁeld
modulation of magnetism relies on the magnetic and structural instabilities of elemental Fe,
where the application of an electric ﬁeld is found to induce changes in the crystal structure of
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Fe/Cu(111) islands, from the ferromagnetic bcc to the antiferromagnetic fcc structure Gerhard
et al. (2010); ﬁrst principles calculations show that the effect originates from changes in the Fe
interatomic distances with the applied electric ﬁeld as a result of electronic charge screening
that tilts the energy of the system to favor a ferromagnetic or antiferromagnetic state Gerhard
et al. (2010).
The theoretical study of the magnetoelectric coupling in metal-based multiferroic
heterostructures has been the subject of intensive investigation. One can distinguish two
approaches, one that considers the effect of charge screening in free standing metal layers
subject to an external electric ﬁeld, and the other that considers charge screening at the
interface with a dielectric. In the latter case, contributions from chemical bonding between
metal and dielectric need to be considered. The nature of the magnetoelectric effect that
appears in metals can also be distinguished between enhanced spin imbalance at the Fermi
level due to screening Zhang (1999), changes in the chemical bonding at the interface with the
polarized dielectric, changes in the magnetic order with the charge density Gerhard et al.
(2010); Kudasov & Korshunov (2007); Ovchinnikov & Wang (2008); Sun et al. (2010), and
changes in the magnetic anisotropy Haraguchi et al. (2011); Maruyama et al. (2009); Nakamura
et al. (2009); Niranjan et al. (2010); Tsujikawa & Oda (2009). The magnetoelectric effect of
free standing metal ﬁlms has been investigated for bcc Fe(001), fcc Ni(001), and hcp Co(0001)
subject to a uniform electric ﬁeld, where the charge screening induced spin-imbalance gives
rise to surface magnetoelectric coupling coefﬁcients of the order of 2 − 3 × 10−14 Oe cm2 V−1
Duan et al. (2008), see Table 1. The magnetoelectric effect due to screening is enhanced in
the presence of a dielectric due to the larger dielectric constant (compared to vacuum), in
addition to effects induced by chemical bonding. For Fe/BaTiO3 (001), the results of density
functional theory (DFT) calculations predict a large surface magnetoelectric response whose
origin is largely attributed to changes in the chemical bonding at the interface, in particular,
to hybridization between the Ti 3d, Fe 3d and O 2p orbital states, which is found to change
signiﬁcantly upon reversal of the ferroelectric polarization direction due to the displacement
of the Ti atoms. The magnetoelectric coupling coefﬁcient for 2 ML Fe/BaTiO3 is estimated to
be α = 0.01 Oe cm V−1 Duan et al. (2006) while for 1 ML Fe/PbTiO3 , α = 0.073 Oe cm V−1
Fechner et al. (2008); the effect of Fe oxidation has been predicted not to affect signiﬁcantly
the magnetoelectric coupling Fechner et al. (2009). In Fe/MgO(001), a surface magnetoelectric
coupling αs = 1.1 × 10−13 Oe cm2 V−1 is found, signiﬁcantly larger by a factor of 3.8 than
that of a free standing Fe layer Niranjan et al. (2010); also in this system a linear change in
the magnetocrystalline anisotropy with the applied electric ﬁeld is reported. A different type
of electric ﬁeld control of magnetism consists of turning the magnetic state on and off; this
approach has been investigated in the NiCu alloy at the composition corresponding to the
boundary between magnetic and paramagnetic states. By capacitively charging the system,
magnetic order can be modulated by effectively controlling the balance between the kinetic
and exchange energies that determine the onset of magnetism Ovchinnikov & Wang (2008).
The voltage sensitivity of ferromagnetic metallic systems near the critical temperature has also
been studied in detail by the same authors Ovchinnikov & Wang (2009a;b). A related effect has
been predicted for Pd, which is known to be a paramagnetic system with a Stoner parameter
slightly short of fulﬁlling the condition for ferromagnetism by about 5-10%. First principles
calculations suggest that depleting the Pd interface of charge carriers by means of an applied
electric ﬁeld can bring the Fermi level down and increase the density of states to favor an
exchange-split (magnetic) state Kudasov & Korshunov (2007); Sun et al. (2010). A scheme
for making the interfacial magnetoelectric effect additive consists of breaking the symmetry
of ferromagnetic/dielectric bilayer structures by adding a non-magnetic metal at the other
interface of the dielectric; this has been proposed by Cai et al. (2009), who have carried out
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ab initio calculations for Fe, Co, Ni, CrO2 /BaTiO3 /Pt systems to demonstrate this procedure
(see Table 1). This approach ensures that spin accumulation at one interface is not canceled
by depletion at the other interface and that the magnetoelectric response will increase linearly
with the number of interfaces in a superlattice structure.
2.3 Electrostatic control of magnetism in complex oxides

The bulk of the experimental work aiming at controlling the magnetic state electrostatically in
complex oxide materials has focused on the “colossal” magnetoresistive (CMR) manganites,
which are characterized by rich magnetic and electronic phase diagrams as a function of
chemical doping (see Section 3). In these compounds, the magnetic critical temperature is
found to coincide approximately with a peak in the resistivity versus temperature curve,
corresponding to a metal to insulator transition Urushibara et al. (1995). In turn, the
temperature at which the resistivity peaks has been taken as a measure of the magnetic
ordering temperature, providing a convenient, if indirect, method of probing the magnetic
properties of thin ﬁlms and device structures. Large changes in the resistivity peak
temperature are observed in Pb(Zr0.2 Ti0.8 )O3 /La0.8 Sr0.2 MnO3 (PZT/LSMO) heterostructures,
by 35 K for a 4.0 nm LSMO ﬁlm Hong et al. (2003) and 50 K for a 3.8 nm LSMO ﬁlm Hong
et al. (2005); changes up to 43 K have also been reported for 7 u.c. La0.7 Sr0.3 MnO3 side-gated
channels Pallecchi et al. (2008); and for a 5 nm La0.8 Ca0.2 MnO3 /electrolyte ﬁeld effect device,
where a change of 32 K in the resistivity peak is observed between depletion and accumulation
states. However, although closely related to the onset of magnetic order, the resistivity
peak need not coincide with the magnetic critical temperature Bertacco et al. (2005); Loﬂand
et al. (1997); indeed, a direct comparison between the resistivity and magnetization data in
PZT/LSMO structures shows that while the peak in resistivity changes by 35 K between
depletion and accumulation states, the critical temperature changes only by 20 K Vaz et al.
(2010b). Direct measurements of the magnetic order parameter as a function of the applied
electric ﬁeld have been reported for PZT/10 nm La0.85 Ba0.15 MnO3 Kanki et al. (2006), in
PZT/4 nm La0.8 Sr0.2 MnO3 Molegraaf et al. (2009); Vaz et al. (2010b) structures, and in 4-6 nm
La0.67 Sr0.33 MnO3 /SrTiO3 ﬁeld effect device structures Brivio et al. (2010) using magnetooptic
magnetometry. In the latter study, both top and bottom gated structures were investigated;
the experimental results show that the critical temperature is modulated only for the top gated
structure, i.e., for the structure where the screening occurs at the top LSMO interface Brivio
et al. (2010). This result indicates that the properties of the bottom interface, characterized by
the presence of an electric and magnetically “dead layer,” is less amenable to ﬁeld modulation.
For the PZT/LBMO device structures Kanki et al. (2006), a change in the magnetic hysteresis
loops is observed as the PZT polarization is switched, with the magnetic signal decreasing
when going from the accumulation to the depletion state, a trend opposite to that found in
the PZT/LSMO system Molegraaf et al. (2009); Vaz et al. (2010b), whose discussion we defer
to Section 3.
The study of the magnetoelectric coupling in complex oxide heterostructures has also been
carried out from the vantage point of ﬁrst principles calculations. For Fe3 O4 /BaTiO3 (001),
a magnetoelectric response of αs ∼ 2 × 10−10 Oe cm2 V−1 for TiO2 -terminated BaTiO3 (001)
is found Niranjan et al. (2008), comparable to the value obtained for Fe/BaTiO3 Duan et al.
(2006); the magnetoelectric effect in both these systems is attributed to changes in the bonding
length of the Fe cations as a function of the direction of the ferroelectric polarization, giving
rise to large changes in the magnetic moment of Fe. A magnetoelectric coupling based
on charge screening and in the enhancement of the spin imbalance at the Fermi level has
been studied in a symmetric SrTiO3 /SrRuO3 /SrTiO3 structure, where the spin imbalance is
described in terms of a spin capacitor effect, with the spin asymmetry stored at the interfaces
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in a fashion similar to that of charge in a normal capacitor Rondinelli et al. (2008). A
measure of the spin response of the interface is given in terms of the ratio of the surface
spin polarization to the surface charge density, which is found to attain the value η = 0.37;
this value remains the same when the SrTiO3 is replaced by BaTiO3 , although the change
in magnetic moment in the SrRuO3 is much larger with BaTiO3 , a direct consequence of the
larger amount of charge required to screen the ferroelectric polarization. The magnetoelectric
response of SrRuO3 /BaTiO3 (001) has also been studied, showing that, when subject to an
electric ﬁeld, the magnetic moment and the exchange splitting of SrRuO3 are modiﬁed
due to screening, resulting in a magnetoelectric coefﬁcient αs = 2.3 × 10−10 Oe cm2 V−1
Niranjan et al. (2009). For half-metallic systems, the charge carrier density also determines the
magnetic moment, and a simple argument shows that a universal magnetoelectric constant
due to charge screening is expected, αs = μB /ec2 ≈ 6.44 × 10−14 Oe cm2 V−1 Cai et al.
(2009); Duan et al. (2009). A different magnetoelectric coupling mechanism is predicted
theoretically in La1− x A x MnO3 /BaTiO3 (001) (A = Ca, Sr, or Ba) Burton & Tsymbal (2009),
which relies on charge-induced modiﬁcations of the magnetic ground state of the CMR
manganites Molegraaf et al. (2009). By choosing a doping level near the boundary between the
ferromagnetic and antiferromagnetic state of La1− x A x MnO3 , the electrostatic doping arising
from the ferroelectric polarization acts to favor either the ferromagnetic state (depletion
state) or antiferromagnetic state (accumulation state), giving rise to a large change in the
total magnetic moment for the two states of the ferroelectric polarization. This mechanism
to magnetoelectric coupling had been suggested to occur in PZT/LSMO heterostructures
Molegraaf et al. (2009) and will be discussed in more detail from an experimental perspective
in the next section.

3. Magnetoelectric coupling in PZT/LSMO multiferroic heterostructures
The doped lanthanum manganites are complex oxides characterized by a strong interplay
between charge, spin, and crystal lattice distortions, which is at the origin of the
multifunctional behavior that is a hallmark of this class of compounds Moreo et al. (1999);
Tokura & Tomioka (1999). Examples of the rich electronic and magnetic behavior found
in the doped lanthanum manganites include magnetic and charge-ordered states, colossal
magnetoresistance (CMR), high spin polarizations, and various electron transport regimes.
The doped manganites crystallize in the pseudo-cubic AMnO3 perovskite structure, where the
12-fold coordinated A-site cations are occupied by a large ion (e.g., alkaline and rare earths),
while the Mn cations occupy octahedrally coordinated sites Johnsson & Lemmens (2007).
Starting with the parent compound lanthanum manganite, LaMnO3 , where the Mn cations
are in a trivalent state, the chemical substitution of La by a divalent alkaline earth removes the
e g electron from the Mn cation, effectively adding a hole carrier to the system. The addition of
carriers leads to profound modiﬁcations in the electronic and magnetic properties, resulting
in complex phase diagrams as a function of chemical doping that include several electronic
ground states Dagotto et al. (2001); Tokura (2006). This sensitivity to charge suggests that large
susceptibilities to external electric ﬁelds can be attained when the system lies at the boundary
separating two different ground states; by driving the system across the phase boundary using
electrostatic doping, a change in the magnetic ground state of the system may be achieved.
This approach has been explored in PZT/La0.8 Sr0.2 MnO3 heterostructures, where the LSMO
system is near the boundary separating insulating and metallic ferromagnetic ground states;
large changes in the magnetic properties are expected by using the ferroelectric ﬁeld effect
approach to modulate the charge carrier doping of the LSMO ﬁlm. For optimal use of the
ferroelectric ﬁeld effect, the channel layer thickness should be comparable to the screening
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length Ahn et al. (2003); for LSMO (x = 0.2), with a charge carrier concentration of the
order of 1021 cm−3 , the screening length has been estimated experimentally to be about 1
u.c. Hong et al. (2005). Hence, the growth of complex oxide ﬁeld effect devices requires
precise control of the thickness down to the unit cell level. Such ﬁne control can be achieved
with molecular beam epitaxy Vaz et al. (2010d) or pulsed laser deposition Huijben et al.
(2008), where the ﬁlm growth can be monitored layer-by-layer in real time by using the
oscillations in the intensity of reﬂection high energy electron diffraction patterns. In the
following, we provide an overview of the recent work demonstrating a large magnetoelectric
coupling in PZT/LSMO heterostructures, as determined by probing directly the magnetic
order parameter using local magnetooptic Kerr effect magnetometry Molegraaf et al. (2009).
By using advanced spectroscopy techniques, we show that the observed effect is electronic in
origin, and that it results from a change in the valence state of the Mn cations with the change
in the hole carrier density Vaz et al. (2010b).
The sample structures consist of 250 nm Pb(Zr0.2 Ti0.8 )O3 /La0.8 Sr0.2 MnO3 /SrTiO3 (001), grown
by a combination of molecular beam epitaxy for the LSMO ﬁlm and off axis r.f. magnetron
sputtering for the PZT layer. The LSMO ﬁlm thickness is chosen to lie at the transition between
the insulating and metallic states, typically 10-12 u.c. for x = 0.2 doping. The structures are
single crystalline, with atomically ﬂat and sharp interfaces Vaz et al. (2010d); PZT/LSMO ﬁlms
are deposited on both unpatterned and prepatterned SrTiO3 (001) substrates; the latter consist
of Hall bar device structures, deﬁned prior to ﬁlm deposition by optical lithography and with
dimensions optimised for optical spectroscopy measurements Vaz et al. (2010d) (see Fig. 1(b),
inset). A 10 nm Au gate electrode is then deposited onto the PZT layer, deﬁning the active area
of the device (i.e, the sample region where the PZT polarization is switched), using the LSMO
layer as the bottom contact. The Au layer is chosen to be sufﬁciently thin to allow transmission
of visible light for magnetooptic Kerr effect (MOKE) magnetometry measurements. MOKE
relies on the fact that the polarization of light is modiﬁed upon reﬂection from a magnetic
surface; it is a technique particularly well suited for this study, since it allows a direct and
local measurement of the magnetic order parameter. In one implementation of this technique,
a linearly polarized laser beam is reﬂected off the sample surface (with the plane of incidence
parallel to the applied ﬁeld direction, called the longitudinal MOKE geometry), and the
Kerr rotation or ellipticity, which is proportional to the magnetization, is measured using a
polarimeter unit Vaz et al. (2010e).
The individual electric and magnetic characteristics of the PZT/LSMO heterostructure are
shown in Fig. 1(a) and (b), respectively. The electric polarization versus electric ﬁeld (P-E)
response shows abrupt electric switching and a saturation polarization of about 85 μC cm−2 ;
the magnetic hysteresis (M-H) curves, for both the accumulation and depletion states, show
that the system is ferromagnetic at 100 K and that there is a marked difference in the
magnetic properties for the two states of the ferroelectric polarization, namely, a larger
coercivity and a smaller saturation magnetization for the accumulation state as compared
to the depletion state. These individual ferroic curves are the classical hysteresis curves
of ferroelectrics and ferromagnets; the magnetoelectric coupling is demonstrated by the
magnetic response of the system as a function of the applied electric ﬁeld (M-E loop) shown in
Fig. 1(c), where the saturation magnetization is found to switch hysteretically and reversibly
between a low and high magnetic moment at the electric ﬁeld values corresponding to
the switching of the ferroelectric polarization. This result demonstrates the presence of a
magnetoelectric coupling in these multiferroic heterostructures, showing in particular that the
direction of the PZT ferroelectric polarization modiﬁes the magnetic state of the LSMO layer.
Note that the difference in magnetic moment persists at zero applied electric ﬁeld, which
excludes electrostrictive or piezoelectric effects (strain) as being the cause of the observed
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magnetoelectric effect. The magnetoelectric effect in the PZT/LSMO system is robust and
has been observed in structures where the LSMO ﬁlm has been grown by off axis magnetron
sputtering Molegraaf et al. (2009) and molecular beam epitaxy Vaz et al. (2010b).

Au
PZT
LSMO
SrTiO3

(a)

I+

V+

GATE

TiOx
VH

(b)

I-

V200 μm

(c)

Fig. 1. Composite multiferroic heterostructure characterized by a coupling between the
classical ferroelectric (a) and magnetic (b) ferroic responses, as shown in (c). While the M-H
and P-E loops are standard, the M-E characteristic is new. The example shown is for a
PZT/12 u.c. La0.8 Sr0.2 MnO3 composite multiferroic heterostructure, from Vaz et al. (2010b;
2011). Figures (a) and (b): Copyright 2010 by The American Physical Society. Figure (c)
reprinted with permission from C.A.F. Vaz et at., J. Appl. Phys., 109, 07D905 (2011).
Copyright 2011, American Institute of Physics.
The variation of the magnetization as a function of temperature for the two states of the PZT
polarization is shown in Fig. 2(a) Molegraaf et al. (2009); Vaz et al. (2010c). The magnetization
curves are characteristic of a ferromagnetic system, with a critical temperature separating
the high temperature paramagnetic regime and a ferromagnetically ordered state at low
temperatures. What is striking in these data is that the direction of the PZT polarization
determines the magnetic properties of the system, including an increase in the critical
temperature (by about 20 K) and a decrease in the ground state magnetization when switching
from the depletion to the accumulation state (in agreement with the M-H hysteresis curve of
Fig. 1(b)). One sees that the state corresponding to the highest Curie temperature has the
lowest saturation magnetization, which agrees qualitatively with what is expected from the
behavior of bulk LSMO, since hole doping changes the ionic state of Mn3+ , with spin S = 2,
to Mn4+ , with spin S = 3/2, so that we expect a decrease in magnetization with increasing
doping Jonker & van Santen (1950).
As shown in Fig. 1(c), the magnetoelectric response of the PZT/LSMO multiferroic
heterostructure is strongly non-linear, and the response of the system is best described
in terms of an effective magnetoelectric susceptibility ΔM/ΔE = ΔM/2Ec , where Ec is
the ferroelectric coercive ﬁeld; at 100 K, we ﬁnd ΔM/ΔE = 6.2 × 10−3 Oe cm V−1 .
This value is signiﬁcantly larger, by 2-3 orders of magnitude, than typical magnetoelectric
coupling coefﬁcients of single-phase multiferroics and comparable to the value obtained for
strain-mediated composites Fiebig (2005); Ma et al. (2011); Vaz et al. (2010a). Given the
interfacial nature of the magnetoelectric effect in this system, one alternate measure of the
magnetoelectric effect is given in terms of the surface (interface) magnetoelectric coefﬁcient
αs , which is obtained by multiplying ΔM/2Ec by the LSMO ﬁlm thickness, yielding αs =
2.9 × 10−9 Oe cm2 V−1 at 100 K. In Vaz et al. (2010c), the variation of the magnetoelectric
response of PZT/LSMO as a function of the temperature is studied, as shown in Fig. 2(b).
ΔM/2Ec is found to have a strong, non-monotonic, temperature variation, including a change
in signal at around 150 K; in particular, one ﬁnds that the magnetoelectric response is largest
at around 180 K, with ΔM/ΔE = −13.5 × 10−3 Oe cm V−1 (αs = −6.3 × 10−9 Oe cm2 V−1 ),
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Fig. 2. (a) Magnetic response of the system as a function of temperature for the two states of
the PZT polarization. (b) Variation in the magnetoelectric coupling coefﬁcient ΔM/2Ec as a
function of temperature. After Vaz et al. (2010c).
near the magnetic critical point, where the difference between the magnetization for the
depletion and accumulation states is largest, as shown in Fig. 2(a). The change in sign of the
magnetoelectric response can be understood with reference to the magnetization data shown
in Fig. 2(a). One ﬁnds that 150 K separates a low temperature regime, where the magnetization
for the depletion state is larger than that of the accumulation state, from a high temperature
regime (up to the paramagnetic state), where the opposite behavior occurs due to the faster
decay of the magnetization of the system in the depletion state on approaching its magnetic
critical temperature. What is particularly promising in this system is that ΔM/ΔE peaks at
temperatures near the critical region, showing that the largest magnetoelectric response is
achieved at the highest temperature where the system remains magnetic. A key aspect of
composite multiferroics is that they need not obey reciprocity relations that limit the size of
the magnetoelectric susceptibility in single phase compounds Brown et al. (1968).
The microscopic origin of the magnetoelectric effect is investigated by x-ray absorption near
edge spectroscopy (XANES). XANES is a technique particularly well suited to study the
changes in the electronic structure of Mn as a function of the applied electric ﬁeld, due to
its sensitivity to changes in the valence state. In XANES, one excites electrons from a core
shell to empty states in the valence band (1s to 4p states for the case of the Mn K edge).
This excitation energy depends on the formal valence state of the cation, with the more
electronegative cations requiring higher energy photons to excite core electrons Kirichok et al.
(1985). One key advantage of x-ray absorption spectroscopy is its ability to probe buried
layers, which is not possible with some other spectroscopic techniques, such as photoelectron
spectroscopy. Details of the experimental set-up and measurement conditions are given in
Vaz et al. (2010b;e).
The room temperature variation of the x-ray light absorption as a function of the incident
photon energy across the absorption K edge of Mn, for the depletion and accumulation states,
is shown Fig. 3(a) Vaz et al. (2010b). The key result is the observation of an energy shift in
the absorption edge of Mn between the depletion and accumulation states, by 0.3 eV, which
corresponds to about 10% of the total shift expected for the full LSMO doping range Bindu
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Fig. 3. (a) Room temperature XANES results for the two polarization states of the PZT. (b)
Difference in x-ray absorption for the two PZT polarization states; the full line models this
difference assuming a rigid shift in the Mn absorption edge. (c) Variation of the x-ray light
absorption as a function of the applied gate voltage at a ﬁxed energy, E = 6549.7 eV. The
error bars reﬂect counting statistics. After Vaz et al. (2010b).
et al. (2005); Shibata et al. (2003). The shift in the absorption edge can also be observed
in the difference x-ray absorption spectrum, shown in Fig. 3(b). The observation of a shift
in the absorption K edge of Mn shows that the valence state of Mn changes with charge
doping induced by the ferroelectric polarization and demonstrates the electronic nature of the
magnetoelectric coupling in these multiferroic heterostructures. The same result is observed
at low temperature (20 K). From the observed energy shift we estimate the average change
in valency across the LSMO ﬁlm, Δx = 0.1 per Mn, using the results by Shibata et al.
(2003) showing a linear variation in the energy shift with the formal average valency of Mn,
ΔE = 3.0x, where x is the LSMO doping.
One can now compare the change in valency as determined by XANES with the values
obtained from the electric and magnetic characterization of the same device structure. From
the saturation electric polarization, Ps = 85 μC cm−2 , one can deduce the expected change
in the carrier doping, Δn = 0.13 e/Mn. This value is in good agreement with the change in
valency determined from XANES, Δx = 0.1 per Mn, showing that the electric polarization is
screened effectively by hole carriers from the LSMO layer. Changing the valency of Mn from
3+ to 4+ leads to a change in spin state by 1/2 and to a change in magnetic moment of gS ≈ 1
μB (where g ≈ 2 is the g-factor), so one expects a change in the average magnetic moment
of 0.1 μB /Mn. However, from MOKE (Fig. 1(b)) in combination with SQUID magnetometry,
one obtains a change in magnetic moment of about 0.76 μB /Mn. This change is much larger
than the expected change of 0.1 μB /Mn from the change in spin state. One sees therefore that
the change in magnetic moment cannot be explained simply by the change in the Mn spin
state. From these results, and from the amplitude of the change in the magnetic moment, one
concludes that a change in both the spin state and spin conﬁguration must occur, whereby
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the depletion state remains in a ferromagnetic state, while the accumulation state exhibits an
antiferromagnetic conﬁguration conﬁned to the PZT interface where charge screening occurs.
A model depicting the magnetic reordering is shown in Fig. 4. In this picture, the interface
layer in the accumulation state consists of strongly depopulated 3d z2 states, weakening
the double-exchange interaction at these orbitals and favoring superexchange, leading to an
antiferromagnetic coupling of the interfacial layer. This picture is in qualitative agreement
with ﬁrst principles calculations in strained LSMO Fang et al. (2000), and in particular with
recent ab initio calculations by Burton and Tsymbal on La1− x Bax MnO3 /BaTiO3 Burton &
Tsymbal (2009), where the low energy state of the system at x = 0.5 in the accumulation state
corresponds to an antiparallel spin conﬁguration of the interfacial spins. In this simpliﬁed
model, the change in the interfacial spin conﬁguration leads to a change in magnetic moment
of about 0.6 μB /Mn between depletion and accumulation states, which agrees with the
experimental results. This mechanism gives rise to a much more dramatic change in the
average magnetic moment and explains the large magnetoelectric coupling observed in this
system. One direct consequence of these results is that one can control electrostatically
both the spin state and magnetic spin conﬁguration of the interfacial LSMO layer. Given
that this layer is also responsible for charge transport, and given the high spin polarization
characteristic of LSMO Park et al. (1998), this system constitutes a potential platform for the
design of spintronics devices, such as lateral spin-valve structures, where the magnetic and
transport properties are controlled by applied electric ﬁelds.

Fig. 4. Schematic model of the spin conﬁgurations in LSMO at the PZT interface for the
depletion and accumulation states, showing the changes in the Mn and O orbital states and
the expected changes in the magnetic moment per layer. The arrows indicate the spin
orientation in the Mn cations and n denotes the unit cell number below the PZT. The Mn d
orbitals are drawn in orange, and gray, and the lobes of the p orbitals are shown around the
oxygen atoms (red). After Vaz et al. (2010b), Copyright 2010 by The American Physical
Society.

4. Conclusion and outlook
To summarize, we illustrate how novel functionalities can be engineered by exploring the
new phenomena that arise at the interface between dissimilar materials and how such
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an approach can be used to achieve electrostatic control of magnetism in multiferroic
heterostructures. By exploiting the sensitivity of the ground state properties of the CMR
manganites to charge, we showed that large, charge-driven, magnetoelectric coupling in
PZT/LSMO multiferroic heterostructures can be achieved. The effect is electronic in origin, as
demonstrated by advanced spectroscopic techniques, and is therefore compatible with current
CMOS technology, in particular since the growth of crystalline oxides on Si(001) is now well
established McKee et al. (1998; 2001); Reiner et al. (2008). Further, we show that both the
spin state and the magnetic conﬁguration can be controlled electrostatically. One research
challenge remains the optimization of the materials properties to allow room temperature
operation; possible solutions are the use of optimal doping or the use of other magnetic oxides,
such as the double perovskites. Another area that needs to be addressed is the dynamic
magnetoelectric response of these multiferroic heterostructures, both in terms of the electric
ﬁeld modulation of the spin wave spectra and in terms of the electrostatic switching time of
the magnetic state. Given that in these multiferroics the processes are electronically driven,
one may expect very fast switching times, limited by the ferroelectric switching process. As
this chapter aims to show, demonstrating the electrostatic switching of magnetism in a range
of materials has been achieved as a proof of concept, and much remains to be investigated
in terms of materials optimization, development and characterization of new systems, and
understanding of the interfacial processes mediating the magnetoelectric coupling. The work
achieved thus far illustrates how novel device structures enabling electric ﬁeld control of the
magnetic spin state can be tailored to provide the requisite characteristics that will make them
potential candidates for next generation electronic devices.
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1. Introduction
In order to find new ways to tune, enhance and optimize the properties of novel materials
designed for different applications, the thorough knowledge of their thermodynamics is
essential. The determination of the thermodynamic data and the thermochemical
investigation of the formation reactions are essential for evaluating the long term stability
and compatibility when the compounds are used in different applications. A careful search
for experimental values is very important so much the more the literature is rather scarce as
concerns the quantitative thermodynamic data for many multicomponent systems
exhibiting balances of competing interactions. The focus of our present work is on
multiferroic ceramics, which represents a "complex materials" class presenting a
combination of magnetic and electrical properties which make the studies of novel
multifunctional structures a very important issue of research.
BiFeO3 (BFO) of perovskite structure it is well known for its magnetic and ferroelectric
ordering temperatures (TN~640 K, TC~1100 K) being one of the most attractive single phase
multiferroic materials. For this reason there have been extensive studies of the structure,
magnetic and electrical properties in bulk and in thin films, as well. Nevertheless, the wide
potential for magnetoelectric applications of BFO may be inhibited because some major
problems. Besides the small remanent polarization, the high coercive field and the
inhomogeneous magnetic spin structure, the large leakage current it is still one of the
major problems limiting device applications of BFO. The high conductivity and leakage
found especially at higher temperatures were firstly considered caused by the high
difficulty to produce single phase of BiFeO3 (Catalan, 2009; Carvalho, 2008; Mitoseriu,
2005; Yuan, 2006). Very small impurities or parasitic phases segregated at grains at
boundaries could have a doping effect and transform the dielectric into a semiconductor.
Besides, as in most ferrites, the leakage current in BiFeO3 could be attributed to the
spontaneous change of the oxidation state of Fe (the partially reduction of Fe3+ ions to
Fe2+) causing a high number of oxygen vacancies as a result of electrical neutrality
requirement, giving rise to thermal activated hoping conductivity and resulting in low
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electrical resistivity (Palkar, 2002; Wang, 2004). Impurities and oxygen vacancies are also
important for thin films, because they are known to artificially enhance the remanent
magnetization (Catalan, 2009).
Forming binary solutions with other perovskites with good dielectric properties (like
BaTiO3, PbTiO3 or LnFeO3) was explored as a possible route for diminish the mentioned
problems (Buscaglia, 2006; Ismailzade, 1981; Ianculescu, 2008; Kim, 2004, 2007; Kumar,
1999, 2000; Singh, 2008, 2009; Zhu 2004, Prihor Gheorghiu, 2010; Wang, 2005). The
coexistence of ferroelectric and magnetic properties in Bi1-xBaxFe1-xTixO3 materials was
noticed up to high temperatures (Kumar, 2000). However, in the BiFeO3-rich region, these
ceramics show weak magnetoelectric (ME) coupling effect, the problem of losses being
only partially solved (Kumar, 1999).
The substitution of other elements for the Bi- and/or Fe-site was shown to enhance the
ferroelectric and magnetic ordering in BiFeO3. Doping with small amounts of rare earths
proved to suppress the inhomogeneity of magnetic spin structure, stabilizing macroscopic
magnetization of BiFeO3 (Ivanova, 2003; Jiang, 2006; Sahu, 2007). Even though there are still
questions about the structural evolution with composition (Catalan, 2009), previous studies
on La-substituted BiFeO3 indicate the decreasing of TC and the increasing of TN with La
concentration (Chen, 2008; Sahu, 2007). On the other hand, substituting with Mn in BiFeO3based compounds was shown to improve the leakage current density and to induce changes
in the magnetic order of the system, especially in the thin films (Azuma, 2007; Singh, 2007;
Sahu, 2007; Habouti, 2007, Fukumura, 2009, Takahashi, 2007; Selbach, 2009, Wang, 2010).
The simultaneous influence of La and Mn substitutions on the structural and functional
properties of BiFeO3 was discussed in a few papers (Bogatko, 1998; Ianculescu, 2009,
Gagulin, 1997; Habouti, 2007; Kothari, 2007; Palkar, 2003; Pradhan, 2008; Zheng, 2010). Very
little work was reported on the thermodynamic behaviour in the co-doped (Bi,La)(Fe,Mn)O3
solid solutions (Gagulin, 1997; Tanasescu, 2010).
Recent investigations using advanced techniques, motivated by the prospect of new
applications, have uncovered rich complexities that had not previously been recognized, when
the development of new multifunctional bismuth ferrite perovskites, that combine sensitive
responses to electric, magnetic, and stress fields, is intended [Ederer, 2005; Ramesh, 2007;
Stroppa, 2010]. These phenomena occur at the crossover from localized to itinerant electronic
behaviour and from ferroelectric (FE) to antiferromagnetic (AFE) displacive transitions, and
are associated with dynamic, cooperative local deformations that are invisible to conventional
diffraction studies. Due to the progress in methods for experimental analyzing distribution of
elements at interfaces, some information has been accumulated on the chemical stabilities and
properties of micro and nanostructured multifunctional materials. However the fundamental
understanding was limited to rather simple cases. Such analyses need the thermodynamic
data, because the driving forces for chemical reactions and diffusion can be given properly in
terms of thermodynamic properties. This constitutes a considerable field of investigation,
which is starting to be explored for both basic and applicative purposes (Boyd, 2011; Selbach,
2009; Tanasescu, 2004, 2008).
The present studies are focused upon the investigation of the effect of different
compositional variables on the thermochemical properties and thermodynamic stability of
multiferroic ceramics. Some compounds from specific systems were selected for
discussion: multiferroic lead-free ceramics based on the (1-x)BiFeO3 - xBaTiO3 (0 ≤ x ≤
0.30) solid solutions and Bi1-xLaxFe1-yMnyO3 with x = 0.1; y = 0 - 0.5 perovskite-type
materials.
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2. Experimental
2.1 Sample preparation
(1-x)BiFeO3 – xBaTiO3 (0 ≤ x ≤ 0.30) ceramic samples were prepared by classical solid state
reaction method from high purity oxides and carbonates: Bi2O3 (Fluka), Fe2O3 (Riedel de
Haen), TiO2 (Merck) and BaCO3 (Fluka), by a wet homogenization technique in isopropyl
alcohol. The place of the selected compositions on the BiFeO3 – BaTiO3 tie line of the
quaternary Bi2O3 – BaO – Fe2O3 –TiO2 system is also presented in Fig. 1(a).
The mixtures were granulated using a 4 % PVA (polyvinyl alcohol) solution as binder agent,
shaped by uniaxial pressing at 160 MPa into pellets of 20 mm diameter and ~3 mm
thickness. The presintering thermal treatment was carried out in air, at 923 K, with 2 hours
plateau. The samples were slowly cooled, then ground, pressed again into pellets of 10 mm
diameter and 1- 2 mm thickness and sintered in air, with a heating rate of 278 K/min, for 1
hour at 973 and 1073 K, respectively (Ianculescu, 2000; Prihor, 2009; Prihor Gheorghiu,
2010).
Bi0.9La0.1Fe1−xMnxO3 (0 ≤ x ≤ 0.5) ceramics have been prepared by the same route, in the same
conditions and starting from the same raw materials (Ianculescu, 2009). The place of the
investigated compositions in the quaternary Bi2O3 – La2O3 – Fe2O3 – Mn2O3 system is
presented in Fig. 1(b).
(a)

(b)

Fig. 1. Place of the investigated compositions: (a) Bi1-xBaxFe1-xTixO3 in the quaternary Bi2O3 –
BaO – Fe2O3 –TiO2 system; (b) Bi0.9La0.1Fe1-xMnxO3 in the quaternary Bi2O3 – La2O3 – Fe2O3 –
Mn2O3 system
2.2 Sample characterization
In both Bi1-xBaxFe1-xTixO3 and Bi0.9La0.1Fe1−xMnxO3 systems, the phase composition and
crystal structure of the ceramics resulted after sintering were checked with a SHIMADZU
XRD 6000 diffractometer with Ni-filtered CuKα radiation (λ = 1.5418 Å), 273.02 K scan step
and 1 s/step counting time. To estimate the structural characteristics (unit cell parameter
and rhombohedral angle) the same step increment but with a counting time of 10 s/step, for
2θ ranged between 293–393 K was used. Parameters to define the position, magnitude and
shape of the individual peaks are obtained using the pattern fitting and profile analysis of
the original X-ray 5.0 program. The lattice constants calculation is based on the Least
Squares Procedure (LSP) using the linear multiple regressions for several XRD lines,
depending on the unit cell symmetry.
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A HITACHI S2600N scanning electron microscope SEM coupled with EDX was used to
analyze the ceramics microstructure.
The solid-oxide electrolyte galvanic cells method was employed to obtain the
thermodynamic properties of the samples. As shown in previous papers (Tanasescu, 1998,
2003, 2009) the thermodynamic stability limits of the ABO3-δ perovskite-type oxides are
conveniently situated within the range of oxygen chemical potentials that can be measured
using galvanic cells containing 12.84 wt.% yttria stabilized zirconia solid electrolyte and an
iron-wüstite reference electrode. The design of the apparatus, as well as the theoretical and
experimental considerations related to the applied method, was previously described
(Tanasescu, 1998, 2011).
The measurements were performed in two principal different ways:
•
Under the open circuit conditions, keeping constant all the intensive parameters, when
the electromotive force (EMF) measurements give information about the change in the
Gibbs free energy for the virtual cell reaction. The EMF measurements were performed
in vacuum at a residual gas pressure of 10-7 atm. The free energy change of the cell is
given by the expression:
ΔG cell = μO 2 - μO2(ref) = 4FE

(1)

where E is the steady state EMF of the cell in volts; μO 2 , μO2(ref) are respectively, the oxygen
chemical potentials of the sample and the reference electrode and F is the Faraday constant
(F=96.508 kJ/V equiv.).
By using the experimental values of the electromotive force of the cell and knowing the free
energy change of the reference electrode (Charette, 1968; Kelley 1960, 1961), the values of the
relative partial molar free energy of the solution of oxygen in the perovskite phase and
hence the pressures of oxygen in equilibrium with the solid can be calculated:
ΔG O 2 = RT ln pO 2

(2)

The relative partial molar enthalpies and entropies were obtained according to the known
relationships (Tanasescu, 1998, 2011):
∂

ΔG O
T
∂T

2

=−

Δ H O2
T2

Δ G O 2 = Δ H O 2 − T ΔS O 2

(3)
(4)

The overall uncertainty due to the temperature and potential measurement (taking into
account the overall uncertainty of a single measurement and also the quoted accuracy of the
voltmeter) was ±1.5 mV. This was equivalent to ±0.579 kJ mol-1 for the free energy change of
the cell. Considering the uncertainty of ±0.523 kJ mol-1 in the thermodynamic data for the
iron-wüstite reference (Charette, 1968; Kelley 1960, 1961), the overall data accuracy was
estimated to be ±1.6 kJ mol-1. For the enthalpies the errors were ±0.45 kJ mol-1 and for the
entropies ±1.1 J mol-1 K-1. Errors due to the data taken from the literature are not included in
these values because of the unavailability of reliable standard deviations.

Effects of Doping and Oxygen Nonstoichiometry on the
Thermodynamic Properties of Some Multiferroic Ceramics

•

351

By using a coulometric titration technique coupled with EMF measurements
(Tanasescu, 2011), method which proved to be especially useful in the study of the
compounds with properties highly sensitive to deviations from stoichiometry. The
obtained results allow us to evidence the influence of the oxygen stoichiometry change
on the thermodynamic properties. The titrations were performed in situ at 1073 K by
using a Bi-PAD Tacussel Potentiostat. A constant current (I) is passed through the cell
for a predetermined time (t). Because the transference number of the oxygen ions in the
electrolyte is unity, the time integral of the current is a precise measure of the change in
the oxygen content (Tanasescu, 1998; 2011). According to Faraday's law, the mass
change Δm (g) of the sample is related to the transferred charge Q (A·sec) by:

Δm = 8.291·10-5Q

(5)

As one can see, a charge of 1·10-5 A sec, which is easily measurable corresponds to a weight
change of only 8x 10-10 g. This makes it possible to achieve extremely high compositional
resolution, and very small stoichiometric widths in both deficient and excess oxygen
domains can be investigated. Thus, the effect of the oxygen stoichiometry can be correlated
with the influence of the A- and B-site dopants.
After the desired amount of electricity was passed through the cell, the current circuit was
opened, every time waiting till the equilibrium values were recorded (about three hours).
Practically, we considered that EMF had reached its equilibrium value when three
subsequent readings at 30 min intervals varied by less than 0.5 mV. After the sample
reached equilibrium, for every newly obtained composition, the temperature was changed
under open-circuit condition, and the equilibrium EMFs for different temperatures between
1073 and 1273 K were recorded.
Differential scanning calorimetric measurements were performed with a SETSYS Evolution
Setaram differential scanning calorimeter (Marinescu, in press; Tanasescu, 2009). For data
processing and analyses the Calisto–AKTS software was used. The DSC experiments were
done on ceramic samples under the powder form, at a heating rate 10°C/min. and by using
Ar with purity > 99.995% as carrier gas. For measurements and corrections identical
conditions were set (Marinescu, in press). The critical temperatures corresponding to the
ferro-para phase transitions, the corresponding enthalpies of transformations as well as heat
capacities were obtained according to the procedure previously described (Marinescu, in
press; Tanasescu, 2009).

3. Results and discussion
3.1 BiFeO3-BaTiO3 system
3.1.1 Phase composition and crystalline structure
The room temperature XRD patterns (Fig. 2(a)) show perovskite single-phase, in the limit of
XRD accuracy for all the investigated compositions after pre-sintering at 923 K/2 h followed
by sintering at 1073 K/1 h and slow cooling. For all investigated ceramics, perovskite
structure of rhombohedral R3c symmetry was identified, with a gradual attenuation of the
rhombohedral distortion with the increase of BaTiO3 content. This tendency to a gradual
change towards a cubic symmetry with the BaTiO3 addition is proved by the cancellation of
the splitting of the XRD (110), (111), (120), (121), (220), (030) maxima specific to pure BiFeO3
(2θ ≈ 31.5o, 39 o, 51o, 57o, 66o, 70o, 75o), as observed in the detailed representation from Fig.
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2(b). The evolution of the structural parameters provides an additional evidence for the
influence of BaTiO3 admixture in suppressing rhombohedral distortion (Fig. 3). Besides, the
expansion of the lattice parameters induced by an increasing barium titanate content in
(1−x)BiFeO3 – xBaTiO3 system was also pointed out (Prihor, 2009).

Fig. 2. (a) Room temperature X-ray diffraction patterns of the (1−x)BiFeO3 – xBaTiO3
ceramics pre-sintered at 923 K/2 h, sintered at 1073 K/1 h and slow cooled; (b) detailed XRD
pattern showing the cancellation of splitting for (1 1 1), (1 2 0) and (1 2 1) peaks, when
increasing x.

Fig. 3. Evolution of the structural parameters versus BaTiO3 content.
3.1.2 Microstructure
Surface SEM investigations were performed on both presintered and sintered samples. The
SEM image of BiFeO3 ceramic obtained after presintering at 923 K shows that the
microstructure consists of intergranular pores and of grains of various size (the average
grain size was estimated to be ~ 20 μm), with not well defined grain boundaries, indicating
an incipient sintering stage (Fig. 4(a)). The SEM images of samples with x = 0.15 and x = 0.30
(Figs. 4(b) and 4(c)) indicate that barium titanate addition influences drastically the
microstructure. Thus, one can observe that BaTiO3 used as additive has an inhibiting effect
on the grain growth process and, consequently, a relative homogeneous microstructure,
with a higher amount of intergranular porosity and grains of ~ one order of magnitude
smaller than those ones of non-modified sample, were formed in both cases analyzed here.
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(c)

Fig. 4. Surface SEM images of (1-x)BiFeO3 – xBaTiO3 ceramics obtained after presintering at
923 K/2 hours: (a) x = 0, (b) x = 0.15 and (c) x = 0.30
BiFeO3 pellet sintered at 1073 K/1h exhibits a heterogeneous microstructure with bimodal
grain size distribution, consisting from large grains with equivalent average size of ~ 25 μm
and small grains of 3 - 4 μm (Fig. 5(a)). The micrograph of the ceramic sample with x = 0.15
(Fig. 5(b)) shows that the dramatic influence of the BaTiO3 on the microstructural features is
maintained also after sintering. Thus, a significant grain size decrease was observed for
sample with x = 0.15. Further increase of BaTiO3 content to x = 0.30 (Fig. 5(c)) seems not to
determine a further drop in the average grain size. Consequently, in both cases a rather
monomodal grain size distribution and relative homogenous microstructures, consisting of
finer (submicron) grains were observed (Ianculescu, 2008; Prihor, 2009). Irrespective of
BaTiO3 content, the amount of intergranular porosity is significantly reduced in comparison
with the samples resulted after only one-step thermal treatment. This indicates that sintering
strongly contributes to densification of the Bi1-xBaxFe1-xTixO3 ceramics.

(c)
(a)

(b)

(c)

Fig. 5. Surface SEM images of (1-x)BiFeO3 – xBaTiO3 ceramics obtained after presintering at
923 K/2 hours and sintering at 1073 K/1 hour: (a) x = 0, (b) x = 0.15 and (c) x = 0.30
3.1.3 Thermodynamic properties of Bi1-xBaxFe1-xTixO3
Of particular interest for us is to evidence how the appropriate substitutions could influence
the stability of the Bi1-xBaxFe1-xTixO3 perovskite phases and then to correlate this effect with
the charge compensation mechanism and the change in the oxygen nonstoichiometry of the
samples.
In a previous work (Tanasescu, 2009), differential scanning calorimetric experiments were
performed in the temperature range of 773-1173 K in order to evidence the ferro-para phase
transitions by a non-electrical method. Particular attention is devoted to the high
temperature thermodynamic data of these compounds for which the literature is rather
scarce. Both the temperature and composition dependences of the specific heat capacity of
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the samples were determined and the variation of the Curie temperature with the
composition was investigated. The effect of the BaTiO3 addition to BiFeO3 was seen as the
decrease of the Curie transition temperature and of the corresponding enthalpy of
transformation and heat capacity values (Tanasescu, 2009) (Fig. 6). A sharp decline in the TC
was pointed out for BiFeO3 rich compositions (Fig. 6). In fact, the Cp of the rhombohedral
phase (x = 0) is obviously larger than that of the Bi1-xBaxFe1-xTixO3 perovskite phases,
whereas the Cp of each phase shows a weak composition dependence below the peak
temperature. In particular, the value of Cp for x = 0.3 was found to be fairly low, which we
did not show in the figure. The decreasing of the ferroelectric – paraelectric transition
temperature with the increase of the BaTiO3 amount in the composition of the solid
solutions with x = 0 ÷ 0.15 indicated by the DSC measurements is in agreement with the
dielectric data reported by Buscaglia et al (Buscaglia, 2006).
Some reasons for this behaviour could be taken into account. First of all, these results
confirm our observations that the solid solution system BiFeO3 – BaTiO3 undergoes
structural transformations with increasing content of BaTiO3. The decrease of the
ferroelectric-paraelectric transition temperature Tc observed for the solid solution (1x)BiFeO3 – xBaTiO3 may be ascribed to the decrease in unit cell volume caused by the
BaTiO3 addition. Addition of Ba2+ having empty p orbitals, reduces polarization of core
electrons and also the structural distorsion. The low value obtained for Cp at x = 0.3 is in
accordance with the previous result indicating that ferroelectricity disappears in samples
above x ~ 0.3 (Kumar, 2000).

Fig. 6. Variation of the Curie transition temperature TC and of the heat capacity Cp with
composition. Inset: Variation of TC and enthalpy of transformation for BiFeO3 rich
compositions (x=0; 0.05; 0.1) (Tanasescu, 2009)
At the same time, the diffused phase transitions for compositions with x > 0.15 could be
explained in terms of a large number of A and B sites occupied by two different, randomly
distributed cationic specimens in the perovskite ABO3 lattice. Previous reports on the
substituted lanthanum manganites indicate that the mismatch at the A site creates strain on
grain boundaries which affect the physical properties of an ABO3 perovskite (Maignan,
2000). Besides, the role of charge ordering in explaining the magnetotransport properties of
the variable valence transition metals perovskite was emphasized (Jonker, 1953).
Investigating the influence of the dopants and of the oxygen nonstoichiometry on spin
dynamics and thermodynamic properties of the magnetoresistive perovskites, Tanasescu et
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al (Tanasescu, 2008, 2009) pointed out that the remarkable behaviour of the substituted
samples could be explained not only qualitatively by the structural changes upon doping,
but also by the fact that the magneto-transport properties are extremely sensitive to the
chemical defects in oxygen sites.
Though the effects of significant changes in the overall concentration of defects is not fully
known in the present system of materials, extension of the results obtained on substituted
manganites, may give some way for the correlation of the electrical, magnetic and
thermodynamic properties with the defect structure. The partial replacement of Bi3+ with
Ba2+ cations acting as acceptor centers could generate supplementary oxygen vacancies as
compensating defects, whereas the Ti4+ solute on Fe3+ sites could induce cationic vacancies
or polaronic defects by Fe3+ → Fe2+ transitions. The presence of the defects and the change of
the Fe2+/ Fe3+ ratio is in turn a function not only of the composition but equally importantly
of the thermal history of the phase. Consequently, an understanding of the high temperature
defect chemistry of phases is vital, if an understanding of the low temperature electronic
and magnetic properties is to be achieved. To further evaluate these considerations, and
in order to discriminate against the above contributions, experimental insight into the
effects of defect types and concentrations on phase transitions and thermodynamic data
could give a valuable help.
For discussion was chosen the compound Bi0.90Ba0.10Fe0.90Ti0.10O3 for which strong
magnetoelectric coupling of intrinsic multiferroic origin was reported (Singh, 2008). The
results obtained in the present study by using EMF and solid state state coulometric titration
techniques are shown in the following.

Fig. 7. Temperature dependence of EMF for Bi0.90Ba0.10Fe0.90Ti0.10O3
The recorded EMF values obtained under the open circuit condition in the temperature
range 923-1273 K are presented in Fig. 7. The thermodynamic data represented by the
relative partial molar free energies, enthalpies and entropies of the oxygen dissolution in the
perovskite phase, as well as the equilibrium partial pressures of oxygen have been
calculated and the results are depicted in Figs. 8-11. A complex behavior which is dependent
on the temperature range it was noticed, suggesting a change of the predominant defects
concentration for the substituted compound.
As one can see in Fig. 7, at low temperatures, between 923 and ~1000 K, EMF has practically
the same value E=0.475 V. Then, Fig. 7 distinctly shows a break in the EMF vs. temperature
relation at about 1003 K, indicating a sudden change in the thermodynamic parameters. A
strong increase of the partial molar free energy and of the partial pressure of oxygen was
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observed until 1050 K (Figs. 8 and 9) which can be due to structural transformation related
to the charge compensation of the material system. Then, on a temperature interval of about
40 K the increasing of the energies values is smaller. After ~ 1090 K a new change of the
slope in the ΔG O2 and log pO2 variation is registered on a temperature interval of about 130
degrees, followed again, after 1223 K, by a sudden change of the thermodynamic data, the
higher ΔG O value being obtained at about 1260 K.
2

Fig. 8. Variation of ΔG O with temperature - linear fit in the selected temperature ranges:
2

943-1003 K, 1003-1053 K, 1053-1093 K and 1093-1223 K

Fig. 9. The plot of log pO2 vs. 1/T for the selected temperatures ranges
The break point at about 1003 K is mainly due to first order phase transition in
Bi0.90Ba0.10Fe0.90Ti0.10O3 associated with the ferroelectric to the paraelectric transition TC. The
10% BaTiO3 substitution reduces the ferroelectric transition temperature of BiFeO3 with
about 100K. This transition is also evident from calorimetric measurements (Tanasescu,
2009). The less abrupt first order transition at 1050 K is qualitatively in concordance with the
transition to the γ polymorph which was previously identified in the literature for BiFeO3 at
1198-1203K (Arnold, 2010; Palai, 2008; Selbach, 2009).
In Fig. 10 we represented the partial molar free energies of oxygen dissolution obtained in
this study for both Bi0.90Ba0.10Fe0.90Ti0.10O3 and BiFeO3 at temperatures lower than their
specific ferroelectric transition temperatures. We would like to specify that in the case of
BiFeO3, the EMF measurements were performed at temperatures not higher than 1073 K due
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to the instability of BiFeO3 at higher temperatures. As one can see in Fig. 10, at 923 K, the
partial molar free energies of oxygen dissolution in BiFeO3 and Bi0.90Ba0.10Fe0.90Ti0.10O3
samples are near each other. With increasing temperature, the highest ΔG O values were
obtained for BiFeO3, suggesting an increased oxygen vacancies concentration in this
compound. The result could be explained by the fact that at low temperatures the
conduction is purely intrinsic and the anionic vacancies created are masked by impurity
conduction. As the temperature increases, conduction becomes more extrinsic (Warren,
1996), and conduction due to the oxygen vacancies surface. This fact is also evident from the
density measurements (Kumar, 2000), as well as electron paramagnetic resonance studies on
perovskites (Warren, 2006). The increased concentration of oxygen vacancies in BiFeO3 is
consistent with the large leakage current reported for BiFeO3 (Gu, 2010; Qi, 2005; Palkar,
2002; Wang, 2004). The electrical characteristics (Qi, 2005) indicated that the main
conduction mechanism for pure BFO was space charge limited, and associated with free
carriers trapped by oxygen vacancies. The coexistence of Fe3+ and Fe2+ causes electron
hopping between Fe3+ and Fe2+ ions, oxygen vacancies acting as a bridge between them,
which increases the leakage current. According to the defect chemistry theory, doping
BiFeO3 with aliovalent ions should change the oxidation state of iron and the concentration
of oxygen vacancies. Qi and coworkers (Qi, 2005) have suggested as possible mechanisms to
achieve the charge compensation in the 4+ cation-doped material: filling of oxygen
vacancies, decrease of cation valence by formation of Fe2+, and creation of cation vacancies.
Based on our results, the doping with Ti4+ is expected to eliminate oxygen vacancies causing
the decreasing of ΔG O and log pO2 values.
2

2

Fig. 10. Variation of ΔG O with temperature - linear fit in the temperature range 943-1003 K
2

for Bi0.90Ba0.10Fe0.90Ti0.10O3 (BFO-BTO) and 923-1073 K for BiFeO3 (BFO)
Further clarification could be achieved by determining Δ H O and ΔSO values in particular
temperature ranges in which the partial molar free energies are linear functions of
temperature. Comparing the values obtained for Bi0.90Ba0.10Fe0.90Ti0.10O3 in the temperature
interval of 943-1003 K with the corresponding enthalpies and entropies values of BiFeO3 in
the 923-1073 K range (Fig. 11) one can observe that for the substituted compound, Δ H O
and ΔSO values strongly increase (with ~450 kJ mol-1 and ~480 J mol-1 K-1 respectively).
This finding can be explained by the relative redox stability of the B-site ions which seems to
modify both the mobility and the concentration of the oxygen vacancies. It is interesting to
note that increasing temperature, after the first transition point, the enthalpies and entropies
values strongly decrease (with ~ 468 kJ mol-1 and ~1.4 kJ mol-1 K-1 respectively) up to more
2

2

2

2
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negative values. The negative values obtained for the relative partial entropies of oxygen
dissolution at high temperature are indicative for a metal vacancy mechanism. Above 1053
K both the enthalpy and entropy increase again with increasing the temperature. The
thermal reduction for transition metals tends to be easier with Ba doping. These may explain
the reason for the different behaviors at higher temperature zone. Besides, oxygen vacancy
order also show contribution to the observed phenomena, the increasing of the enthalpy and
entropy values being an indication that the oxygen vacancies distribute randomly on the
oxygen sublattice.

Fig. 11. Δ H O and ΔSO as a function of BaTiO3 content (x) at temperatures lower than
2

2

ferroelectric transition temperatures.
In order to further evaluate the previous results, the influence of the oxygen stoichiometry
change on the thermodynamic properties has to be examined. The variation of the
thermodynamic data of oxygen deficient Bi0.90Ba0.10Fe0.90Ti0.10O3-δ samples was analyzed at
the relative stoichiometry change Δδ = 0.01. In Figures 12 (a) and (b), two sets of data
obtained before and after the isothermal titration experiments are plotted. Higher ΔG O and
log pO2 values are obtained after titration at all temperatures until 1223 K; above 1223 K, the
values after titration are lower than the corresponding values before titration.
2

(a)

(b)

Fig. 12. Variation of (a) ΔG O and (b) log pO2 with temperature and oxygen stoichiometry
2

change for Bi0.90Ba0.10Fe0.90Ti0.10O3
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Regarding the changes of Δ H O and ΔSO corresponding to the temperature range of 10931223 K (Fig. 13), one can observe that for Bi0.90Ba0.10Fe0.90Ti0.10O3, both the variations of
enthalpy and entropy decrease with the stoichiometry change suggesting the increase in the
binding energy of oxygen and the change of order in the oxygen sublattice of the perovskitetype structure. The values of the relative partial entropies of oxygen dissolution are negative
and this is indicative for a metal vacancy mechanism (Töfield, 1974). Due to the large
decrease in ΔSO , it is considered that the oxygen vacancies would not randomly distribute
on all of the oxygen sites but they would be distributed to some particular oxygen sites. It is
also possible that the vacancy distribution is related to some crystallographic distortions or
ordering of metal sites.
2

2

2

Fig. 13. Δ H O and ΔSO as a function of the oxygen stoichiometry change (Δδ = 0.01)
2

2

Presently, however, further details and measurements of the energy and entropy of oxygen
incorporation into BiFeO3-based materials at different values of nonstoichiometry δ are
necessary in order to make clear the vacancy distribution with the stoiochiometry change.
3.2 Bi1-xLaxFe1-yMnyO3 (x=0.1; y=0-0.5)
3.2.1 Phase composition and crystalline structure
The room temperature X-ray diffraction pattern obtained for the presintered sample
corresponding to the mixture 1 (Bi0.9La0.1FeO3) shows a single phase composition, consisting
of the well-crystallized perovskite phase (Fig. 14(a)). A small Mn addition (x ≤ 0.1) does not
change the phase composition. The increase of the manganese amount to x = 0.2 determines
the segregation of a small amount of Bi36Fe2O57 secondary phase identified at the detection
limit. For x ≥ 0.4 also small quantities of Bi2Fe4O9 was detected as secondary phase,
indicating the beginning of a decomposition process (Fig 14(a)).
From the structural point of view the XRD data pointed out that all the samples exhibit
hexagonal R3c symmetry, similar to the structure of the paternal non-modified BiFeO3
compound. Similar to Bi1-xBaxFe1-xTixO3 solid solutions, the increase of the manganese
content does not determine the change of spatial group. However, certain distortions clearly
emphasized by the cancellation of the splitting of some characteristic XRD peaks take place.
Thus, Fig. 14(b) shows the evolution of the profile and position of the neighbouring (006)
and (202) peaks specific to the Bi0.9La0.1O3 composition when Mn is added in the system.
One can observe that an amount of only 10% Mn replacing Fe3+ in the perovskite structure is
enough to eliminate the (006) peak in the characteristic XRD pattern. A shift of the position
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of the main diffraction peaks toward higher 2θ values was also pointed out (for exampe the
(002) peak shifts from 2θ = 39.5o for Bi0.9La0.1FeO3 to 2θ = 39.82o for Bi0.9La0.1Fe0.5Mn0.5O3).
The increase of the manganese concentration determines the decrease of both a and c lattice
parameters (Fig. 15(a)) and therefore a gradual contraction of the unit cell volume (Fig.
15(b)). This evolution suggests that most of the manganese ions are more probably
incorporated on the B site of the perovskite network as Mn4+, causing the decrease of the
network parameters because of the smaller ionic radius of Mn4+ (0.60 Å), comparing with
that one corresponding to Fe3+ (0.64 Å). These results are in agreement with those ones
reported by Palkar et al (Palkar, 2003).

(a)

(b)

Fig. 14. (a) Room temperature X-ray diffraction patterns for Bi0.9La0.1Fe1-xMnxO3 ceramics
thermally treated at 923 K for 2 hours; (b) detailed XRD pattern showing the disappearance
of (0 0 6) peak

(a)

(b)

Fig. 15. Evolution of the structural parameters versus Mn content for the Bi0.9La0.1Fe1-xMnxO3
ceramics sintered at 1073 K for 1 hour: (a) lattice parameters and (b) unit cell volume
3.2.2 Microstructure
As for Bi1-xBaxFe1-xTixO3 ceramics, SEM analyses were performed firstly on the pellets
surface thermally treated at 923 K/2h. The surface SEM image of the Bi0.9La0.1FeO3 sample
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indicates the obtaining of a non-uniform and porous microstructure, consisting from
grains of variable sizes and a significant amount of intergranular porosity (fig. 16(a)). For
the sample with x = 0.20, the presence of the manganese in the system induces the
inhibition of the grain growth process and has a favourable effect on the densification
(Fig. 16(b)).

(a)

(b)

(c)

Fig. 16. Surface SEM images of: (a) Bi0.9La0.1FeO3; (b) Bi0.9La0.1Fe0.8Mn0.2O3 and (c)
Bi0.9La0.1Fe0.5Mn0.5O3 presintered at 925 K for 2 hours
The further increase of the Mn content to x = 0.50 enhances the densification, but seems to
have not anymore a significant influence on the average grain size. Thus, the
Bi0.9La0.1Fe0.5Mn0.5O3 ceramic shows a dense, fine-grained (average grain size of ~ 2 µm) and
homogeneous microstructure with a monomodal grain size distribution (Fig. 16(c)).
The same trend of the decrease of the average grain size with the addition of both La and
Mn solutes was also observed in the case of the ceramics sintered at 1073 K for 1 hour.
Thereby, unlike the non-homogeneous, rather coarse-grained BiFeO3 sample (Fig. 5(a)), the
average grain size in the La-modified Bi0.9La0.1FeO3 ceramic is of only ~ 4 μm (Fig. 17(a)).
The increase of Mn addition causes a further decrease of the average grain size to ~ 2 μm
and a tendency to coalescence of the small grains in larger, well-sintered blocks (Fig. 17(b)
and 17(c)).

(a)

(b)

(c)

Fig. 17. Surface SEM images of: (a) Bi0.9La0.1FeO3; (b) Bi0.9La0.1Fe0.8Mn0.2O3 and
(c)Bi0.9La0.1Fe0.5Mn0.5O3 ceramics sintered at 1073 K for 1 hour.
3.3.3 Thermodynamic properties of Bi1-xLaxFe1-yMnyO3 (x=0.1; y=0.2; 0.3)
Emphasizing the role of charge ordering in explaining the magnetotransport properties of
the manganites, Jonker and van Santen considered that the local charge in the doped
manganites is balanced by the conversion of Mn valence between Mn3+ and Mn4+ and the
creation of oxygen vacancies, as well (Jonker, 1953). Investigating the influence of the
dopants and of the nonstoichiometry on spin dynamics and thermodynamic properties of
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the magnetoresistive perovskites, Tanasescu et al (Tanasescu, 2008, 2009) demonstrated that
the formation of oxygen vacancies and the change of the Mn3+/ Mn4+ ratio on the B-site play
important roles to explain structural, magnetic and energetic properties of the substituted
perovskite.
In BiFeO3-BiMnO3 system was already pointed out that, even though the Mn substitution
does not alter the space group of BiFeO3 for x ≤ 0.3, the possible variation of the valence
state of Mn manganese together the oxygen hiperstoistoichiometry as a function of
temperature and oxygen pressure could affect the crystallographic properties, electrical
conductivity and phase stability of BiFe1-xMnxO3+δ (Selbach, 2009, 2009). Excepting the
communicated results on DSC investigation of Bi1-xLaxFe1-yMnyO3 (x=0.1; y=0-0.5)
(Tanasescu, 2010), no other work related to the thermodynamic behaviour of Bi1-xLaxFe1yMnyO3 were reported in the literature. In that study the evolution of heat of transformation
and heat capacity in the temperature range of 573 – 1173 K was analyzed. The ferroelectric
transition was shifted to a lower temperature for Bi0.9La0.1FeO3 comparative to BiFeO3, in
agreement with literature data (Chen, 2008). However, a non-monotonous change of TC, as
well as of the thermochemical parameters is registered for the La and Mn co-doped
compositions, depending on the Mn concentration, comparatively with undoped BiFeO3. A
sharp decline in the Tc was pointed out for x=0.3. One reason to explain this behavior is
sustained by the structural results which were already pointed out in the previous section.
The increase of the manganese concentration determines the decrease of both a and c lattice
parameters and therefore a gradual contraction of the unit cell volume. This evolution
suggests that most of the manganese ions are more probably incorporated on the B-site as
Mn4+. Besides, as already was shown, in our samples the decreasing of the average grain
size with the addition of both La and Mn solutes was observed in the case of presintered, as
well as ceramics sintered at 1273 K (Ianculescu, 2009; Tanasescu, 2010). For finer particles
where defect formation energies are likely to be reduced, the lattice defects, oxygen
nonstoichiometry etc. appear to be sizable and significant changes in overall defect
concentration are expected. So, an excess of Mn4+ ions and an increased oxygen
nonstoichiometry are more likely. Due to the linear relationship between the Mn-O
distortion and the Mn3+ content, one could expect to find in our samples a strong
dependence of the energetic parameters on the Mn3+/ Mn4+ ratio and the oxygen
nonstoichiometry.
In order to understand how the thermodynamic properties are related to the oxygen and
manganese content in the substituted BiFeO3, the thermodynamic properties represented by
the relative partial molar free energies, enthalpies and entropies of oxygen dissolution in the
perovskite phase, as well as the equilibrium partial pressures of oxygen have been obtained
in a large temperature range (923-1123 K) by using solid electrolyte electrochemical cells
method.
The obtained results are plotted in Figures 18 - 20. At low temperatures, between 923 and
~950 K for x=0.3 and between 923 and ~1000 K for x=0.2, the ΔG O values are increasing
with temperature (Fig. 18(a)). The same trend is accounted for the log pO2 variation (Fig.
18(b)). The break points at ~963 K and ~993 K obtained for x=0.3 and x=0.2, respectively
(Fig. 18 (a)) are consistent with the Tc values of ferro-para transition in substituted samples.
These values are near the ferroelectric Curie temperatures reported in the literature for
BiFe0.7Mn0.3O3 (926-957 K) and BiFe0.8Mn0.2O3 (~990 K) with no La addition (Selbach, 2009;
Sahu, 2007). However we have to notice that at the same Mn concentration x=0.3, the Tc
2
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value is slightly higher for the sample in which lanthanum is present, comparatively with
the sample without La.
In Fig. 19 we represented the partial molar free energies of oxygen dissolution obtained in
this study for Bi0.9La0.1Fe0.8Mn0.2O3 and Bi0.9La0.1Fe0.7Mn0.3O3 samples at temperatures lower
than their specific ferroelectric transition temperatures, and for comparison, the ΔG O values
of BiFeO3. As one can see in Fig. 19, the partial molar free energies of oxygen dissolution in
the substituted samples are highest than the ΔG O values obtained for BiFeO3, suggesting
the increasing oxygen vacancies concentration with doping. Determining the Δ H O and
ΔSO values in particular temperature ranges until TC in which the partial molar free
energies are linear functions of temperature (Figs. 19 and 20) one can observe that for the
substituted compounds, the Δ H O and Δ S O2 values strongly increase in the doped
compounds. Due to the relative redox stability of the B3+ ions (at the same A-site
composition), both the mobility and the concentration of the oxygen vacancies will be
modified. However it was noticed that the increase in B-site substitution from x = 0.20 to x =
0.30 at temperatures below 1000 K is followed by the decrease of Δ H O and ΔSO values
with ~117.6 kJ mol-1 and ~126 J mol-1 K-1 respectively (Fig. 20), suggesting the increase of the
binding energy of oxygen and an increase of order in the oxygen sublattice of the
perovskite-type structure with the Mn concentration.
2

2

2

2

2

2

2

Fig. 18. Variation of ΔG O (a) and log pO2 (b) with temperature and Mn content (x)
2

Fig. 19. Variation of ΔG O with temperature - linear fit in the temperature ranges under the
2

ferroelectric transition temperatures
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Fig. 20. Δ H O and ΔSO as a function of Mn content (x) at temperatures lower than TC
2

2

After the ferroelectric transition temperatures and until 1043 K (for x=0.2), respectively until
1023 K (for x=0.3), a sharp decrease of the ΔG O values (Fig. 18(a)), together positive values
of the enthalpies and entropies are revealed for both samples, indicating the decreasing of
the thermodynamic driving force for oxygen vacancies formation and low ionic mobility.
Taking into account the working conditions and the existing information as concerns the
phase correlations of systems (Selbach, 2009, 2009, Carvalho, 2008), the dissociation reaction
of the perovskite could be assumed to proceed in this temperature interval, Bi0.9La0.1Fe1xMnxO3 being in equilibrium with other two solid phases, namely sillenite and mullite typephases (Bi25Fe1-yMnyO39 and Bi2Fe4-zMnzO9, respectively). Increasing the temperature until
1083 K (for x=0.2) and 1073 K (for x=0.3), the equilibrium will be driven back to the
perovskite formation, the ΔG O values of the sample with x=0.3 keeping higher than those
of the sample with x=0.2 (Fig. 18(a)). At 1083 K (for x=0.2) and 1073 K (for x=0.3), the
registered ΔG O values have practically the same values as for the samples before
decomposition. The next phase transition registered at 1093 K for Bi0.9La0.1Fe0.7Mn0.3O3 is
qualitatively in concordance with the transition to the γ polymorph which was previously
identified in the literature for BiFeO3 at 1198-1203K (Arnold, 2010; Palai, 2008; Selbach, 2009)
and for BiFe0.7Mn0.3O3 at 1145-1169 (Selbach, 2009). The temperature of transition to the γ
phase corresponding to Bi0.9La0.1Fe0.8Mn0.2O3 could be higher than 1123 K; it was not
registered in our present experiment because the highest temperature of these
measurements was 1123 K.
The obtained results evidenced the complex behavior of the partial molar thermodynamic
data in substituted samples, suggesting a change of the predominant defects concentration
as a function of temperature range and Mn concentration. Increasing the manganese
content, the decreasing of the ferroelectric Curie temperature and of the transition
temperature from paraelectric to γ phase it is noted.
To further evaluate the previous results, the influence of the oxygen stoichiometry change
on the thermodynamic properties has been investigated. The variation of the partial molar
thermodynamic data of Bi0.9La0.1Fe0.8Mn0.2O3 (noted as BLFM0.2) and Bi0.9La0.1Fe0.7Mn0.3O3
(noted as BLFM0.3) was examined before and after two successive titrations by the same
relative oxygen stoichiometry change of Δδ = 0.02 in the oxygen excess region (Figures 21
and 22). Thus, the effect of the oxygen stoichiometry can be correlated with the influence of
the substituent.
2

2

2
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Fig. 21. (a) Variation of ΔG O with temperature and oxygen stoichiometry change for
Bi0.9La0.1Fe0.8Mn0.2O3+δ; (b) Δ H O and ΔSO of Bi0.9La0.1Fe0.8Mn0.2O3+δ as a function of the
oxygen stoichiometry change (Δδ = 0; 0.02; 0.04)
2

2

2

Fig. 22. (a) Variation of ΔG O with temperature and oxygen stoichiometry change for
Bi0.9La0.1Fe0.7Mn0.3O3+δ; (b) Δ H O and ΔSO of Bi0.9La0.1Fe0.7Mn0.3O3+δ as a function of the
oxygen stoichiometry change (Δδ = 0; 0.02; 0.04)
2

2

2

For x=0.2 higher values of the partial molar thermodynamic data are obtained after titration
(Fig. 21). It is expected that the change in ΔSO with δ in this case to be essentially
determined by the change in SO (config) and, therefore, the oxygen randomly distribute on
the oxygen sites. Instead for x=0.3, both the variations of enthalpy and entropy decrease
with the stoichiometry change (Fig. 22(b)), suggesting the increase in the binding energy of
oxygen and change of order in the oxygen sublattice of the perovskite-type structure
comparatively with the undoped compound. However it is interesting to note that the
enthalpies obtained for x=0.3 after the first and the second titrations are near each other,
suggesting a smaller dependence of the Δ H O on the oxygen stoichiometry change at
higher departure from stoichiometry. This result tends to agree with the assumption that
metal vacancies prevail, since a value for enthalpy which is independent of
nonstoichiometry is expected for randomly distributed and noninteracting metal vacancies
(van Roosmalen, 1994; Tanasescu, 2005). The model based on excess oxygen compensated
by cation vacancies and partial charge disproportionation of manganese ions was also
proposed for other related systems, like LaMnO3+δ (van Rosmallen, 1995; Töpfer, 1997),
2

2
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BiMnO3+δ (Sundaresan, 2008), BiFe0.7Mn0.3O3+δ (Selbach, 2009), La0.5Bi0.5Mn0.5Fe0.5O3+δ
(Kundu, 2008). However, the model could not explain the observed relationship in the entire
oxygen-excess region. This statement was also discussed in the case of LaMnO3+δ (Mizusaki,
2000; Nowotny, 1999; Tanasescu 2005) and could be subject for further discussion.
Considering the partial pressure of oxygen as a key parameter for the thermodynamic
characterization of the materials, we investigated the variation of log pO2 with the
temperature, oxygen stoichiometry and the concentration of the B-site dopant (Fig. 23).
Before titration, the log pO2 values of the Bi0.9La0.1Fe0.7Mn0.3O3 are higher than log pO2 for
Bi0.9La0.1Fe0.8Mn0.2O3, excepting the value at 1123 K which is smaller for x=0.3 comparatively
with the corresponding value for x=0.2, the result being correlated with the structural phase
transformation noted for the composition with x=0.3 under 1123 K.

Fig. 23. Variation of log pO2 with temperature and oxygen stoichiometry change
It is obtained that for both compounds, after titration, at the same deviation of the oxygen
stoichiometry, log pO2 shifted to higher values with increasing temperature. At the same
temperature, the high deviation in the log pO2 values with the stoichiometry change is
obtained for the sample with x=0.2. Besides, at x=0.2, higher values of log pO2 are obtained
after the second titration, even though, increasing deviation from stoichiometry, a smaller
increase of the partial pressure of oxygen was noted (Fig. 23). This could be explained by the
fact that at high temperature, less excess oxygen is allowed. The sample with x=0.3 presents
a smaller dependence of the log pO2 on the oxygen nonstoichiometry. For small deviation
from stoichiometry (Δδ=0.02), a small decrease in log pO2 values is obtained, but after the
second titration, the partial pressure increase again. At 1073 K, after the second titration, the
same value as before titration is obtained. Increasing temperature to 1123 K, log pO2 values
increase again comparatively with the value before titration.
The obtained results could be correlated with some previously reported conductivity
measurements. Singh et al (Singh, 2007) reported that small manganese doping in thin films
of BiFeO3 improved leakage current characteristic in the high electric field region, reducing
the conductivity; others authors noted the increasing of the conductivity with increasing
manganese content (Chung, 2006; Selbach, 2009, 2010). If the polaron hopping mechanism is
supposed for the electrical conductivity at elevated temperatures, the electronic conductivity
will increase in the samples with hiperstoichiometry. According to the evolution of the
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partial molar thermodynamic data of the oxygen dissolution, a decrease in the oxygen ionic
conductivity (together the increasing of the electronic conductivity due to the electron-hole
concentration increasing) will result in the sample with increased Mn content.
Even though there are disagreements between different works regarding the nature and the
symmetry of the high temperature phases in the pure and substituted BiFeO3, based on our
data, we would like to point out that, in the condition of our experimental work, we may
close to the stability limit of the Mn doped materials at temperatures around 1123 K. This is
in accordance with theoretical consideration of the stability of ABO3 compounds based on
Goldschmidt tolerance factor relationship (Goldschmidt, 1926). The evolution with
temperature and oxygen stoichiometry of the thermodynamic data suggest that excess
oxygen causing an increase of the tolerance factor of the system will lead to the stabilization
of the cubic phase at lower temperature with increasing the departure from stoichiometry.
At this point further studies are in progress, so that correlations could be established with
the observed properties at different departures of oxygen stoichiometry, in both deficit and
excess region for Bi0.9La0.1Fe1-xMnxO3 materials.

4. Conclusions
Bi1-xBaxFe1-xTixO3 (0 ≤ x ≤ 0.30) and Bi0.9La0.1Fe1-xMnxO3 (0 ≤ x ≤ 0.50) ceramics were prepared
by the conventional mixed oxides route, involving a two-step sintering process. Single phase
perovskite compositions resulted for all the investigated ceramics, in the limit of XRD
accuracy. For both cases, the presence of foreign cations replacing Bi3+ and/or Fe3+ in the
perovskite lattice induces the diminishing of the rhombohedral distortion and causes
significant microstructural changes, mainly revealed by the obvious decrease of the average
grain size.
In order to evidence how the appropriate substitutions could influence the stability of the
perovskite phases and then to correlate this effect with the charge compensation
mechanism, the thermodynamic data represented by the relative partial molar free energies,
enthalpies and entropies of the oxygen dissolution in the perovskite phase, as well as the
equilibrium partial pressures of oxygen have been obtained by solid state electrochemical
(EMF) method. The influence of the oxygen stoichiometry change on the thermodynamic
properties was examined using the data obtained by a coulometric titration technique
coupled with EMF measurements.
New features related to the thermodynamic stability of the multiferroic Bi1-xBaxFe1-xTixO3
and Bi0.9La0.1Fe1-xMnxO3 ceramics were evidenced, the thermodynamic behavior being
explained not only by the structural changes upon doping, but also by the fact that the
energetic parameters are extremely sensitive to the chemical defects in oxygen sites.
The decreasing of the ferroelectric – paraelectric transition temperature in the substituted
samples was evidenced by both EMF and DSC measurements. Besides, the phase transition
qualitatively corresponding to the phase transformation from paraelectric to a new high
temperature phase was evidenced and the partial molar thermodynamic data describing the
different phase stability domains were presented for the first time.
Bearing in mind the role of charge ordering and of the defects chemistry in explaining the
electrical, magnetic and thermodynamic behavior of the doped perovskite-type oxides, it
should be possible to find new routes for modifying the properties of these materials by
controlling the average valence in B-site and the oxygen nonstoichiometry. Preparation
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method also strongly could influence the behavior of the powder in terms of nonstoichiometry, which ultimately will affect its electrical properties since they are dependent
upon the presence of oxygen ion vacancies in the lattice. Besides the doping with various
foreign cations, the decreasing of the grain sizes, as well as the thin film technology could be
efficient methods for tuning the electrical, magnetic and thermodynamic properties of
BiFeO3-based compounds to be used as multiferroic materials.
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1. Introduction
In recent times, BiFeO3 has been considered as an important material for the development of
multifunctional devices because of its distinctive ferroelectric, magnetic, piezoelectric, and
optical properties. These include a high Currie temperature of ferroelectricity (TC∼1100 K),
(Venevtsev et al., 1960), high Néel temperature of antiferromagnetism (TN∼650 K), (Kiselev et
al., 1963) lead-free piezoelectricity, and large flexibility in the wavelength of visible light
region. These features make BiFeO3 particularly applicable in the fields of ferroelectrics,
magnetics, piezoelectrics, and optics; in addition, the cross correlation of these properties can
be expected above room temperature (RT). [Fig. 1] BiFeO3 has a perovskite-type crystal
structure that is rhombohedrally distorted in the [111] direction and crystallized in the space
group R3c [Fig. 2]. (Kubel et al., 1990) The ferroelectric performance of BiFeO3 is comparable to
that of conventional ferroelectric materials such as Pr(Zr,Ti)O3 (PZT) because BiFeO3 exhibits
excellent spontaneous polarization at RT. Theoretically, spontaneous polarization corresponds
to crystal symmetry, wherein the rhombohedral and tetragonal BiFeO3 structures are expected
to show spontaneous polarizations of ≈100 μC/cm2 in the [111] direction and ≈150 μC/cm2 in
the [001] direction, respectively. [Fig. 3(a)] (Ederer et al., 2005) In fact, these theoretically
predicted large spontaneous polarizations in BiFeO3 are almost consistent with the
experimental results [Figs. 3(b) and 3(c)] (Li et al., 2004, Yun et al., 2004), stating that BiFeO3 is
favorable for use in ferroelectric random access memory (FeRAM) applications. However, the
practical application of BiFeO3 thin films has been limited by their large leakage current
density and large coercive field at RT, (Naganuma et al., 2007, Pabst et al., 2007) as a result,
BiFeO3 thin films easily undergo electrical breakdown when a large leakage current passes
through them before the polarization is switched. Therefore, in order for BiFeO3 films to find
practical future application, the leakage current and/or coercive field of these films must be
reduced. In term of magnetic properties, BiFeO3 is antiferromagnetic with a G-type spin
configuration; (Kubel et al., 1990, Ederer et al., 2005) that is, nearest neighbor Fe moments are
aligned antiparallel to each other, and there is a sixfold degeneracy, resulting in an effective
“easy magnetization plane” for the orientation of the magnetic moments within the (111)
plane. It should be noted that the antiferromagnetic (111) plane is orthogonal to the
ferroelectric polarization direction [111] in the rhombohedral structure. [Fig. 4(a)] The
orientation of the antiferromagnetic sublattice magnetization is coupled through ferroelastic
strain due to crystal symmetry, and it should always be perpendicular to the ferroelectric
polarization [111] direction. Therefore, a polarization switch to either 71° or 109° should
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change the orientation of the antiferromagnetic plane. This change in orientation would,
however, not occur in the case of 180° to 180° ferroelectric polarization switching. [Fig. 4(b)4(d)] In fact, experimentally, (Zhao et al., 2006) the ferroelectric domain and antiferromagnetic
domain in BiFeO3 (100) epitaxial films are strongly coupled (magneto-electric (ME) coupling)
in the orthogonal configuration, and the orientation of the antiferromagnetic plane is switched
by a 109° switch in the ferroelectric domain. In effect, the magnetization configuration can be
controlled by the application of an electric field through ferroelectric domain switching; by
means of this mechanism, it is possible to realize voltage control of magnetic random access
memory (V-MRAM). The use of V-MRAM can drastically reduce electrical consumption when
compared with spin-MRAM which is operated by spin-polarized current. In terms of “how to
detect the change of magnetization induced by ferroelectric domain switching”, it can be seen
that owing to Dzyaloshinskii-Moriya (DM) interaction, (Dzyaloshinskii, 1957, Moriya, 1960)
the symmetry permits a canting of the antiferromagnetic sublattices, resulting in a local weak
spontaneous magnetization. This magnetization is macroscopically canceled by a spiral spin
structure caused by the rotation of the antiferromagnetic axis through the crystal with an
incommensurately long-wavelength period of 62 nm. (Sosnowska et al., 1982) This spiral spin
structure might be suppressed in the film form of BiFeO3 and the resulting magnetic moment
is caused by a weak ferromagnetism of ∼0.1 μB/Fe atom. However, this small magnetic
moment is not suitable for application in devices such as spintronics because of the difficulty
associated with the direction of a weak magnetic moment using a magnetic sensor, as well as
the spin-filter effect. Therefore, in order to detect the change of magnetic states driven by
ferroelectric domain switching (i) introduction of ferrimagnetic spin order into BiFeO3 having
a rombohedral structure or (ii) detection of the ferromagnetization change through exchange
coupling with BiFeO3 (Chu et al., 2008) are the predominant candidates. In addition, the BiFeO3
films show distinctive optical properties, as previously mentioned. BiFeO3 has the highest
flexibility among the oxide materials: a flexibility of 3.22 at a wavelength of 600 nm; this
flexibility is expected to cross-correlate with the other physical properties. (Shima et al., 2009)
The details of the optical properties of BiFeO3 films have been relegated to a subsequent

Fig. 1. Schematic illustration of cross correlation between ferroelectrcity (piezoelectrics),
ferroelasticity, optical properties and antiferromagnetism for BiFeO3.
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Fig. 2. Schematic drawing of the crystal structure of perovskite BiFeO3 (space group: R3c).
Two crystals along [111] direction are shown in the figure.

Fig. 3. (a) First-principle calculation of spontaneous polarization for BiFeO3 with tetragonal
(P4mm) and rhombohedral (R3c) symmetry. ε1 indicates the epitaxial strain. Symbols
represent directly calculated values. (Ederer et al., 2005) (b) Experimental result of BiFeO3
with tetragonal structure, and (c) with rhombohedral structure.
discussion. Based on these background considerations, the main focus of this chapter is the
structure, ferroelectricity, and magnetism of BiFeO3 films. In addition, we discuss the effect of
the substitution of various 3d transition metals into the B-site of BiFeO3 films on the films’
structural, ferroelectric, and magnetic properties. We also propose a new multiferroic material
having a ferrimagnetic spin order and large spontaneous polarization at RT. This chapter
includes three sections. Section 1 presents the fundamental characteristics of pure BiFeO3 films.
Section 2 describes substitution of various 3d transition metals for Fe in BiFeO3 films, in small
amount (∼5 at.%), in order to achieve ferrimagnetic spin ordering together with low leakage
current density. Finally, in Section 3, we demonstrate the substitution of a large amount of Co
(∼58 at.%).
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Fig. 4. Schematic illustration of cross correlation between ferroelectric polarization and
antiferromagnetic plane. Antiferromagnetic plane was defined as the direction of magnetic
moment of weak ferromagnetism due to DM interaction.

2. Structural, electronic, and magnetic properties of BiFeO3 films
In order to elucidate the fundamental properties of BiFeO3 films, here, we begin by
systematically investigating the effect of annealing temperature on the structural, electrical,
and magnetic properties of BiFeO3 polycrystalline film. The results described in this section
is based on our recent work as follows; Naganuma et al. TMRSJ, 2007, Naganuma et al. MT,
2007, Naganuma et al. IF, 2007, Naganuma et al. TUFFC, 2008, Naganuma et al. JJAP, 2008,
Naganuma et al. APEX, 2008, Naganuma et al. JCSJ, 2010, Naganuma et al. JAP, 2011.
Polycrystalline BiFeO3 films were prepared by a chemical solution deposition (CSD)
method. The preparation processes are shown in Fig. 5 and can be summarized as follows:
an enhanced-metal-organic-decomposition (E-MOD) solution (with stoichiometric
composition Bi:Fe=1:1, 0.2 mol/l) was used as the precursor solution. The precursor solution
was spin-coated onto Pt (150 nm)/Ti (5 nm)/SiO2/Si (100) substrates at a rotation speed
between 4000 and 6000 rpm for 50 s. Pt and Ti were deposited by r.f. magnetron sputtering
using Ar gas at RT. The spin-coated films were dried at 150°C for 1 min and calcined at
350°C for 5 min. The spin coating and calcination processes were repeated 4-5 times, after
which the films were sintered in air at 400 - 800°C for 10 min by rapid thermal annealing
(RTA; ULVAC mila-5000). The films had a thickness of approximately 200 nm. The surface
morphology of the films was observed by atomic force microscopy (AFM; SII SPI3800N) and
scanning electron microscopy (SEM; JEOL JSM-6380). The crystal structure and orientation
were confirmed by X-ray diffraction (XRD; PANalytical X’Pert MRD) with Cu-Kα radiation
and transmission electron microscopy (TEM; JEOL JEM-2100F, JEOL JEM-3000F, LEO-922)
working at 200 and 300 kV. The leakage current density was measured using a pico-ampere
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meter (HP 4140B). The ferroelectric hysteresis (P-E) loop of the films was measured using a
ferroelectric tester (aixACCT TF-2000, TOYO FCE-1A) with a single triangular pulse.
Positive-Up-Negative-Down (PUND) measurement was also used for evaluating electrical
properties. The magnetic properties were measured with a vibrating sample magnetometer
(VSM; Tamakawa) at RT, and a superconducting quantum interference device (SQUID;
Quantum design MPMS) magnetometer was used for the in-plane direction.

Fig. 5. Schematic illustration of preparation process using CSD.
Figure 6 shows the XRD profiles of BiFeO3 films deposited on Pt/Ti/SiO2/Si(100) substrates
annealed at various temperatures. For each annealing temperature, a strong diffraction peak
at 2θ = 39.8° was observed due to the Pt (111) plane. At an annealing temperature of 400°C, a
weak diffraction peak was observed in the region of 2θ = 46°; however, it was not clear
whether this diffraction peak originated from BiFeO3 (024) at 2θ = 45.74° or Pt (200) at 2θ =
46.24°. Therefore, in order to clarify the origin of the diffraction peak in the region of 2θ =
46°, XRD analyses were undertaken for the Pt/Ti/SiO2/Si(100) substrate only. On the basis
of this experiment, the diffraction peak in the region of 2θ = 46° was identified as Pt (200) for
the sample annealed at 400°C. Therefore, the structure of the film annealed at 400°C was
amorphous or nanocrystalline. The formation of the polycrystalline BiFeO3 films for
annealing temperature above 450°C was indicated by the appearance of numerous
diffraction peaks attributed to the BiFeO3 structure above the stated temperature. The strong
[111] orientation of the bottom Pt layer did not affect BiFeO3 crystal growth. At annealing
temperature above 700°C, secondary phases such as α-Fe2O3 and BiPt were formed. The
observation of these phases indicates that the excess Fe formed α-Fe2O3 due to diffusion of
Bi into the Pt electrode at high annealing temperatures. The indication is that the single
phase of randomly oriented polycrystalline BiFeO3 film was formed at annealing
temperatures between 450 and 650°C.
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Fig. 6. XRD profiles of BiFeO3 films deposited on Pt/Ti/SiO2/Si(100) substrates annealed at
various temperatures

Fig. 7. Cross-sectional TEM images of polycrystalline BiFeO3 films annealed at 550°C.
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Fig. 8. (a) HRTEM image, (b) corresponding FFT pattern image, (c) NBD pattern, (d)
simulated electron diffraction pattern, (e) simulated lattice fringe image embedded in
observed HRTEM image, (f) atom position , and (g) distance between atoms.
Cross-sectional TEM observation was used to investigate the quality of the polycrystalline
BiFeO3 films annealed at 550°C. The observation, presented in Fig 7(a) indicates that the
bottom Pt layer shows the (111) texture structure, which is consistent with the XRD profiles.
High-resolution (HR) TEM was used to investigate the grain boundary phases in the
polycrystalline structure within the square area outlined in Fig. 7(a). The HRTEM image of
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the grain boundary [Fig. 7(b)] and fast Fourier transform (FFT) pattern from two grains [Fig.
7(c), 7(d)] are shown. These investigations show that high quality polycrystalline BiFeO3
films were successfully fabricated by means of the CSD method
In the case of BiFeO3, crystal symmetry exerts a strong influence on the ferroelectric
polarization; (Ederer et al., 2005) therefore, the crystal symmetry of BiFeO3 was determined
by simulation of the HRTEM images and nanobeam diffraction (NBD) patterns. Figure 8(a)
shows the HRTEM image (a), corresponding FFT pattern (b), NBD pattern (c), simulated
electron diffraction pattern (d), simulated lattice fringe image embedded in the observed
HRTEM image (e), atom position (f), and distance between atoms (g). The HRTEM image
contains periodic lattice fringes along the [012] direction with spacings of approximately
0.396 nm which is in good agreement with Kubel’s report. (Kubel et al., 1990) The electron
diffraction pattern was simulated using the MacTEMPAS computer program by applying
the multislice method (Kirkland et al., 1998) and using the lattice parameters of the
rhombohedral R3c and the tetragonal Pbmm lattices. (Kubel et al., 1990, Wang et al., 2003,
Yun et al., 2004) A comparison of the simulated electron diffraction pattern with the NBD
and FFT patterns shows that the BiFeO3 layer has a rhombohedral R3c structure. The
simulated lattice fringe image of R3c corresponded exactly to the HRTEM image. The
position of the atoms in the HRTEM image and the periodicity of the atoms based on R3c
symmetry are indicated in Fig. 8(d) and 8(e).
Figure 9 shows the AFM and SEM images of the BiFeO3 films as a function of annealing
temperature. At temperatures of 400 and 450°C [Fig. 9(a) and 9(b)], a homogeneous surface
was formed and no obvious grains were detected for the sample annealed at 400°C. The
appearance of grains was observed in samples annealed at temperatures above 450°C. In the
wide area AFM images, very little variation in the grain size was seen with an increase in
the annealing temperature between 450 and 750°C. In contrast, the expanded AFM images
show grains with sizes of several tens of nanometers, indicating that the micron sized grains
consisted of an agglomeration of small grains, several tens of nanometers in diameter. [Fig.
9(c)] The size of the smaller grains increased as the annealing temperature increased. In
particularly, there was a drastic increase in the size of the smaller grains above 700°C. The
sample annealed at 800°C could not be analyzed using AFM because the specimen was
easily stripped away from the substrate. Therefore, the surface morphology of this specimen
was observed using SEM. [Fig. 9(i)] Square-shaped grains were observed after annealing at
800°C; this can be identified as the secondary phases of α-Fe2O3 and BiPt. These
observations indicate that the microstructure of BiFeO3 films is drastically influenced by the
annealing temperature.
There are many reports that focus on leakage current density; however, only a few of these
have discussed the mechanism underlying the leakage current. Hence, the topic of leakage
current density is still open to discussion and can be considered an important issue from the
viewpoint of memory applications. Herein, the leakage current mechanism operating in the
BiFeO3 film is discussed as a function of the annealing temperature. Figure 10 shows (a) the
leakage current density (J) v.s. electric field (E), (b) Schottky emission plot (log J v.s. E1/2), (c)
Ohmic plot (double logarithm plots), (d) Fowler-Nordheim plot (log(J/E2) vs 1/E), (e) PooleFrenkel plot (log(J/E) v.s. E1/2) plots, and (f) space-charge-limited current (log(J/E) v.s. log
V) for the BiFeO3 film annealed at various temperatures. (Naganuma & Okamura, JAP 2007,
Naganuma et al., IF 2007) The measurement was carried out at RT. As shown in Fig. 10(a),
the leakage current density of BiFeO3 films tended to increase with increasing annealing
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temperature. Careful observation of the slopes of the curves shows three steps
corresponding to three kinds of leakage current mechanisms. First, we discuss the interfacial
limited leakage current mechanism, taking into consideration Schottky emission. Using
Schottky emission, the relative permittivity and barrier height were estimated to be 0.4 and
0.6 eV, respectively [Fig. 10(b)]. On the other hand, the inclination at a low electric field in
the double logarithm plots, as shown in Fig. 10(c) was around 1.1–1.2. Compared to the
Schottoky-emission conduction, Ohmic conduction seems to be adaptable at low electric
field. The inclination at a high electric field in the double logarithm plots in Fig. 10(b) was
around 2, indicating that the leakage current behavior at high electric field was dominated

Fig. 9. AFM and SEM images of the BiFeO3 films as a function of annealing temperature.
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Fig. 10. Leakage current mechanism for BiFeO3 at various annealing temperatures.
by space-charge-limited current (SCLC). Next, we discuss the leakage current mechanism
before the start of the SCLC. The barrier height deduced from the Fowler-Nordheim
equation was around 0.019 eV [Fig. 10(d)]. This barrier height is quite small for FowlerNordheim tunneling conduction. The relative permittivity calculated using the PooleFrenkel equation was around 0.1–0.2 [Fig. 10(e)]. Here, it is though that the leakage current
mechanism changed as follows: Ohmic conduction occurred at a low electric field; PooleFrenkel trap limited conduction appeared as the electric field increased; and SCLC was
activated at a high electric field.
Figure 11 shows the P-E hysteresis loops of the BiFeO3 films annealed at various
temperatures. The P-E hysteresis loop was measured at RT using a frequency of 2 kHz

Fig. 11. Ferroelectric (P-E) hysteresis loops of the BiFeO3 films annealed at various
temperatures.
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Fig. 12. (a) Compensation of phase delay using high frequency 100 kHz system. Solid line
indicates the use of phase-delay compensation, and the dotted line indicates the case in
which there was no compensation. (b) changes in the electric field and polarization against
time for standard capacitor.
(aixACCT TF-2000). The P-E hysteresis loop has an unsaturated, loose shape even in the case
of the BiFeO3 film annealed at 450°C, which is indicative of a low leakage current density.
Two methods were employed in order to reduce the influence of leakage current density on
the P-E hysteresis measurements: (i) a high frequency system was used and (ii)
measurements were taken at low temperatures. Figure 12(a) shows the P-E hysteresis loops
for BiFeO3 film annealed at 450°C; the loops were obtained using the 100 kHz high
frequency system. The solid line indicates the use of phase-delay compensation, and the
dotted line indicates the case in which there was no compensation.
The compensation of phase delay from the high voltage amplifier and circuit cable was
estimated by using a standard capacitor of 100 pF. The changes in the electric field and
polarization against time are shown in Fig. 12(b). Changes in polarization appear to be
delayed with respect to the changes in the applied electric field by approximately 500 nsec.
When a phase delay compensation of 500 nsec was applied, the shape of the P-E hysteresis
loop was improved to high squareness when compared with the low frequency
measurement system, as shown in Fig. 11. The details of the compensation method are
addressed elsewhere (Naganuma et al., JCSJ 2010).
Figure 13 show the P-E hysteresis loops for BiFeO3 films annealed at various temperatures,
measured at RT using a high frequency 100 kHz system. For the BiFeO3 films annealed at
400°C, the paraelectrics due to amorphous structure was observed. The P-E hysteresis
begins to be observed from 450°C and a relatively high remanent polarization of 80-90
μC/cm2 was obtained for the BiFeO3 film annealed at 500°C. However, it seems that leakage
current still influences the shape of the hysteresis loops for films annealed at high
temperatures. Above 600°C, the P-E loops assume an unsaturated, loose shape and
spontaneous polarization cannot be estimated. Figure 13(h) shows the electric field (E)
dependence of remanent polarization (Pr) estimated from the P-E hysteresis loops. The Pr
increased with increasing electric field and there was no clear tendency to saturate. It can
thus be seen that the influence of leakage current on the P-E hysteresis loops was clearly
reduced by increasing the measurement frequency.
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Fig. 13. P-E hysteresis loops measured at RT using high frequency 100 kHz system for
BiFeO3 films annealed at various temperatures.
Figure 14 shows the P-E hysteresis loops for BiFeO3 films annealed at various temperatures,
measured at -183°C using a measurement frequency of 1 kHz. At -183°C, the leakage current
density was significantly decreased to below 1.0 × 10-8 A/cm2 at 0.1 MV/cm; therefore, the
influence of leakage current density on the ferroelectric measurement could be excluded. By
decreasing the measurement temperature, the P-E hysteresis loops could be observed for the
samples annealed in the temperature range between 450 and 750°C. No ferroelectricity was
observed at the annealing temperature of 800°C due to the disappearance of the BiFeO3
phase. The shape of the P-E hysteresis loops varied for each annealing temperature. Double
P-E hysteresis loops were observed for the samples annealed at 450°C, whereas the shape of
the P-E hysteresis loop for the sample annealed at 500°C was insufficiently saturated. This is
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because the electric coercive field was high for the sample annealed at the lower
temperature, and it was not enough to saturate the polarization by the electric field at
around 1.3 MV/cm. The remanent polarization and electric coercive field as a function of
the annealing temperature are summarized in Fig. 14(g). The remanent polarization of the
BiFeO3 films increased linearly with increasing annealing temperature up to 650°C and
decreased above the annealing temperature of 700°C. The electric coercivity field of the
BiFeO3 films decreased as the annealing temperature increased. The highest remanent

Fig. 14. P-E hysteresis loops of BiFeO3 films annealed at various temperatures, measured at 183°C.
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polarization, as well as the lowest electric coercive field of the BiFeO3 film appeared at the
annealing temperature of 650°C. The remanent polarization and the electric coercive field
were 89 μC/cm2 and 0.31 MV/cm, respectively, which are be comparable to the recent
reports of high remanent polarization. These results reveal that the ferroelectric properties
such as remanent polarization and the electric coercive field of the BiFeO3 films are strongly
affected by the annealing temperature of the CSD processes even though single phase, the
polycrystalline BiFeO3 films were formed.
Figure 15 shows the magnetization (M-H) curve at RT for the BiFeO3 film annealed at 650°C.
The magnetization increased linearly at high magnetic field due to the anitiferromagnetic
spin structure. In the zero fields region, nonlinear hysteresis with a very small remanent
magnetization was observed, which might be considered to be the weak ferromagnetism
due to DM interaction (Dzyaloshinskii, 1957, Moriya, 1960) or strain induced magnetization.
Interestingly, non-linearity is often reported near the zero fields for the film form of BiFeO3;
(Kiselev et al., 1963, Naganuma et al., TUFFC 2008, Yun et al., 2004, Bai et al., 2005) however,
non-linearity has not been observed in the case of bulk BiFeO3. (Bai et al., 2005, Lebeugle et
al., 2007) This means that the non-linearity of the M-H curves is mainly affected by straininduced changes of the spiral structure in the film. There are several reports which discuss
the strain induced changes of the spiral structure in BiFeO3 films. However, the details of
the process are still debatable.

Fig. 15. Magnetization (M-H) curve at RT for BiFeO3 film annealed at 650°C.

3. Effect of B-site substitution of Cr, Mn, Co, Ni, and Cu for Fe in BiFeO3 on
structural, electrical and magnetic properties
In the second section, single phase of polycrystalline BiFeO3 films were successfully
fabricated on Pt/Ti/SiO2/Si(100) substrates, and a high polarization of 89 μC/cm2 with a
switching field of 0.31 MV/cm was obtained at -183°C for films annealed at 650°C.
However, the large leakage current, relatively large switching field of polarization, and
antiferromagnetic spin configuration of BiFeO3 films make it difficult to use these films in
novel electrical applications such as spintronics devices. In this section, engineering of these
physical properties is investigated by substitution of Fe in BiFeO3 with various 3d transition
metals. (Naganuma et al., APL 2008, Naganuma et al., JAP 2008, Naganuma et al., JE 2009,
Naganuma et al., JMSJ 2009)
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Cr, Mn, Co, Ni, and Cu substituted BiFeO3 films (200 nm in thickness) were fabricated by
the CSD method onto Pt/Ti/SiO2/Si (100) substrates followed by post annealing in air at
650°C for 10 min. The composition of the E-MOD was adjusted as follows: Bi(Fe0.95M0.05)O3
where M = Cr, Mn, Co, Ni, and Cu. The film structure was confirmed by the θ/2θ XRD
pattern. The ferroelectric properties were measured using ferroelectric testers (TOYO
Corporation: FCE-1A for RT and aixACCT: TF-2000 for -183°C). The leakage current was
measured using a picoampere meter and the pulse response forms of the PUND
measurement. The details of the estimation method are discussed elsewhere (Naganuma
et al., APEX 2008). The magnetic properties were measured using a VSM at RT for the inplane direction.
Figure 16(a) shows the XRD profiles of Cr, Mn, Co, Ni, and Cu of 5 at. % substituted
BiFeO3 films: [Bi(M0.05Fe0.95)O3, M= Cr, Mn, Co, Ni, and Cu]. Diffraction peaks caused by
the BiFeO3 structure were observed, indicating the formation of a polycrystalline
structure. The (012) diffraction peak of the Co-substituted BiFeO3 film was stronger than
those of the other substitutive metals; this implies the formation of a 012-textured
structure. In the case of Cr-substituted BiFeO3, a secondary phase of Bi7CrO12.5 was
formed in addition to the BiFeO3 phase.

Fig. 16. XRD profiles of Cr, Mn, Co, Ni, and Cu of 5 at. % substituted BiFeO3 films
[Bi(M0.05Fe0.95)O3, M= Cr, Mn, Co, Ni, and Cu].
Figure 17 shows the leakage current density of Bi(M0.05Fe0.95)O3 films measured with the
picoampere meter at RT. The leakage current density of the Ni-substituted BiFeO3 film
could not be precisely evaluated because of a considerably high leakage current. The
leakage current density of the pure BiFeO3 film increased more rapidly than those of the
films with substitutions in response to increases in the electric field. However, even for the
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transmission metal (TM) substituted films, it was difficult to measure the leakage current
density above 0.2 MV/cm using the picoampere meter because of dielectric breakdown. In
order to evaluate the leakage current density at higher electric fields, the leakage current
density was estimated from the pulse response forms of the PUND measurements. In this
way, the leakage current at high electric field can be measured by the reduction in the Joule
heat damage. (Naganuma et al., APEX 2008) An electric field more than 0.36 MV/cm could
be applied, which is higher than that measured by the picoampere meter. Figure 17(b)
shows the leakage current density estimated from the response forms of the up pulse. The
leakage current density of the Ni-substituted BiFeO3 film could also be measured by this
method, and it was found to be considerably higher than that of the pure BiFeO3 film. This
indicates that the PUND method can be used for materials with a high leakage current
density. The substitutions of Mn, Co, and Cu to the BiFeO3 films effectively reduced the
leakage current density in the high electric field region.

Fig. 17. (a) Leakage current density of Bi(M0.05Fe0.95)O3 films measured with the picoampere
meter, and (b) by PUND measurement.
Figure 18 shows the ferroelectric hysteresis loops of the Bi(M0.05Fe0.95)O3 films measured
with a 100 kHz driving system at RT using the ferroelectric tester, and those measured at 183°C using a 2 kHz driving system. Ferroelectric hysteresis loops could not be observed for
the Ni-substituted BiFeO3 film. The pure BiFeO3 film showed an expanded hysteresis loop at
RT [Fig. 18(a)], which could be attributed to the leakage current component. The squareness
of the ferroelectric hysteresis loops was clearly improved by the substitution of Mn, Co, and
Cu to the BiFeO3 films. This squareness is attributed to the reduction in the leakage current
density in the high electric field region. Although the leakage current density is reduced by
the substitution of Mn, Co, and Cu, it is still difficult to apply a high electric field at RT.
Therefore, the ferroelectric hysteresis loops were measured at -183°C using the 2 kHz
driving system [Fig. 18(b)]. At -183°C, the leakage current density was considerably lower
than the inversion current due to domain switching, as inferred from the current response of
the PUND measurements. In fact, the ferroelectric hysteresis loops did not expand and
showed high squareness at -183°C. Ec versus E plots [Fig. 18(c)] show that the Ec was
reduced by the substitution of Co and Cu. In contrast, the substitution of Mn and Cr to the
BiFeO3 films produced a higher Ec compared to the pure BiFeO3 film. In the Co- and Cusubstituted BiFeO3 films, the Pr versus E plots [Fig. 18(d)] almost overlapped up to 1.3
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Fig. 18. Ferroelectric hysteresis loops of the Bi(M0.05Fe0.95)O3 films measured at RT using the
ferroelectric tester with a 100 kHz driving system and measured at -183°C using a 2 kHz
driving system.
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MV/cm. Thus, Co and Cu substitution reduced the Ec of polycrystalline BiFeO3 films
without reducing Pr, which is suitable for memory and/or piezoelectric devices.
Figure 19 shows the magnetization curves of the Bi(M0.04Fe0.96)O3 films measured at RT. As
mentioned in the previsou section, the pure BiFeO3 films showed small magnetization.
However, the substitution of Co, Ni, and Cu caused an increase in the magnetization,
indicating substitution of these TM into the B sites of Fe, although it was not clear whether
all the TMs were substituted into the B-sites. In the case of Co-substituted BiFeO3, there was
an increase in magnetization accompanied by the appearance of spontaneous magnetization
and the coercive field of 2 kOe was observed at RT. In addition, according to other report,
(Zhang et al., 2010) clear observation of the magnetic domain structure using magnetic force
microscopy (MFM) at RT was observed in 4 at.% Co-substituted BiFeO3 has been reported.
Based on these results, the increased magnetization in Co-substituted BiFeO3 was confirmed
by both macroscopic and local measurement methods.

Fig. 19. Magnetization curves of the Bi(M0.05Fe0.95)O3, M= Cr, Mn, Co, Ni, and Cu] films
measured at RT.
Cross-sectional TEM observation was carried out in order to clarify the influence of
magnetic impurities on spontaneous magnetization in Co-substituted BiFeO3 films.
(Naganuma et al., JMSJ 2009) Co-substituted BiFeO3 film was deposited on a Pt/Ti/SiO2/Si
(100) substrate having a relatively flat surface. Grains of approximately hundreds of nm in
size were formed. [Fig. 20(a)] Obvious secondary phases could not be observed in the wide
area images. Figure 20(b) shows the NBD patterns for the [-1 3 -2] direction of the Cosubstituted BiFeO3 layer. Analysis of the NBD pattern shows that the crystal symmetry is
rombohedral with a R3c space group, and the lattice parameters are a = 0.55 nm, c = 1.39 nm.
The high-resolution TEM image around the grain boundary is shown in Fig. 20(c). Grain
boundary formation is evident but the grain boundary phases could not be observed in this
film. Therefore, it can be inferred that Co was substituted for Fe in BiFeO3, and the
magnetization enhancement might not be attributed to magnetic impurity phases. It was
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concluded that the substitution of small of Co into the B-sites of BiFeO3 could improve the
leakage current property, reduce the electric coercive field without degrading the remanent
polarization, and induce spontaneous magnetization at RT.

Fig. 20. Cross sectional TEM images of polycrystalline Co-BiFeO3 film.

4. Multifunctional characteristics of BiCoO3-BiFeO3 solid solution epitaxial
films
As clarified in the third section, the 4 or 5 at.%-Co-substituted BiFeO3 polycrystalline films
exhibited excellent electrical and magnetic characteristics. Substitution with larger amounts of
Co was expected to result in further enhancement of the electrical and magnetic properties. It
should be noted that high-pressure behavior becomes dominant in the highly Co-substituted
BiFeO3 films due to the high-pressure phase of BiCoO3. In fact, a maximum of approximately 8
at.% Co can be substituted for Fe in the case of polycrystalline films while maintaining a single
phase, whereas secondary phases of BiOx are formed at Co concentrations above 8 at.%.
(Naganuma et al., JAP 2008) Because the character of BiCoO3 is strongly influenced at high Cosubstitution, hereafter, we refer to highly Co-substituted BiFeO3 films as BiCoO3-BiFeO3. In
one of our studies, (Naganuma et al., JAP 2009) the high-pressure phase of BiMnO3 was
successfully stabilized in a thin-film form by using epitaxial strain. In accordance with this
study, solid solution films of BiCoO3-BiFeO3 having a high BiCoO3 content could also be
stabilized on SrTiO3 (100) single crystal substrates by epitaxial strain. In this section, the
structural, (Yasui et al., JJAP 2007) ferroelectric, (Yasui et al., JJAP 2008, Yasui et al., JAP 2009)
and magnetic properties (Naganuma et al., JAP 2011) of epitaxial BiCoO3-BiFeO3 films grown
on SrTiO3 substrates up to a BiCoO3 concentration of ∼58 at.% are systematically investigated.
The BiFeO3–BiCoO3 solid solution films were grown on SrTiO3 (100) substrates at 700°C by
metalorganic chemical vapor deposition (MOCVD) established in Funakubo laboratory, and

392

Ferroelectrics – Physical Effects

Bi[(CH3)2-(2–(CH3)2NCH2C6H4)], Fe(C2H5C5H4)2, Co(CH3C5H4)2 and oxygen gas was used
as the source materials. A vertical glass type reactor maintained at a pressure of 530 Pa was
used for the film preparation. The films were deposited by MOCVD using pulse
introduction of the mixture gases with Bi, Fe, and Co sources (pulse-MOCVD). The
thickness of these films was approximately 200 nm. (Yasui et al., JJAP 2007) The crystal
structure of the deposited films was characterized by high-resolution XRD (HRXRD)
analysis using a four-axis diffractometer (Philips X’-pert MRD). HRXRD reciprocal space
mapping (RSM) around SrTiO3 004 and 204 was employed for a detailed analysis of crystal
symmetry. The cross-sectional TEM (Hitachi HF-2000) observation working at 200 kV was
used for microstructural analysis. The crystal symmetry was also identified using Raman
spectroscopy by K. Nishida. (Yasui et al., JJAP 2007) Raman spectra were measured using a
subtractive single spectrometer (Renishaw SYSTEM1000) with a backward scattering
configuration. A laser beam was focused on the film surface, and the beam spot was
approximately 1 μm. The measurement time was fixed at 100 s. The leakage current v.s.
electrical field and P-E loops were measured with a semiconductor parameter analyzer
(HP4155B, Hewlett-Packard) and ferroelectric tester (TOYO Corporation, FCE-1A). The
magnetic properties were measured in the in-plane direction using SQUID.
Figure 21 shows the typical θ/2θ and pole-figure HRXRD profiles of BiFeO3–BiCoO3 solid
solution films (BiCoO3 concentrations of 0, 16, 21, and 33 at.%) grown on SrTiO3 (100)
substrates. Although Bi2O3 of secondary phase has a tendency to be formed at a high BiCoO3
concentration, the single phase of BiFeO3–BiCoO3 was successfully obtained by optimizing
preparation conditions. The pole-figure HRXRD profiles indicate that all the films were
epitaxially grown on SrTiO3 (100) substrates. The magnified θ/2θ XRD profiles around
BiFeO3–BiCoO3 002 indicate that the 002 peak shifted to high angle upon increasing the
BiCoO3 concentration, which indicates that the lattice constant for the out-of-plane direction
approximated that of the SrTiO3 substrates at high BiCoO3 concentration.

Fig. 21. θ/2θ and pole-figure HRXRD profiles of BiFeO3–BiCoO3 solid solution films
(BiCoO3 concentration of 0, 16, 21, and 33 at.%) grown on SrTiO3 (100) substrates.
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The structures of the bulk forms of BiFeO3 and BiCoO3 are rombohedral and tetragonal,
respectively. Conventional θ/2θ XRD measurement cannot be used to identify whether the
crystal symmetry is rombohedral or tetragonal in the case of the BiFeO3–BiCoO3 solid
solution films. Therefore, HRXRD-RSM measurements around SrTiO3 004 and 204 were
employed in the investigation of the crystal symmetry of the films. [Fig. 22] The pure BiFeO3
film exhibited rhombohedral/monoclinic symmetry, as indicated by the existence of two
asymmetric 204 spots in Fig. 22(b) and only one center spot of 004 in Fig. 22(a). This result is
in agreement with that reported by Saito et al. for epitaxial BiFeO3 films grown on SrRuO3
(100)/SrTiO3 (100) substrates. (Saito et al., JJAP 2006) On the other hand, only single 204 and
004 spots were found for the film with a BiCoO3 of 33 at.% [Figs. 22(g) and 22(h)], which
indicates tetragonal crystal symmetry. Figures 22(c), 22(d), 22(e), and 22(f) show the
HRXRD-RSM profiles for the films with 16 and 21 at.% BiCoO3, respectively. Three peaks
including one parallel spot and two tilting spots with a SrTiO3 [001] orientation for 204, in
both films, represented the existence of a mixture of (rhombohedral/monoclinic) and
tetragonal symmetries.

Fig. 22. HRXRD-RSM measurements around SrTiO3 004 and 204.
Raman spectroscopy was carried out in order to precisely check the change in crystal
symmetry by K Nishida. (Yasui et al., JJAP 2007) Raman spectra of the BiFeO3-BiCoO3 films
and that of the SrTiO3 substrate are shown in Fig. 23. The SrTiO3 substrate shows a peak at 81
cm-1, which is shifted to a value within 75-78 cm-1 for the films with 0-33 at.% BiCoO3. It was
confirmed that the peak observed for the films does not originate from the SrTiO3 substrate.
The decrease in the intensity of the SrTiO3 peak with increasing film thickness for pure BiFeO3
and the disappearance of the peak at ∼600 cm-1, as shown in Fig. 23, are also in agreement with
the above results. The typical rhombohedral symmetry observed for bulk BiFeO3 was
indicated for the pure BiFeO3 film and 16 at.% BiCoO3 film. Different patterns with
rhombohedral symmetry were observed for the film with 33 at.% BiCoO3, which was shown to
have tetragonal symmetry from the analysis of the HRXRD-RSM data. Furthermore, this peak
of film was very similar to that of BiCoO3 powder which has been confirmed to have
tetragonal symmetry. For the films with 21 at.% BiCoO3, it was ascertained from Fig. 23 that
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the tetragonal and rhombohedral symmetries coexisted, which is almost consistent with the
findings of the HRXRD-RSM experiment. It was revealed that the phase transition in BiFeO3–
BiCoO3 from (rhombohedral/monoclinic) symmetry to tetragonal symmetry is similar to the
morphotropic phase boundary (MPB) in Pb(ZrxTi1-x)O3.

Fig. 23. Raman spectra of the BiFeO3-BiCoO3 films and the SrTiO3 substrate
Figure 24 shows the leakage current v.s. electrical field measurements taken at RT and P-E
hysteresis loops measured at -193°C for the BiFeO3-BiCoO3 films. The leakage current

Fig. 24. Leakage current vs electric field measured at RT and P-E hysteresis loops measured
at -193°C for the BiFeO3-BiCoO3 epitaxial films.
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density at RT was very large for the BiFeO3-BiCoO3 films with high BiCoO3 concentration,
and the leakage current density increased with increasing BiCoO3 concentration. Because of
the magnitude of the leakage current at a BiCoO3 concentration of 33 at.%, a leakage current
measurement could not be evaluated for this film at RT using the semiconductor parameter
analyzer. Although the previous discussions indicated that a small amount of Cosubstitution can effectively reduce the leakage current, it can be seen from these that a large
amount of Co-substitution degraded the leakage current property. In order to reduce the
influence of leakage current density on the P-E hysteresis measurement for samples having
a high BiCoO3 concentration, the P-E loops were measured at a low temperature of -193°C.
The P-E loops observed at -193°C were of relatively high squareness and the influence of
leakage current density on the P-E loops could be successfully excluded at this temperature,
except for the BiCoO3 concentration of 33 at.%. At -193°C, spontaneous polarization
decreased, and the coercive field of BiFeO3-BiCoO3 films increased with increasing BiCoO3
concentration.
In the case of films with weak ferromagnetism such as BiFeO3 films on substrates,
eliminating the magnetization of the substrates from the films is important for acurrate
evaluation of the magnetic properties of the films. Therefore, here, the magnetic properties
of SrTiO3 substrates were carefully evaluated. Figure 25(a) shows the M-H curves for two
different weights of SrTiO3 substrates. The SrTiO3 substrates show a negative slope due to
dimagnetism. The magnetization at 50 kOe (M50kOe) for various weights of the SrTiO3
substrates is plotted in Fig. 25(b). The absolute value of magnetization decreases with a
decrease in the substrate weight, but some of the magnetization is retained even at zero
weight. This retained magnetization is considered to be the background caused by the straw
of the sample holder. In this study, standard straws produced by Quantum Design Inc. were
used. Figure 25(c) shows the M-H curves of the SrTiO3 substrate (weight = 0.0471 g) at 10
and 300 K. The hysteresis was not observed near the zero-field even at 10 K, indicating low
magnetic impurity in the SrTiO3 substrates and sample holder. The temperature dependence
of M50kOe is shown in Fig. 25(d). The diamagnetism slope decreased slightly with the
temperature, however, it was not strongly influenced by the temperature. In this study, the
magnetic properites of the films were carefully evaluated by eliminating SrTiO3 substrate
magnetization, and the same sample holder was used in all the magnetic measurements to
exculde the effect of differences among straws.
Figure 26 shows the M-H curves measured at 300 K and the corresponding magnetic
parameters that were estimated from the M-H curves. For pure BiFeO3, the magnetization
increased linearly at a high magnetic field. [Fig. 26(a)] Small hysteresis was observed near
the zero fields, which is relatively obvious compared with that of polycrystalline BiFeO3
films. [Fig. 15] For BiCoO3 concentrations of 18–25 at.%, magnetization was clearly
enhanced, and Hc was observed. [Figs. 26(b) and 26(c)] For a BiCoO3 concentration of 58
at.%, the M-H curve was almost identical to that of pure BiFeO3 films. There is an
apparent linear increase in the magnetization at high-magnetic field for all the specimens.
It was reported that by substituting A-site Bi ions in bulk BiFeO3 with Gd or Nd,
spontaneous magnetization was observed, and the magnetization increased linearly in the
high-magnetic field region, which is in agreement with our results. Although it is difficult
to accurately evaluate the slope at a high field due to film form, it can be considered that
the antiferromagnetic spin structure still remained after substitution at the A- or B-site.
The magnetic parameters M50kOe, remanent magnetization (Mr), and coercive field (Hc),

396

Ferroelectrics – Physical Effects

estimated from the M-H curves are shown in Figs. 26(d) - 26(g). M10kOe for polycrystalline
BiCoO3-BiFeO3 films is also plotted in Fig. 26(e). The acronyms M50kOe and M10kOe indicate
the magnetization at 50 kOe and 10 kOe, respectively. It was revealed that the M50kOe, Mr,
and Hc values increased with the BiCoO3 concentration in the rhombohedral structure.
This indicates the formation of ferro-like magnetic ordering. M50kOe, Mr, and Hc were
maximally enhanced at MPB composition. For a BiCoO3 concentration above 30 at.%,
corresponding to a tetragonal structure, M50kOe, Mr, and Hc showed a tendency to
decrease. These results indicate that the enhancement of the magnetic ordering in the
MPB cannot be explained simply by ferrimagnetism in a double-perovskite structure,
because maximum magnetization does not take place at the half-composition. In
addition, the clear relationship between the change in the magnetization and the phase
transition shows that the enhancement of magnetization was not attributable to magnetic
impurities.

Fig. 25. SrTiO3 substrate weight dependence of magentization ar 300 K, (a, b), and
temperatuer dependence of magnetization of SrTiO3 substrate with 0.00471 g (c, d).
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Fig. 26. M-H curves and corresponding magnetic parameters at 300 K.
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Figure 27(a) and 27(b) show the M-H curves for 300 and 10 K for the BiFeO3–BiCoO3 film
with 15 at.% of BiCoO3 concentration. Interestingly, the slope at high magnetic field became
larger when decreased the temperature to 10 K. Figure 27(c) shows the temperature
dependence M50kOe, Mr, and Hc. M50kOe and Mr increased with decreasing temperature;
however, these were not show strong temperature dependence. In contrast, Hc clearly
increased with decreasing temperature.
Because BiFeO3 and BiCoO3 are synthesized under atmospheric pressure and a very high
pressure phase, respectively, it is possible that the formation of magnetic impurities such as
Co, CoFe2O4, and Fe3O4 etc., may adversely affect the magnetic properties at high
concentrations of BiCoO3. In our previous studies, apparent magnetic impurities were not
observed in the XRD measurement; however, nanosized magnetic particles are difficult to
detect by XRD measurements. The superparamagnetic limit is a few nanometers in diameter
for Co, CoFe2O4, and Fe3O4 etc. Particles with such small sizes can be detected by TEM.
Therefore, the microstructure of the film was confirmed by a cross-sectional TEM
observation for a BiCoO3 concentration of 17 at.%. [Fig. 28] No obvious magnetic impurities
were observed in the TEM image, [Fig. 28(a)] and there was no diffraction spot attributed to
magnetic impurities in the NBD pattern. [Fig. 28(b)] Our previous studies on nanoparticles
suggest that particles that are a few nanometers in size can be confirmed by NBD, indicating
that the influence of magnetic impurities might be ignored in our discussion. Although a
further detailed investigation of the microstructure by high-resolution TEM observation is
necessary, the enhancement of the magnetic properties might be attributable to ferro-like
magnetic ordering.

Fig. 27. M-H curves for 300 (a) and 10 K (b) for the BiFeO3–BiCoO3 film with 15 at.% of
BiCoO3 concentration, and temperature dependence of magnetization at 50 kOe (M50kOe),
remanent magnetization (Mr), and coercivity (Hc) (c).
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Fig. 26. Cross-sectional TEM observation for film with BiCoO3 concentration of 17 at.%.
Here, we briefly discuss about possibility of the magneto-electric (ME) effect at RT in
BiCoO3–BiFeO3 solid solution. As mentioned above, the magnetization of BiCoO3–BiFeO3
films was enhanced with rombohedral structure at a BiCoO3 concentration below 18 at.%. In
previous report, (Chu et al., 2008) for BiFeO3 with rombohedral structure, a strong coupling
was reported between the ferroelectric domains of rhombohedral 71° and 109° and the
antiferromagnetic domains, and the anitiferromagnetic domains were reversed by
ferroelectric switching at RT. In accordance with this BiFeO3 regime, the BiCoO3–BiFeO3
films below BiCoO3 concentration 18 at.% can potentially exhibit the ME effect with a
macroscopic magnetization change because the rhombohedral domains exist at BiCoO3
concentration below 18 at.%. The macroscopic magnetization changes operated at RT are
useful in spintronics applications such as multi-valued memory using a spin-filter device
etc. To confirm the ME effect, we will clarify the role of the substitution of Fe atom for Co
atom and the origin of the enhanced magnetization in BiCoO3–BiFeO3 films. In addition, we
expect to observe the magnetization changes driven by the electric field as well as external
pressure in the MPB (BiCoO3 concentration of 20 – 25 at.%) because the MPB phase shows a
large displacement due to a large piezoelectric effect.

5. Conclusion
High quality single phase BiFeO3 polycrystalline films with a space group of R3c were
fabricated on Pt/Ti/SiO2/Si (100) substrates. The leakage current density of the films at RT
was large and strongly affected the ferroelectric measurement. The ferroelectric
measurement was carried out at low temperature to reduce the leakage current, and a large
polarization of 89 μC/cm2 and a coercive field of 0.31 MV/cm were observed. The magnetic
properties at RT were primarily due to antiferromagnetism. The magnetic properties at RT
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were drastically enhanced by substitution of Fe in BiFeO3 with 4 at % Co, which implies the
induction of ferro-like magnetic ordering. The large leakage current and coercive field were
simultaneously successfully reduced by substitution of Fe with 5 at.% Co. Epitaxial strain
was employed in the preparation of films with high levels of Co substitution for Fe in
BiFeO3 because, under these conditions, the high-pressure phase of BiCoO3 dominates
stability. (hereafter, we refer to hese highly Co-substituted. BiFeO3 films as BiCoO3-BiFeO3).
The magnetization of the BiCoO3-BiFeO3 films increased drastically with an increase in the
BiCoO3 concentration, and the maximum magnetization was observed at 20-25 at.%
substitution. Above a BiCoO3 concentration of 25 at.%, there is a decrease in magnetization,
which corresponds to the change from rhombohedral to tetragonal structural composition.
Interestingly, the magnetization was maximally enhanced at the MPB of the rombohedral
structure of BiFeO3 and the tetragonal structure of BiCoO3. It is well known that large
piezoelectricity can be expected in the MPB; therefore, the cross-correlation between
piezoelectricity and magnetism can be expected in the MPB. Furthermore, this material
has the capacity possibility to show wide cross-correlation among magnetism,
ferroelectricity, piezoelectricity, and optical properties. Epitaxial BiCoO3-BiFeO3 solid
solutions can open up an avenue for the development of new multifunctional materials,
may have potential application in devices such as multivalued memories, spin-filter
devices, V-MRAM, magnetic/electric field tunability or flexibility, and piezoelectric
materials with MPB etc.
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1. Introduction
Liquid crystalline (LC) materials are example of self-assembling media on a nanoscale level
(de Gennes & Prost, 1993; Gray, 1987; Lagerwall, 1999). Composed of anisotropic molecules,
LC compounds exhibit a great variability of structures, which are strongly susceptible to
external fields as well as to interaction with the surfaces. For particular molecules assembled
in specific architectures a permanent dipole moment can appear thus forming structures
with dipolar order, namely ferroelectric (FE) or antiferroelectric (AF) phases. Their physical
properties have been intensively investigated, as they promised large variety of
applications, e.g. in displays, displays with a memory, TV screens, spatial light modulators,
applications in optical processing, computing, etc. (Clark & Lagerwall, 1983; Goodby et al.,
1991; Lueder, 2010; Yang & Wu, 2006). Recently, also a display based on AF SmC* materials
has been reported profiting from their higher threshold electric field for switching
(Lagerwall, 1999). The application potentialities stimulated a great progress in the synthesis
and research of these materials.
The outstanding physical properties of the FE (and possibly AF) smectic LCs (SmC*) are
attracting attention especially after the nematic liquid crystal materials have been developed
to the limits of their performance.
The chapter is structured as follows. In the first part, we recall the main structural
characteristics of LC molecules and their assembling in liquid crystalline phases, with stress
to formation of FE phases. The origin of the spontaneous polarization from the molecular
structure and supramolecular alignment is described.
The value of spontaneous polarization is a main characteristic of ferroelectric liquid crystals
(FLC) and it is also an important parameter considered when selecting a material for specific
applications. Therefore, designing the molecular structure with the aim to influence and
particularly enhance the spontaneous polarization value of the resulting ferroelectric phase is
the principal goal of the second part of this contribution. In particular, we discuss influence of
molecular and intramolecular rotations, an asymmetry of the chiral centre, transversal
molecular dipole moments, the presence of polar groups in the chiral centre, the lateral
substitutions, the presence of heteroaromatic rings in the central skeleton of the molecule, etc.
One paragraph concerns ferroelectric mixtures, as in any application of FLC, as well as of
any LCs, mixtures of several compounds are used with optimized properties.
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Finally, a brief survey of a new type of liquid crystalline materials is devoted to polar liquid
crystals composed of non-chiral bent-core molecules (so called banana liquid crystals),
which may exhibit AF phases and quite exceptionally FE phases. In both cases their
spontaneous polarization is high.

2. Liquid crystalline phases
Liquid crystals are partially ordered anisotropic fluids, thermodynamically located
between the three-dimensionally ordered solid state (crystal) and the isotropic liquid.
They may flow like a liquid, but their molecules may be oriented in a crystal-like way.
Typical constituents of liquid crystals are elongated rod-like organic molecules (de Genes
& Prost, 1999; Gray, 1987) the ratio between the length and the diameter of such molecules
being about 5 or larger. Due to fast thermal rotation (of the order of 10-9 s) around the long
molecular axis they can be regarded as a cylinder. The molecules consist of rigid core with
two or more aromatic rings with a flexible linear terminal substituent(s). Polar
substituents are needed if electro-optic behavior is expected. With balanced rigid and
flexible parts of molecules, the compound exhibits liquid crystalline phases (mesophases).
Besides the positional order typical for the solid state, the molecules with strongly
anisotropic form may also posses orientational order. There are many types of
mesophases differing in the type and range of both orientational and positional order.
These phases can be distinguished by their physical properties, which exhibit specific
anisotropy reflecting the phase symmetry.
2.1 Ferroelectric liquid crystalline phases
An idea of the ferroelectric mesophase was presented by R.B. Meyer at the 5th International
Liquid Crystal Conference in 1974. From symmetry considerations the author deduced that
all tilted smectic phases composed of chiral molecules (without mirror symmetry) have to
exhibit a (local) spontaneous polarization if the molecules contain a transverse permanent
dipole moment.
The first synthesized compound fulfilling Meyer’s specification is known by an acronym
DOBAMBC, standing for (S)-(-)-p´-decyloxybenzylidene p´-amino 2-methylbutyl cinnamate
(Meyer et al., 1975). The molecule of DOBAMBC
O

C10H21-O

CH=N

pi

CH3
CH=CH C O CH2 C* C2H5
H

contains an asymmetric carbon atom C∗ rendering molecular chirality, while a lateral −C = O
group provides a transverse permanent dipole moment pi. The aliphatic chain attached to
the other end of the molecule by an oxygen atom is relatively long, favoring the SmC
mesophase. In this phase molecules are arranged in fluid layers with no long-range
translational order that can slide one over the other. On average, molecules are tilted from
the layer normal by an angle θ. The phase is optically biaxial. For review of basic properties
of ferroelectric liquid crystals see (Goodby et al., 1991, Kitzerow & Bahr, 2001). The
molecular structure of the chiral smectic C mesophase (SmC∗, star standing for chirality) is
depicted in Fig. 1. Each layer is similar to that of the usual SmC phase, but because of
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Fig. 1. The helicoidal structure of chiral smectic C (SmC*) liquid crystal. The molecular
dipole moment pi is always perpendicular to the director n and tangential to the circle of
intersection of the cone with the boundary plane of the layer. Azimuthal angle φ is a
function of the coordinate z parallel to the layer normal, θ is the tilt angle.
chirality there is a non-zero in-layer spontaneous dipole moment which is perpendicular to
the average molecular direction (director n) and to the tilt direction. To understand the
origin of the layer dipole moment one has to consider that in contrast to the non-chiral
molecules, the chiral ones do not rotate freely along their long axes. The chiral centre
represents a steric hindrance for the molecular rotation, which results in a non compensated
part of the transversal molecular dipole moment pi. Due to random head-tail alignment of
molecules only an in-layer component of the dipole moment remains, and create the layer
dipole moment P.
The other aspect of chirality is rotation of the director and thus also of the direction of dipole
moment P about the smectic layer normal (see Fig. 1). The helix can be either right-handed
or left-handed depending on the chirality of constituent molecules. Due to formation of the
helical superstructure the spontaneous polarization is compensated to zero within one pitch
of the helix, p, and the material appears to be non-polarized. Thus, strictly speaking, the
SmC∗ phase is not ferroelectric, but use to be regarded as helielectric.
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Under an external electric field the local polarization P is aligned to the field direction thus
unwinding the helical structure. In an alternating (a.c.) electric field a typical ferroelectric
switching current, as well as electrooptical response is observed. This effect, being relatively
fast (~10 μs), represents the main principle of technical applications.
From the switching current the value of the macroscopic spontaneous polarization, Ps, of the
material can be evaluated.
To understand the origin of the layer dipole moment P several models have been suggested.
In very simple one (Beresnev & Blinov, 1981), the molecules are considered as being tilted
within layers and randomly distributed head to tail (Fig. 2). The chiral centre is depicted as
an uneven tripod with unequally long arms. From steric reason the molecules prefer to tilt
in the direction shown in Fig. 2a rather than in Fig. 2b and all the transverse molecular
dipoles lie preferentially in one direction, orthogonal to the tilt direction. In reality, the
molecules are spinning rapidly, and this preferred tilt direction then becomes a more
energetically favored position due to steric hindrance if an mirror symmetry is absent in
the layer.

Fig. 2. Schematic arrangement of chiral molecules in the SmC* phase, pi being the molecular
dipole moment. Due to chiral group, depicted by the tripod, the molecules prefer (a) rather
than (b) and thus all the molecular dipole moments lie in the direction as shown in lower
part of the figure as P.
For application of FLCs in electrooptical displays, the helicoidal structure must be
suppressed otherwise an optically homogeneous field cannot be reached. It is achieved in so
called Surface Stabilized Ferroelectric Liquid Crystal (SSFLC) being only about 1 μm thick
(Clark & Lagerwall, 1983).
It is necessary to accent that in many FLCs the value of Ps is considerably temperature
dependent. With increasing temperature Ps decreases and disappears at the transition to the
high temperature SmA phase, chiral nematic phase (N*) or isotropic liquid at specific
temperature Tc. Typical behavior of such temperature dependence is seen in Fig. 3.
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Fig. 3. Temperature dependence of the spontaneous polarization for series of compounds
XV for X = F; n, m are numbers of carbon atoms in aliphatic chains (see Tab. 8), Tc is a
temperature at which the SmC* phase transforms to a phase without spontaneous
polarization.
In addition, temperature range of the SmC* phase strongly differs for various substances.
Therefore, for comparison of the spontaneous polarization of different compounds values of
Ps at a definite temperature T below Tc use to be given (usually for Tc –T = 5, 10 or 20 K). But
still comparison of the spontaneous polarization for different substances at the same
temperature is solitary.
Let us point out that both FE and AF dipolar order exists also in tilted chiral smectic phases,
in which (in contrast to the SmC* phase) the smectic layers exhibit a hexatic molecular
arrangement due to a strong bond orientational order, or in so called low temperature chiral
tilted smectics with a hexagonal or square molecular arrangement within the smectic layers
and long range correlations in the direction of the smectic layer normal. These types of
phases are not suitable for application as the polarization switching as well as the
electrooptic response is significantly slower or are not switchable at all.

3. Relation of the molecular structure and the SmC∗ phase formation
Basic requirements on molecules to be able to create the SmC* mesophase can be described
as follows:
1. Rod-like shape and ability to form a layered mesophase where the long axes of
constituent molecules are tilted with respect to the layer planes. In more detail see e.g.
(Goodby et al., 1991).
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2.

Chirality (either right- or left-handed), ensured by the presence of at least one
asymmetric carbon, located usually on one or on both ends of molecules. Location of
the asymmetric carbon in the central part of molecule is very rare (Barbera et al.,
1989).
3. The existence of a transversal dipole moment borne by a functional group e.g. -C=O, CN, -Cl, etc. This dipole moment is not averaged to zero by the molecular rotation
because of hindering by the chiral centre. As for the intramolecular motion, rotation
between the polar and chiral groups is not free.
In the following discussion we limit oneself to substances containing asymmetrical carbon
only in one side of molecule, since possibilities of practical use of materials with
asymmetrical carbon on both ends and/or in the central core of a molecule are scarce. Only
a few such substances are known to establish generally valid relations.
For the following consideration, it is advantageous to divide a typical rod-like FLC molecule
to several parts:
R – A – X – A – Y – A – Z – R*
a.

Central linear rigid core is formed as a rule by two or three aromatic or heteroaromatic
rings denoted as A, which are connected by linkage groups X and Y. As a rule X and Y
represent a simple bond, e.g. -COO-, -CH=N-, -N=N- etc.
b. Non-chiral terminal chain R (as a rule an unbranched alkyl- or alkyloxy group).
c. Chiral terminal chain R* with one or more asymmetric carbons C*, most frequently it is
-C*H(CH3)-(CH2)mCH3, m = 1 to 5.
d. Linkage group Z between the core and the terminal chains formed either by a single
bond or combination of more groups, some of them bringing the molecule transverse
dipole moment (e.g . -CH2-, -CH=CH-, -COO-, -CO-).
Presently, number of substances composed of rod-like molecules and forming the
ferroelectric mesophase amounts to thousands. Unfortunately, in many of them the values
of Ps at temperatures relevant for comparison are not available. Therefore, evaluation of
factors influencing Ps is rather difficult. The most promising ways for Ps increase are
discussed below.

4. Ways of spontaneous polarization enhancement
For the value of the spontaneous polarization Ps the existence of the lateral molecular dipole
moments pi is essential and increasing of pi seems to be the first natural way for Ps
increasing. One has to realize that the Ps value is not just a result of a simple addition of pi
values in the volume. Rotation of LC molecules around their long axes and various
intramolecular rotations lower this value significantly. Therefore, restriction of these
rotations is further and very important way to Ps enhancement. Both ways closely relate to
configuration of the chiral centre in the molecule, to number of asymmetric carbons in the
molecule and are connected with nature of the bond between the chiral part and central
linear rigid core. Therefore, still new substituents have been examined (see Table 1), which
finally resulted in preparation of compounds with very high spontaneous polarization up to
the order of 102 nC cm-2.
In all Tables hereafter substituents CmH2m+1 and CnH2n+1 are linear. Aromatic rings are
bonded in positions 1,4.
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Table 1. Examples of chiral substituents.
4.1 Restriction of molecular rotations
Molecular dipole moment pi rotates together with LC molecule as a whole around its long
axis but this rotation is hindered because of various restrictions. It means that both
molecular short (lateral) axis and molecular dipole moment are directed in preferred
orientation for longer time. The uncompensated molecular dipole moment is an origin of the
spontaneous polarization within the SmC* layer.
Degree of molecular alignment with respect to the director can be described by an
(orientational) order parameter Sk1, which has very low value for orientation of the short
axis. Measurable values of the spontaneous polarization are expected for Sk > 10-3. The larger
Sk the higher probability of lateral molecular axes to be directed in preferred direction and
the larger contribution of pi to Ps.
Steric hindrances participate in a restriction of molecular rotations very effectively. In this
respect the chiral centre, depicted as an uneven tripod with unequally long arms (see Fig. 2),
plays an important role. With increasing asymmetry of the tripod its restrictive effect as well
as Sk increases. This effect has been observed for numerous compounds (Chin et al., 1988;
Nakauchi et al., 1989; Sakurai et al., 1984; Yoshizawa et al., 1989), some examples of
compounds with the chiral centre –C∗H(CH3)-CmH2m+1 are shown in Table 2. Of course, the
increase of Ps in this way is limited. An optimal length of the aliphatic chain exists for which
Ps has a maximal value and additional lengthening leads to the spontaneous polarization
decrease (see Table 2).
On the other hand branching of a terminal substituent and lengthening of aliphatic chains
suppresses in many cases thermal stability of the mesophase narrowing the temperature
1Orientational order parameter, Sk, characterizes degree of molecular alignment with respect to the
director. It takes the values between zero and one. For a completely random and isotropic sample, S=0,
whereas for a perfectly aligned sample S=1.
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range of the mesophase or fully prevents its formation. This negative effect can be
compensated by elongation of the central linear rigid core of the molecule. Therefore, the
most of ferroelectric liquid crystals with strongly asymmetric chiral center R* (m=6) has
three aromatic or heteroaromatic rings in the central core.

Table 2. Temperature range of the SmC* mesophase and maximum values of the
spontaneous polarization Ps for compounds II (Yoshizawa et al., 1989) and III (Nakauchi et
al., 1989). Influence of the chiral centre asymmetry.
Combination of mentioned chiral centre with tricyclic rigid molecular core of the ester type
provided first chemically stable substances

CnH2n+1 O

OCO

O C∗H(CH3) C6H13

n = 5-12,

with rather high spontaneous polarization (Ps ~ 50 nC cm-2) (Inukai et al., 1986). First
commercial ferroelectric mixtures (Japan CHISSO Corp.) designed for electro-optical
applications working in a broad temperature range around room temperature were based
on the mentioned compounds. Similarly, the first Czech experimental memory electrooptical cells with surface stabilized ferroelectric liquid crystal (SSFLC) were realized with
this material already in the year 1987 (Pirkl, 1990).
It is hardly possible to assess unambiguously the effect of others factors on molecule
rotation either for lack of data, or because of combination of impacts (e.g. a side substituent
on the central core in addition to the steric constraint brings also a significant transverse
dipole moment).
4.2 Restriction of intramolecular rotations
Strength of the spontaneous polarization can be increased considerably by restricting the
freedom of the chiral center rotation in relation to the molecule as a whole. Many single
bonds in FLC molecules enable more or less independent rotation of particular parts of the
molecule around its long axis. This is regarded as the second main reason of a low
contribution of molecules to resulting dipole moment of the smectic layer. The lowering is
particularly strong if the dominant transversal molecular dipole moment rotates
independently of the chiral group.
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Generally, shortening the distance and lowering the amount of longitudinal bonds between
the position of the molecular transverse dipole moment and asymmetric carbon is regarded
as a way for suppressing the negative influence of intramolecular rotations. The most radical
way would be to introduce the dipole moment directly to the chiral group, as will be
discussed below.
Definitely, the methyl group located at the linkage position Z lowers the Ps value
significantly (see Table 3).

Table 3. Maximum values of the spontaneous polarization Ps for compounds IV (Sakurai et
al., 1984) and V (Uemoto et al., 1981). Influence of a bridge group Z (−CH2)−.
The effect of various molecular constituents should not be considered separately, as the
complex molecular configuration plays a role. For example, the characteristic free rotation of
both rings about the central linkage of biphenyl group can be restricted by suitable
neighboring groups, which increases the order of the chemical bond due to mesomeric
effect. The result of this conception is documented in Table 4. In compound VI one can
suppose that mesomeric as well as induction effect increase the dipole moment of the central
carbonyl group and together with strongly asymmetric chiral centre bring about the increase
of the Ps value.

Table 4. Values of the spontaneous polarization Ps at temperatures Tc – 20 °C below the
SmC*- SmA transition (Inukai et al., 1986). Influence of the mesomeric effect.
4.3 Enhancement of transversal molecular dipole moment
Enhancement of the transversal molecular dipole moment represents one of the effective
ways for the increase of the Ps value, the location of this dipole moment as well as the
volume of the lateral substituent being important. In the absolute majority of FLC one of the
functional group built in the central skeleton or in the linkage group Z is the source of the
transversal dipole moment. Frequently it is the carbonyl group >C=O, the dipole moment of
which can be increased due to mesomeric effect.
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The additional increase of Ps can be achieved by lateral substitution of electronegative atoms
or functional groups that behave as acceptors of electrons. The location of the substitution is
very important for the increase of Ps. In the following, two main cases are considered
separately.
4.3.1 The effect of the lateral substitution on molecular core
This substitution is effective in the vicinity of the asymmetric carbon as well as on distant parts
of the central skeleton. It brings additional transversal dipole moment and influences steric
hindrance of both rotations of molecules about the longitudinal axis and intramolecular
rotations. Besides, the lateral substituents may influence the temperature stability of the
mesophase. Halogens (F, Cl, Br), nitril group (-C≡N), or methyl group (-CH3) are the mostly
used substituents. One of the possible effects of such substituents is shown in Table 5.

Table 5. Values of the spontaneous polarization Ps (nC cm-2) at temperatures Tc – 10 °C and a
temperature range of the SmC* mesophase. Influence of a substitution on the central core
near an asymmetric carbon in an ortho position to the linkage group Z (−O−), (Furukawa et
al., 1988).
With increasing volume of the substituent thermal stability of the mesophase decreases and
its temperature range becomes narrower. The substitution of chlorine appeared as the
optimal one. The significant increase of Ps is a result of two effects: in preferential
conformation specified by MM method (Furukawa et al., 1988) the dipole moments of C-X
bond and ether group –O- are nearly parallel and thus are added up (see Fig. 4a) and
simultaneously the steric hindrance in the chiral centre between the phenyl and methyl
group restricts the rotation of the chiral group.
For another type of the central skeleton the expected increase of Ps occurs in the following
sequence of substituents H < F < Cl < Br < CN (see Table 6). On the other hand the influence
on the thermal stability of the mesophase is lower and not so unequivocal (Furukawa et al.,
1988).
pi

X

pi
pi

O ∗
H CH3 H

X

O ∗
C

a)

O
H pi

H

CH3

b)

Fig. 4. Preferential conformation and mutual orientation of dipole moments pi and polar
groups near the chiral centre of compounds IX (a) and XVII (b).
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Table 6. Values of the Ps at temperatures Tc – 10 °C and a temperature range of the SmC*
mesophase. Influence of a substitution on the central core near an asymmetric carbon in an
ortho position to the linkage group Z (−O−), (Furukawa et al., 1988).
Probably the best result has been found for the substitution by the nitrogroup (–NO2) as is
shown for compound XIII in Table 7.

Table 7. Maximum measured values of the spontaneous polarization Ps at compounds XII
(Inukai et al., 1986), XIII and XIV (Walba et al., 1991). Influence of a substitution on the
central core near the asymmetric carbon in an ortho position to the linkage group Z.
In Table 8 one can mention positive impact of the various lateral substitutions located on the
molecular end opposite to the asymmetric carbon (Pachomov, 1997; Hamplová et al., 2007)
on the increase of the spontaneous polarization Ps. The methoxy substitution was the only
resulting in the decrease of Ps, which has not been reliably explained so far.
On the other hand increase of Ps, due to lateral substituent cannot be expected e.g. when
connecting group Z is formed by carboxyl –COO-. Then at the preferential conformations
the dipole moments of C-X and C=O bonds are antiparallel (see Fig. 2b) resulting in a
decrease of Ps, which is shown in Table 9. Thus proximity of polar group and the chiral
centre does not assure increase of Ps (Furukawa et al., 1988).
The value of the spontaneous polarization can be also significantly increased when the
phenyl ring in the central core is exchanged for the heterocycle (mainly nitrogenous). An
example with pyrimidine core is given in Table 10.
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Table 8. Values of the Ps (nC cm-2), at a substitution of the central core far from asymmetric
carbon in the meta position to the non-chiral substituent R (Pachomov, 1997). Values of the
Ps at T = Tc - 10° C (unless otherwise indicated).

Table 9. Values of the Ps, at a substitution of the central core near the asymmetric carbon in
the ortho position to the linkage group Z (Furukawa et al., 1988). Values of the Ps at T = Tc 10° C.

Table 10. Rise of the spontaneous polarization Ps owing to a heterocyclic ring in the central
core of molecule (Hirai et al. 1992). Values of the Ps are maximal measured.
4.3.2 The effect of the lateral substitution on the asymmetric carbon
Introduction of the transversal dipole moment directly to the chiral centre proved to be
efficient, as it eliminates intramolecular rotations. The impact of this type of substitution on
Ps values is shown in Table 11. The substitution of fluorine in various configurations
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increased the Ps values up to the factor of 8. Introduction of chlorine gives still higher
increase of Ps (cf. compounds XXIV and XXV in Table 12). The value of Ps has been still
doubled in compound XXVI with additional asymmetric carbon introduced in the chiral
group (Table 12).

Table 11. Influence of fluorine atom in the chiral centre on the spontaneous polarization Ps at
temperatures T = Tc - 20° C (Hirai et al., 1992).

Table 12. Maximal values of the spontaneous polarization Ps at compounds XXIV
(Terashima et al., 1986), XXV and XXVI (Bahr & Heppke, 1986).
The FLCs consisting of molecules with the heterocycle in the molecular core usually have
rather high values of the Ps. Therefore, combination of the fluorine substitution with
heterocyclic compounds yields very good results for the Ps values as it is demonstrated in
Table 13.

Table 13. Combined influence of the fluorine substitution in the chiral centre with the
heterocycle in the molecular core on the spontaneous polarization Ps at temperatures T = Tc 10° C (Hirai et al., 1992).
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From Tables 11 and 13 one can infer the role of the exact position of the halogen substitution
on the asymmetric carbon. It is seen that the substitution of the hydrogen atom results in the
highest Ps value.
In contrast to the substitution on the molecular core the effect of the halogen on Ps increases
according to sequence Br < Cl < F (see Table 14). As the differences in the dipole moment of
the C-X bond are small, apparently the volume of the halogen atom plays a role. Extremely
high Ps has been found for compounds based on 5-alkylpentano-5-lacton (Nakauchi et al.,
1989; Sakashita et al., 1992). Such high values results from a synergic effect of two
asymmetric carbons (see Table 15) and a polar group located directly in the chiral centre,
which represents steric precondition for hindering of the molecular rotation.

Table 14. Values of the spontaneous polarization Ps at temperature T = Tc - 10° C. Influence
a substitution with halogen atom on asymmetric carbon (Sierra et al., 1992).

Table 15. Maximum measured values of the spontaneous polarization Ps at compounds with
a valerolactone chiral centre at temperature T = Tc - 10° C, XXXI (Nakauchi et al., 1989) and
XXXII (Sakashita et al., 1992).
4.4 Other effects
Properly chosen linkage Z can be significant for increase of the Ps value, as it is evident from
Table 16.

Table 16. Influence of the linkage group Z on the spontaneous polarization Ps.
Another factor, which favorably affects the spontaneous polarization, is presence of more
polar groups with a suitable preferential conformation near the asymmetric carbon atom.
For example see substances with the lactic acid moiety in which the chiral carbon atom is
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flanked by two lateral dipoles pi (Fig. 5). Because of the proximity of the methyl group on the
central chiral atom to adjacent lateral carbonyl dipoles and consequent steric hindrance,
such arrangement may produce materials with relatively high Ps (see Table 17).
pi

O

C
O

CH3 pi

O

C∗ C
H

O

R

Fig. 5. A chiral centre with the asymmetric carbon atom which is flanked by two lateral
carbonyl dipoles (R is non-chiral aliphatic chain)

Table 17. Temperature range of the SmC* mesophase, maximum measured values of the
spontaneous polarization Ps (nC cm-2) and values of the Ps at temperatures T = Tc - 20° C at
compounds XXXIII (Zu-Sheng Xu et al., 1999) and XXXIV (Kašpar et al., 2004).
The FLCs consisting of molecules with two or more asymmetric carbon atoms at one end
usually have rather high Ps. Nevertheless, there is not a simple relation between the value of Ps
and a number of C* atoms. The chiral centre configuration namely relative orientation of
dipole moments around the asymmetric carbon atoms, and degree of intramolecular rotation
hindrance play an important role. The situation can be illustrated on a rather rare compound
with three asymmetric carbon atoms (XXXVII, Table 18). In this compound, CH2 linkage
between the second and third asymmetric carbon atoms has non-convenient influence on Ps.

Table 18. Temperature range ΔT of the SmC* mesophase and maximum measured values of
the spontaneous polarization Ps. Influence of number of the asymmetric carbon atoms at
compounds XXXV (Taniguchi et al., 1988) and XXXVI, XXXVII (Kašpar et al., 2001).
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Very high spontaneous polarization was established for compounds with strongly fluorinated
terminal alkyl chains (Table 19). Such compounds exhibit also antiferroelectric phases (SmCA*).
Other effects, e.g. number of carbon atoms in the linear aliphatic chain far-away from the
chiral centre, are less important and often also ambiguous.

Table 19. Values of the spontaneous polarization Ps at temperatures T = Tc - 30° C. Influence
of fluorination of the terminal alkyl chain R (Dabrowski, 2000).

5. Ferroelectric liquid crystalline materials for applications
The value of the spontaneous polarization Ps is a crucial parameter for behavior of FLCs in
an electric field and thus must be carefully optimized for specific electro-optical cells. Other
parameters as the helical pitch length, optical and dielectric anisotropy, viscosity and tilt
angle value are important as well for satisfying operation of different FLC electro-optic
equipments (e.g. displays). Furthermore, the type of the mesophase existing at
temperatures above the FE SmC* phase (either the cholesteric or the smectic A* phase) is
important for alignment of the liquid crystalline materials in the electro-optic cells.
Unfortunately, it is quite impossible to find all suitable properties for practical use in one
ferroelectric compound. The only solution how to create a suitable material with desirable
properties is mixing of several liquid crystalline components, both chiral and non-chiral
substances.
Typically, an eutectic non-chiral SmC mixture is prepared with desirable properties that are
stable in a wide temperature range (including room temperature). Ferroelectricity is then
induced by adding a suitable chiral dopant exhibiting the SmC* phase. For this purpose the
spontaneous polarization of this dopant must be extremely high in order to achieve a
desirable Ps value of the mixture with the lowest concentration and thus with only a
minimum affection of others parameters. The use of only low amount of chiral dopant in the
resulting FE material intended for application also lower the costs, as the chiral component
is by far its the most expensive ingredient.
Single compounds with extremely high Ps (or possibly mixtures of them) are applied only
for realization of fast modulated electro-optical cells (106 Hz) on the basis of electroclinic
effect in the SmA* mesophase.

6. Banana liquid crystals
In 1996 new polar phases have been discovered in materials composed of molecules with a
bent-core (Niori et al., 1996). Such molecules are bent-shaped (banana) and can create, so
called banana liquid crystals. As an example two formulas of the molecules creating banana
liquid crystals are shown for example in Table 20.

Ferroelectric Liquid Crystals with High Spontaneous Polarization

423

Table 20. Examples of the bent-core (banana) molecules XL (Matsunaga & Miyamoto (1993)
and XLI (Kašpar et al. (2002)).
Molecular models of a typical rod-like molecule (VIII) and banana-like molecule (XL) are
presented for comparison in Figure 6.

Fig. 6. Three dimensional molecular models of a rod-like molecule (VIII) with the
asymmetric atom (pink colored) and banana-like molecule (XL).
Packing of these molecules in the smectic layers creates the structural layer chirality even
though the molecules are non-chiral. Moreover, the mesomorphic properties of the bentshaped compounds are richer than those of classical materials with rod-like molecules.
So far 8 types of so-called B-phases have been discovered and their structural properties
investigated. These new mesophases are denoted by the letter B, which refers to the
characteristic bent or banana molecular shape. Chronologically the terms B1, B2, B3, etc have
been used in the literature to designate different phases as they were discovered (for review
see e.g. Pelzl et al. 1999; Takezoe & Takanishi, 2006; Reddy et al. 2006). Among them, only
B2 phase (sometimes denoted as SmCP) is fully and easily switchable. This phase exhibits
mostly AF and quite exceptionally FE properties. The first FE banana B2 phase was reported
in (Gorecka et al. 2000) for a compound with bent-shaped molecules, but with a chiral
centers introduced in end chains. In non-chiral bananas the FE phase has been found mostly
for non-symmetrical bent-shaped molecules (Novotná et al. 2006) or for molecules having a
hockey-stick form (see Fig. 7).
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Fig. 7. Molecules of the hockey-stick shape (Novotná et al., 2008). R1,2 are alkyl chains, X, Y
stand for H, CH3, Cl, or CN.
It was found that B2 phase exhibits typically strong non-linear electro-optic effect and
subsequently strong SHG signal exceeding by several orders the SHG signal of classical
liquid crystals (Novotná et al, 2008). The spontaneous polarization is typically up to the
order of several hundreds, usually more than 700 nC cm-2 (Pelzl et al., 1999; Reddy et al.,
2006). These properties indicate potential of these materials in pyro- or piezo-electric
applications. Of course, despite extensive work in this area, many questions remain to be
answered. Among others, sample alignment is not only goal for applications but also for
basic research.
Liquid crystals composed of molecules having hockey-stick form (see Fig. 7) represent an
intermediate material in which phases typical for both rod-like and bent–shaped molecules
can exist in different temperature ranges or in different homologues. Thus they exhibit
nematic phases as well as smectic FE and AF phases, in some cases also banana type phases
as B2 (Reddy et al., 2006; Novotná et al., 2008). Investigation of various forms of molecules
that can form liquid crystalline state can help to explain some general structure-property
relationships concerning the formation of polar order and structural chirality.
In any case, the investigation of bent shaped liquid crystals is a typical multidisciplinary
field where many questions remain still open.

7. Conclusions
Hundreds of thousands of FE liquid crystals have be synthesized and characterized so far.
Still full data on the spontaneous polarization are not available for overwhelming part of
them, particularly in case the Ps is temperature dependent. This is one of the reasons why it
is difficult to find definite molecular configuration for a compound with value of Ps desired
for a specific application. The other reason is strongly complex influence of each molecular
structural feature on the resulting material properties. This contribution formulates main
general rules that lead to increase of Ps, namely increase of lateral molecular dipole moment
and hindering of both molecular and intramolecular rotations. It is also shown that the
problem solving is not straightforward as each step may cause non-intended negative effects
on the stabilization of the FE phase in sufficiently broad and low temperature range, which
is demanded for technical applications. Also the nature of the high temperature phase
(above the FE one), which is also watched when considering specific applications, can be
easily influenced by even slight change of the molecular structure.
In summary, the results discussed here can be useful for designing the molecular structure
for applications. Besides, they contribute to general knowledge on the molecular structure –
material property relation in liquid crystals. Some important problems yet remain to be
solved. Nevertheless, ferroelectric liquid crystals gain a niche market, for example, in fast
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high-resolution microdisplays for near-eye applications, such as view-finders for digital
cameras or camcorders.
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1. Introduction
Thermotropic liquid crystals composed of rod like molecules are known as calamitic liquid
crystals. Flatten molecules of some organic compounds form discotic liquid crystals. Both
kinds of compounds may exhibit nematic phase. Calamitic mesogens may also form
lamellar smectic structures being so important for living systems, whereas discotic
molecules make columnar mesophases. Banana-shaped (bow-shaped or bent-core)
ferroelectric liquid crystals have been discovered in the last decade of the 20-th century
(Noiri et al., 1996). Since then there has been a great interest in their dielectric and electrooptic properties due to potential applications (Sekine et al., 1997; Link et al., 1997; Pelzl et al.,
1999). At the beginning some of the bent-core compounds were not chemically stable
enough as to study them experimentally during cooling and heating runs in long lasting
experiments (Wróbel et al., 2000). It came out that bent-core achiral thioesters are very stable
materials showing either B1 or B2 phase (Rouillon et al., 2001; Ossowska-Chruściel, 2007,
2009). In this article we present complementary studies on B1 and B2 phases of 1,3-phenylene
bis{4-[(4-alkoxybenzoyl)-sulfanyl]benzoates} (in short: nOSOR) having achiral symmetric
bent-core molecules shown in Fig. 1.

Fig. 1. Molecular structure of the symmetric thioester compounds studied
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(a)

(b)

Fig. 2. (a) Simplified model of bent-core molecule and two directors n and p, (b) Primary n
and secondary p directors in the (X,Y,Z) laboratory reference frame. In B2 phase the n
director is tilted with respect to the smectic plane normal Z by the angle +θ or -θ. The n
director is the average direction of the long molecular axis. The secondary director p is the
average position for the short molecular in-plane axis. The other short axis is perpendicular
to the (n, p) plane.
Because of the tilt sign ( + or -) of the n director (Fig. 2 (b)) and two directions of the p polar
director (+p and – p) there are four different structures of B2 phase: 1. Synclinic ferroelectric
(SmCSPF) – the tilt angle is positive or negative in all smectic layers and p vectors are
parallel, 2. Synclinic antiferroelectric (SmCSPA), 3. Anticlinic ferroelectric (SmCAPF), and 4.
Anticlinic antiferroelectric (SmCAPA). The last one shows up for two symmetric compounds
(12OSOR and 14OSOR) studied in this work. A general symbol of B2 phase can be written as
follows: SmCSAPFA, where index “S” stands for synclinic, A – for anticlinic order of
molecules in two neighboring layers, F – for ferroelectric and A – antiferroelectric order of
polarization vectors.
Banana-shaped compounds may form both lamellar and/or columnar mesophases
(Szydłowska, 2003) that have become a subject of intensive experimental (Reddy &
Tschierske, 2006) and theoretical studies (Vaupotič, 2006) in the last decades. In the first
place research on electro-optic switching in ferro- and anti-ferroelectric phases composed of
bent-core molecules has been done because of possible practical applications (Walba el al.,
2000; Reddy & Tschierske, 2006).
Since the discovery of ferroelectric order in smectic B phases composed of polar achiral
banana-shaped molecules many experimental studies have been done that confirm ferro- or
antiferroelectric order inside the layers and positive (ferroelectric) or negative
(antiferroelectric) correlations between the layers. Theoretical studies were focused on intermolecular interactions within the layers as well as interlayer correlations (Vaupotič & Čopič
, 2005; Vaupotič, 2006).
Liquid crystalline materials built of bent-core molecules are also attractive because they
exhibit new physical properties. They possess two-dimensional smectic phases that display
qualitatively different physical properties than the calamitic ferroelectric liquid crystals
(Pelzl, 1999; Reddy & Tschierske, 2006). Bent–core non-chiral molecules show tendency to
form a polar order within the smectic layers. Using a dielectric spectroscopy method it was
found (Kresse et al., 2001, Kresse, 2003) that the reorientation of polar molecules is strongly
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hindered in B2 phase because of dense packing of bent-core molecules in smectic layers. Due
to this the secondary order parameter (spontaneous polarization) is almost temperature
independent.
Thin Langmuir-Bloggett films composed of bent-core molecules studied by reversal current
method (Geivandov, 2006) reveal an interesting property that polarization of nano-layers is
similar to bulk polarization. Both ferro- and anti-ferroelectric order have been observed. It
was also found for nano-layers that the molecules are mobile in such restricted geometry
what facilitates both ferro- and antiferroelectric switching.
Out of eight B phases: B1, B2, B3, …, B7, and B8 (Reddy & Tschierske, 2006) the most
thoroughly investigated seems to be the B2 phase which may show one of four types of
order depending on the sign of tilt angle (+θ or -θ) as well as on the sign of correlations
(positive – ferroelectric order or negative – antiferroelectric order) between the polarization
vectors of neighboring layers (∼Pj⋅Pj+1). Complementary studies performed on a few
homologous series show that compounds with shorter side chains (C5 – C9) exhibit only a
frustrated B1 phase, whereas those having longer chains (C10 – C14) generally display
antiferroelectric B2 phase (Bedel et al., 2000).
The main objective of this article is to present dielectric and electro-optic behavior of B1 or B2
phases of four selected members of nOSOR series (n=8, 9, 12 and 14). The first two show
only B1 phase, and the other two with even number of carbon atoms in the side alkoxy
chains display only B2 phase of SmCAPA type.

2. Experimental methods
To study phase transitions and physical properties of B1 and B2 phases the following
complementary methods have been employed: DSC calorimetry, polarizing microscopy
texture observation, linear dielectric spectroscopy, and reversal current method. Using the
latter it was possible to record the reversal current spectra for the B2 phase in form of two
well separated current peaks what substantiates antiferroelectric order of this phase. As also
found, the B1 exhibits also some kind of ferroelectric order which is being gradually reduced
upon temperature decreasing (Wierzejska-Adamowicz, 2010; Chruściel, 2011).
2.1 DSC calorimetric studies
Thermal properties of the substances investigated have been studied by differential
scanning calorimetry using Pyris1 DSC made by Perkin Elmer Company. Transition
temperatures and enthalpies of the transitions have been computed based on DSC heating
and cooling thermograms. Fig. 3 presents DSC results for 8OSOR compound which
possesses enantiotropic B1 phase showing up during cooling in a wide temperature range of
40 degrees. As one can see the melting process of this material is complex – on heating there
are two transitions (Cr-Cr2-Cr1) between solid modifications. Below the B1 enantiotropic
phase there seems to be an orientationally disordered crystal (ODIC).
As an example endothermic and exothermic curves are shown in Fig. 4 for 12OSOR. It is
seen that the B2 phase is also enantiotropic one. On heating two crystalline modifications
(Cr1 and Cr2) were found. One should point out that all compounds studied in this work
are thermally very stable – their clearing points do not change after a few heating and
cooling runs.
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Fig. 3. Endothermic and exothermic runs obtained by Pyris 1 DSC for 8OSOR compound

Fig. 4. DSC results obtained for 12OSOR compound on cooling and heating by using Pyris1
DSC
Studies of the physical properties of all compounds have been performed on cooling. The
transition temperatures acquired by DSC method on cooling are as follows:
8OSOR - I 133.4 °C (16.9) → B1 92.7 °C (14.7) → Cr1
9OSOR - I 123.4 °C (16.0) → B1 82.6 °C (14.0) → Cr
12OSOR - I 112.6 °C (18.5) → B2 88.6 °C (38.7) → Cr1
14OSOR - I 114.6 °C (17.4) → B2 87.2 °C (57.6) → Cr
Transition enthalpies for the clearing and freezing points are given in round brackets in
[kJ/mol]. As seen there are small differences between the clearing and freezing enthalpies
for the first two homologs with B1 phase.
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2.2 Electro-optic methods
Texture observation and electro-optic switching between the planar and homeotropic
textures for 12OSOR were done at LEMCEL using Olympus Polarizing Microscope BX60
and LINKAM temperature controller. Texture observations of 8OSOR, 9OSOR, 12OSOR,
and 14OSOR were performed using Nikon Eclipse Polarizing Microscope LV100POL and
INSTEC temperature controller in the Institute of Physics of the Jagiellonian University.
Polarizing microscopy measurements allowed us to identify phases and to observe a planar
inhomogeneous (Fig. 5(a)) and homeotropic textures of B2 phase. The homeotropic texture
(Fig. 6 (a)) was observed after applying bias field equal to 26 Vp-p /µm. Figs. 5 (b) and 6 (b)
present schematic molecular arrangements of the local planar and homeotropic alignments,
respectively. Due to the splay deformation (Takanishi, 2003; Vaupotič, 2005) the texture is
planar inhomogeneous (quasi-planar) with characteristic circular domains (Fig. 5 (a)). Under
strong electric field (26 Vp-p /µm) a fast transition to homeotropic texture is observed with
secondary optical axis being perpendicular to the electrodes. Using triangular driving field
at a certain voltage value a completely black homeotropic state was observed. Similar
electro-optic behavior has been found for 14OSOR (Wierzejska-Adamowicz, 2010,
Wierzejska-Adamowicz et al., 2010).

(a)

(b)

Fig. 5. (a) Planar texture of 12OSOR’s B2 phase obtained at T=116.8°C, U=0 Vp-p/µm, AWAT
HG cell – d=1.7 µm and (b) schematic local alignment of molecules in planar B2 phase.
This shows undoubtedly that there is an electro-optic switching between the two states
SmCAPA→SmCSPF . Upon applying triangular voltage wave the extinction directions of the
characteristic circular domains (Fig. 5 (a)) reorient clockwise or counterclockwise depending
on the field direction what was observed for symmetric (Walba et al., 2000; Sadashiva et al.,
2000; Zhang et al., 2006) and asymmetric (Lee et al., 2010) banana-shaped systems. However,
it was not possible to grow a mono-domain of uniform planar alignment even upon
applying strong electric fields. Inhomogeneous planar texture (Fig. 5 (a)) was, consisting of
Maltese crosses originated from concentric layer structures,was observed. Such structures
were revealed by X-ray diffraction (Takanishi, 2003). Characteristic brushes forming Maltese
crosses (Ortega et al., 2004) coincide with the polarizer-analyzer positions due to anticlinic
order of molecules in two neighboring layers forming a pseudo-unit cell. The authors were
able to grow B2 phase after applying a strong electric field to B1 phase.
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(a)

(b)

Fig. 6. (a). Quasi-homeotropic texture of 12OSOR’s B2 phase observed at T=116.8°C, U=26
Vp-p/µm, AWAT HG cell – d=1.7 µm and (b) schematic local alignment of molecules in
homeotropic B2 phase. Electric field is parallel to the X-axis. It is worth pointing out that
upon applying triangular voltage wave a completely black state (homeotropic) was
observed at a certain voltage value.
It is worth noting that the characteristic mosaic texture of B1 phase does not change at all
under A.C. field and electro-optic switching is not observed (Ossowska-Chruściel, D.M. et
al., 2007; Wierzejska-Adamowicz, 2010). Spontaneous polarization measurements were
carried out – by means of reversal current method - using 1.7 μm and 3.2 μm AWAT HG
ITO cells for 9OSOR and 12OSOR, respectively. The experimental set-up consists of

Fig. 7. Reversal current peaks obtained for antiferroelectric B2 phase of 12OSOR at different
driving voltages – from threshold to saturation voltage (see also Fig. 9). The real value of the
driving voltage was equal to Uo×20 Vp-p
Agilent 3310A wave form generator, FLC Electronics amplifier F20ADI and digital scope
Agilent DSO6102A.
The B2 phases of 12OSOR and 14OSOR compounds are anticlinic and antiferroelectric
(SmCAPA), so after applying to the electrodes a triangular wave two peaks are observed as
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the current response of the sample in half a period of the driving voltage (Fig. 7). As seen in
Fig. 8 spontaneous polarization of 12OSOR is very high - it reaches a value close to 600
nC/cm2 and is weakly temperature dependent in the B2 phase. The measurements were
done applying driving electric field of 35 Vp-p/μm and frequency of 20 Hz. Spontaneous
polarization of 14OSOR is slightly smaller and its temperature dependence is also weak
(Chruściel, 2011)

Fig. 8. Spontaneous polarization of B2 phase vs. temperature for 12OSOR compound
As seen in Fig. 9 the polarization of B2 phase depends non-linearly on electric field. Above
30Vp-p/μm it becomes saturated reaching the value of spontaneous polarization. In addition
this non-linear dependence begins above the threshold field (ca. 21 Vp-p/μm at 110 °C)

Fig. 9. Polarization vs. electric field of 12OSOR’s B2 phase at selected temperature of 110 °C
As seen in Figs. 8 and 9 the B2 phase of 12OSOR exhibits large spontaneous polarization. As
found before the B2 phases composed of bent-core asymmetric molecules (Kohout et al.,
2010) show distinctly smaller spontaneous polarization (from 200 to 380 nC/cm2) but upon
cooling ferroelectric – antiferroelectric transition was observed.
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As known, in B1 phase the side alkoxy chains of the molecules in one layer overlap on the
cores of molecules in neighboring layers and there is a compensation of microscopic
polarization (Reddy & Tschierske, 2006). However, using strong electric field one can induce
polarization in this phase (Figs. 10 and 12) due to positive short range order of dipole
moments inside the layers.
The B1 phase of 9OSOR shows a reasonable reversal current response (Fig. 10) which is typical
for switching polarization vector from +Ps to - Ps in ferroelectrics. However, the temperature
dependence of spontaneous polarization (Fig. 11) is not like that for a ferroelectric or
antiferroelectric phase of classical ferroelectric liquid crystals (Wróbel et al., 2003). It can be
treated as an induced polarization originating from molecular polar clusters created due to
steric interactions inside the layers. It decreases with temperature decreasing due to interand/or intra-layer negative dipole-dipole correlation which are stronger at low temperatures.

Fig. 10. Triangular driving voltage (right-hand side scale) applied vs. time and reversal current
spectrum (left-hand side scale) of B1 phase of 9OSOR acquired for E = 47.1 Vp-p/μm, f = 5 Hz, d
= 1.7 μm and at T = 100°C. The real value of the driving voltage was equal to Uo×20 Vp-p

Fig. 11. Polarization of 9OSOR’s ferroelectric B1 phase vs. temperature. Measurement
conditions: triangular voltage wave - E = 47.1 Vp-p/μm, f = 5 Hz, d = 1.7 μm
As found before by the dielectric relaxation spectroscopy, in the B1 phase there exists
antiparallel dipole-dipole correlation of transverse dipole moments (Kresse et al., 2001; Kresse,
2003). There is also a strong retardation of molecular reorientational motions at the I-B1 (or B2)
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phase transition which is being caused by high order of bent-core molecules in B phases. Large
value of the transition enthalpies for the transition between the isotropic and liquid crystalline
phase of these materials as well as weak temperature dependence of the spontaneous
polarization of B2 phase also substantiate high order of B phases. As one can additionally
notice the enthalpy changes of melting and freezing points (Figs. 3 and 4) are distinctly smaller
than those obtained for calamitic liquid crystals what reflects a distinctly smaller change of
order between liquid crystalline and crystalline phase of bent-core systems.
It has been found in this study that the polarization of B1 phase changes non-linearly with
electric field applied (Fig. 12) yet it does not reach such large values as those obtained for
the B2 phase. Like for B2 phase (Fig. 9) there is a threshold field of ca. 12 V/μm, above which
a single reversal current peak shows up (Fig. 10), and above 25 V/μm the polarization of B1
phase saturates but its value is smaller than 120 nC/cm2. This effect is most probably due to
short range ferroelectric order and/or modulated structures (Szydłowska, 2003).

Fig. 12. Polarization vs. electric field applied to the sample of 9OSOR’s ferroelectric B1 phase.
Parameters: frequency of the driving voltage - f = 5 Hz, thickness of the sample d = 1.7 μm.
2.3 Dielectric spectroscopy
Dielectric measurements were done using dielectric spectrometer based on Agilent 4294A
precision impedance analyzer controlled by PC using a program written on
VisualStudio.NET platform. Substances were put by means of capillary action into HG 5μm AWAT cells with gold electrodes. The dielectric spectrometer allows one to measure
dielectric spectra with high accuracy. The measurements have been done using the cells
with gold electrodes covered with rubbed polymer layers what facilitates planar but for
banana-shaped molecules inhomogeneous alignment. The dielectric spectra were acquired
in the frequency range from 40 Hz to 25 MHz. More than 60 experimental points were
acquired per one frequency decade. Bias field was used to align the biaxial B2 phase so that
the polar director p is perpendicular to the electrodes. The B2 is a biaxial phase having the
dielectric permittivity tensor of the form:

⎛ ε *⊥ 1 (ω)
0
0 ⎞
⎜
⎟
*
*
0 ⎟
εˆ ( ω) = ⎜ 0
ε ⊥ 2 (ω)
⎜
⎟
*
⎜ 0
ε||
0
( ω) ⎟⎠
⎝

(1)
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In this study it was possible to measure two principal components of this tensor, namely
ε *⊥ 1 (ω) and ε*⊥ 2 (ω) , where the latter was measured along the secondary optical axis. The
difference:

ε⊥2 - ε⊥1≡δε

(2)

can be treated as a measure of biaxiality (Lagerwall, 1998) of the B2 phase. It has been shown
by means of the dielectric spectroscopy (Ossowska-Chruściel et al., 2009; WierzejskaAdamowicz et al., 2010; Chruściel, 2011) that with electric measuring fields being parallel to
the polar director p one observes an enhanced dielectric absorption and electric permittivity
as well. As found in scope of this work there is an asymmetry of the dielectric spectra
between the positive and negative bias fields (Fig. 13 (a) and (b)). It means that the system
studied has low point symmetry. B phases composed of bow-shaped molecules may exhibit
one of the following low point symmetries: C2V, C2h, C2 and even C1 (Pelzl et al., 1999).
Exemplary dielectric spectra – obtained vs. bias field - are presented in Figs. 13 (a) and (b).
As seen there is an asymmetry of the dielectric spectra – the intensity of dielectric absorption
depends on the sign of bias voltage. The dielectric absorption of the high frequency
dielectric relaxation process is distinctly larger for negative bias fields. On the other hand,
the low frequency dielectric relaxation process is being stronger enhanced for positive than
negative bias fields (Fig. 13 (a)).

Fig. 13. Bias field dependences of dielectric spectrum measured for B2 phase of 12OSOR. (a)
Dielectric spectra for positive and (b) negative bias voltages
The B2 phase is biaxial with the director n and polar director p. Using strong electric fields it
was possible to observe in A.C. electric field transitions between a quasi-planar and
homeotropic state with polar director p being normal to the electrodes. Using our HG gold
cells and the experimental conditions it was not possible to study the dielectric spectrum of
the B2 phase aligned homeotropically with primary director n being parallel to electric
measuring field.
2.3.1 Bias field influence
The dielectric spectra were processed by using ORIGIN 7.0 software. The following complex
function was fit to the experimental points measured without bias field:
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ε *⊥ 1 (ω) = ε ⊥ 1 (∞ ) +

ε ⊥ 1 (0) − ε ⊥ 1 (∞ ) iσ⊥ 1
B
−
+ N ,
1 −α
M
1 + (iωτ)
εoν
ν

(3a)

where ε⊥ 1 (∞) is a high frequency electric permittivity, εo - electric permittivity of the free
space, ε⊥1(0) - static electric permittivity for planar alignment due to surface interaction, τ dielectric relaxation time, α - distribution parameter of relaxation times ( 0 ≤ α ≤ 1 ), σ ⊥ 1 ( ω) ionic conductivity, ω = 2 πν is a circular frequency and B, M, N – phenomenological fitting
parameters. The last term in Eq. (3a) originates from electrode polarization effect. By fitting
Eq. (3a) to the experimental points acquired without bias field (Fig. 14), the following
dielectric parameters have been obtained: ε⊥1(∞) = 3.78, ε⊥1(0) = 13.51. The latter can be
treated as the static dielectric constant for planar alignment. All fitting parameters are given
in Fig. 14. In the low frequency range there are contributions to the dielectric relaxation
spectrum coming from ionic conductivity and a sub-hertz relaxation process for the M
parameter is distinctly smaller than 1.
Because the experimental dielectric spectra obtained under different bias fields for
homeotropic alignment consist of two relaxation processes, the following complex fitting
function was used for data analysis:
ε ⊥* 2 (ω) = ε ⊥ 2 (∞ ) +

ε ⊥ 2 (01) − ε ⊥ 2 (∞ )
1 + (iωτ2 )1 −α 2

+

ε ⊥ 2 (0) − ε ⊥ 2 (01)
1 + (iωτ1 )1−α1

,

(3b)

where ε⊥ 2 (∞) is a high frequency electric permittivity , ε⊥2(0) - static electric permittivity for
homeotropic alignment, ε⊥2(01) – quasi-static electric permittivity, τ1 and τ2 - are relaxation
times, α 1 and α 2 - distribution parameters of relaxation times, ( 0 ≤ α i ≤ 1, i = 1, 2 ), and
ω = 2 πν is a circular frequency. One should explain that in Eq. (3b) the conductivity and
polarization electrode terms were omitted because bias fields suppress the ionic
contribution to the dielectric spectra (see Figs. 15 and 22).

Fig. 14. Dielectric spectrum of antiferroelectric B2 phase of 12OSOR obtained for planar
alignment (without bias voltage) at T=95°C. Dispersion and absorption curves (dashed
lines) were obtained by fitting Eq. (3a) to the experimental points.
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Fig. 15. Dielectric spectrum of antiferroelectric B2 phase of 12OSOR obtained with bias
voltage (homeotropic alignment). Dispersion and absorption curves (dashed lines) were
obtained by fitting Eq. (3b) to the experimental points.

UB [V]
UB = 35

UB = 30

UB = 25

UB = 20

UB = 15

UB = 10

UB = 5

T = 95 oC
τi [s]
εi(0)
29.84
1.6 E-5

αi
0.36

εi(∞)
12.67

2

12.67

6.78 E-7

0.02

4.23

1

30.45

1.88 E-5

0.35

12.55

2

12.55

6.83 E-7

0.03

4.23

1

31.77

1.84 E-5

0.38

11.32

2

11.32

6.37 E-7

0.01

4.16

1

32.68

1.8 E-5

0.42

9.96

2

9.96

5.8 E-7

-0.04

4.07

1

33.63

1.93 E-5

0.46

9.04

2

9.04

5.39 E-7

-0.08

3.93

1

34.40

2.23 E-5

0.49

8.86

2

8.86

5.18 E-7

-0.10

3.77

1

34.49

2.54 E-5

0.52

9.52

2

9.52

5.07 E-7

-0.09

3.62

Process 1/2
1

Table 1. Dielectric parameters vs. bias voltage obtained by fitting Eq. (3b) to the dielectric
spectra measured at different positive bias voltages
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UB [V]
UB = -35

UB = -30

UB = -25

UB = -20

UB = -15

UB = -10

UB = -5

T = 95 oC
τi [s]
εi(0)
30.73
1.56 E-5

αi
0.35

εi(∞)
13.62

2

13.62

6.54 E-7

0.01

4.22

1

30.97

1.5 E-5

0.36

13.47

2

13.47

6 E-7

0.01

4.18

1

31.08

1.7 E-5

0.37

13.43

2

13.43

5.69 E-7

0.01

4.16

1

31.32

1.9 E-5

0.39

12.99

2

12.99

5.45 E-7

0.01

4.13

1

31.96

2.13 E-5

0.42

11.96

2

11.96

5.22 E-7

-0.02

4.06

1

32.88

2.35 E-5

0.46

11.02

2

11.02

5.07 E-7

-0.04

3.94

1

34.13

2.66 E-5

0.51

10.35

2

10.35

5.02 E-7

-0.07

3.74

Process 1/2
1

Table 2. Dielectric parameters vs. bias voltage obtained by fitting Eq. (3b) to the dielectric
spectra measured at different negative bias voltages

3. Results and discussion
Dielectric spectra of the aligned by electric field B2 phase consists of two relaxation processes
(Fig. 16) which can be ascribed to the molecular reorientation (2) and the collective
fluctuations (1) of ferroelectric domains, respectively.

Fig. 16. Cole-Cole plot of the dielectric spectrum obtained at the highest bias field for
12OSOR’s antiferroelectric B2 phase . Dashed lines were obtained by fitting Eq. (3b) to the
experimental points.
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The high frequency dielectric relaxation (2) is a Debye-type process originated from the
reorientation of molecules around their long axes (see Fig. 2 (a)). Its Cole-Cole plot is a
semicircle with the centre lying on the ε'⊥ 2 axis. However, the numerical splitting of the
complex spectrum is not fully unique as for high bias fields the α2 distribution parameter
has small but negative (unphysical) values (Tables 1 and 2). Figs. 17, 18 and 19 present,
respectively, bias field dependences of the relaxation times, distribution parameters and
boundary electric permittivities. All these Figs. as well as Fig. 13 show some asymmetry
in bias field dependence of physical quantities measured for the B2 phase. The low
frequency dielectric relaxation process (1) exhibits a distribution of the relaxation times
characterized by the α1 parameter that decreases with bias field increasing (Fig. 18, Tables
1 and 2). The static electric permittivity (ε⊥2(0)) is being enhanced after application
of small bias field but it decreases with D.C. bias field (Fig. 13) which may be due to
partial suppression of the collective mode connected with modulated structure of the B2
phase.
It is worth noting here that the low frequency dielectric dispersion (ε’) and absorption (ε”)
are affected by ionic conductivity. In calamitic LCs the adequate contribution to
the dielectric absorption is usually described by the well know term: σ/(εoω). As found for
bow-shaped systems (Schmalfuss et al., 1999; Kresse et al., 2001, Chruściel et al., 2011) this
term should be modified by introducing the M parameter (Eq. (3a)) to obtain better
agreement between theory and experiment. The main reason for such a difference is
merging of pure ionic contribution with the low frequency dielectric relaxation
(or relaxations) originated from fluctuations of modulated (or undulated) polarization
vectors.
One should notice that the Goldstone mode in classical ferroelectric liquid crystals is usually
a Debye-type relaxation process characterized by a single relaxation time (Wróbel et al.,
2003). Modulated structures in B phases cause a distribution of the relaxation times what is
reflected in the large value of the α1 parameter ( Fig. 18, Table 1 and 2)

Fig. 17. Collective (τ1) and molecular (τ2) dielectric relaxation times obtained by fitting Eq.
(3b) to the experimental dielectric spectra vs. bias field
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Fig. 18. Distribution parameters of molecular (α2) and collective (α1) relaxation processes
obtained by fitting Eq. (3b) to the experimental dielectric spectra vs. bias field
3.2 Biaxiality of antiferroelectric B2 phase
Fig.19 presents two static electric permittivities (ε⊥2(0) and ε⊥2(01)) measured on the
homeotropically aligned sample and vs. bias field. The values of ε⊥2(0) and ε⊥2(01) obtained
at the highest bias voltages (UB=±35V) seem to refer to homeotropic alignment.

Fig. 19. Boundary electric permittivities vs. bias field computed for two principal directions
by fitting Eqs. (3a) and (3b) to the experimental points
The value of ε⊥1(0) = 13.51, represented in Fig. 19 by the dashed line, corresponds to the
static electric permittivity obtained for planar alignment – without bias field. As seen in Fig.
19 the biaxiality of B2 given by Eq. (2) is positive for positive bias at low frequencies
(δε1=16.33) and negative (δε2=-0.84) above the frequencies higher than 105 Hz (1/τ1). For
negative bias field both these values are positive: δε1=17.25 and δε2=0.11. It is due to
asymmetry of the electric permittivity tensor (Eq. (1)).
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3.3 Dielectric relaxation processes of B1 phase
As found the dielectric spectra of molecular origin measured for B1 phases of 8OSOR
(Ossowska-Chruściel et al., 2007) and 9OSOR (Wierzejska-Adamowicz et al., 2010) do not
depend on bias fields. Fig. 20 shows 3D graphs of the dielectric absorption measured
without (a) and with (b) bias field for 9OSOR compound. As seen the adequate dielectric
spectrum obtained with a D.C. bias is practically the same. In both cases only one relaxation
process shows up and it is connected with molecule reorientation around the short axis
which is perpendicular to the vectors n and p (Fig. 2 (a)). The activation energy obtained
without bias field (Fig. 21) is equal to ∆E=112 kJ/mol which is typical value for reorientation
around the short molecular axis. However, in the papers published before by other authors
(Kresse et al., 2001) this process is interpreted as reorientation around the long molecular
axis which is on the average parallel to the director n (Fig. 2 (a)).

(a)

(b)

Fig. 20. Dielectric loss vs. frequency for B1 phase in 9OSOR – (a) without bias field, (b) with
bias field

Fig. 21. Arrhenius plot for the dielectric relaxation process for B1 phase observed without
bias field
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Similar dielectric relaxation spectrum was obtained before (Kressse, 2003; OssowskaChruściel, 2007). Our interpretation of the dielectric relaxation process observed in the B1
phase is based on the value of activation energy as well as on possible rectangular columnar
structure of such phases (Sadashiva, 2000) what facilitates the reorientation around one of
the short axes.
3.4 Dielectric relaxation processes of B2 phase
Fig. 22 presents 3D graphs of the dielectric absorption spectra acquired without (a) and with
(b) bias voltage equal to 15 V for 12OSOR compound. As seen the dielectric spectra
measured with bias field show two well separated relaxation processes (see also Figs. 15 and
16) on the contrary to the B1 phase of 9OSOR which shows only one dielectric relaxation
process. In the low frequency range the relaxation process is connected with fluctuations of
ferroelectric domains showing up clearly in homeotropic structure of the B2 phase. The
relaxation process observed in the high frequency range, appearing also without bias field,
is connected with the molecule reorientation around the long axis. For 12OSOR the dielectric
spectrum appears to be more complex: in the high temperature range of B2 phase it is
connected with molecule reorientation around short molecular axis, whereas in the low
temperature range – around the long axis (Wierzejska-Adamowicz, 2010). The activation
barrier of the process connected with fluctuations of domains is equal to ∆E=62 kJ/mol (Fig.
23), whereas for the process connected with reorientation around long axis it is about 45
kJ/mol for measurements with and without bias field (Wierzejska-Adamowicz, 2010). The
activation barrier found for reorientation around short molecular axis – observed in a
narrow temperature range below the clearing point - is equal ∆E=102 kJ/mol (WierzejskaAdamowicz, 2010).

(a)

(b)

Fig. 22. 3D plot of dielectric loss vs. frequency for B2 phase of 12OSOR – (a) Without bias
field, (b) With bias field
To sum up one should say the following: in B phases of bent-core systems the molecular
rotational motions are slowed down due to strong steric interactions inside the layers. This
effect is also substantiated by NMR studies (Domenici et al., 2006) where evidences of
extremely slow rotational dynamics of bent-core molecules have been found.
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As the ε⊥2(∞) is quite large and close to 4.0 (Fig. 19, Table 1 and 2), one should expect fast
dielectric relaxation processes in the microwave frequency range. Intra-molecular
reorientations of linear mesogenic units (Fig. 2 (a)) around their long axes and reorientations
of the alkoxy chains contribute to electric permittivity at high frequencies.

1

lnτ
-9

-10

ΔE = 61.9 ± 2.7 [kJ/mol]

-11

12OSOR
UB= 15 [V]

-12
-13

ΔE = 43.8 ± 0.7 [kJ/mol]

-14

2

-15
2.60

2.64

2.68

2.72
-1
1000/T [K ]

Fig. 23. Arrhenius plot for the two dielectric relaxation processes of the B2 phase studied
under bias field

4. Conclusions
Our studies show that B1 phase of 9OSOR does not exhibit any low frequencies dielectric
relaxation of collective nature. Under strong electric fields B1 phase shows polarization
which is due to short range ferroelectric order inside the smectic layers. This polarization
linearly decreases with temperature decreasing. On the other hand, it displays non-linear
dependence on electric field what is typical for ferroelectrics.
On the contrary 12OSOR and 14OSOR having even number of carbon atoms in alkoxy side
chains exhibit anticlinic and antiferroelectric SmCAPA phase showing both collective and
molecular dielectric relaxation processes. Two principal components ( ε *⊥ 1 (ω) and ε*⊥ 2 (ω) ) of
the dielectric permittivity tensor show qualitatively different dielectric relaxation spectra of
this biaxial phase.
The B2 phase is biaxial with the primary director n and polar secondary order parameter p.
Using strong electric fields, it was possible to observe a fast electro-optic switching between
a quasi-planar and homeotropic state with polar director p being normal to the electrodes.
The dielectric spectroscopy studies on two principal alignments of the B2 phase shed some
light upon the structure and dynamics of this phase.
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1. Introduction
Appearance of ferroelectricity and antiferroelectricity in chiral tilted smectic phases is an
interesting phenomenon. It is not only attractive for use in applications to fast-response
displays (Goodby et al., 1991; Walba, 1995); it also attracts fundamental interest related to
synclinic or anticlinic ordering of the molecules (Lagerwall & Giesselmann, 2006; Lemieux,
2007; Nishiyama, 2010). The frustration between synclinic-ferroelectricity and anticlinicantiferroelectricity in chiral smectic C phases causes temperature-induced successive phase
transitions (Fukuda et al., 1994; Inui et al. 1996; Isozaki et al., 1993; Matsumoto et al., 1999;
Osipov & Fukuda, 2000; Sandhya et al., 2009; Takezoe et al., 2010). When ferroelectric and
antiferroelectric phases have equal free energy, intermediate ferrielectric sub-phases with a
degenerated energy level can appear between ferroelectric and antiferroelectric phases.
At the outset of disclosing antiferroelectric SmC*A phase in MHPOBC, three other SmC*-like
phases were observed (Chandani et al., 1989a). These phases were designated as SmC*α,
SmC*β, and SmC*γ in order of decreasing temperature (Chandani et al., 1989b), the
SmC*β phase was regarded as the oridinary ferreoelectric SmC* phase. Gorecka et al. soon
proved that SmC*γ is a ferrielectric phase (Gorecka et al., 1990). Isozaki et al. confirmed that
an antiferroelectric subphase might emerge between SmC*β, and SmC*γ phases (Isozaki et
al., 1992, 1993). Mach et al. reported the first direct structural observation of distinct
multilayer periodicities of the subphases using resonant X-ray scattering (March et al., 1998,
1999). They confirmed three-layer and four-layer periodicities, respectively, in what they
called Ferri 1 and Ferri 2 phases. Nguyen et al. identified the Ferri 1 as SmCγ* (Nguyen et
al., 1994). The Ferri 2 phase was found to have antiferroelectric characteristics (Aoki et al.,
1999). Later, the SmC*β of MHPOBC was identified as Ferri 2 phase (Gorecka et al., 2002). At
least two ferrielectric phases consisting of three-layer and four-layer unit cells exist. Other
ferrielectric subphases induced by successive phase transition have been observed. Fukuda
et al. proposed that the subphases are represented as SmC*A(qT), where qT = F/(A+F)
(Isozaki et al., 1993). In those equations, F denotes the number of synclinic layers in one
periodicity: A represents the number of anticlinic layers in one periodicity. Figure 1 presents
illustrations of antiferroelectric phase SmC*A (0), ferrielectric subphase SmC*A (1/3),
antiferroelectric-like ferrielectric subphase SmC*A (1/2), and ferroelectric phase SmC*A (1).
Some theoretical and experimental studies have been undertaken to explain the appearance
of ferrielectric phases (Cepic & Zeks, 2001; Cepic et al., 2002; Fukuda et al., 1994; Johnson et
al., 2000; Matsumoto et al., 1999; Osipov & Fukuda, 2000; Yamashita & Miyajima, 1993).
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Chirality is probably prerequisite for the appearance of the ferrielectric phases.
Emelyanenko and Osipov proposed that effective coupling that is determined using a
combination of spontaneous polarization, discrete flexoelectric effect, and an initial direct
polarization coupling between adjacent layers stabilizes the ferrielectric phases
(Emelyanenko & Osipov, 2003). The Emelyanenko-Osipov model predicts only mesophases
with periodicity of 8, 5, 7, and 9 layers between SmC* and SmC*A phases. However, SmC*
phase with six-layer periodicity has been discovered (Wang, et al, 2010). The physical origin
of long-range interactions for ferrielectric phases remains unresolved.

Fig. 1. Periodic structures of the frustrated smectic phases.
With respect to liquid-crystalline materials, ferrielectric phases have been observed for
narrow temperature ranges of some highly chiral compounds. By decreasing the optical
purity, a ferrielectric phase vanishes (Fukui et al., 1989; Gorecka et al., 2002). Nishiyama et
al. reported a chiral twin molecule with wide temperatures of a ferrielectric phase
(Nishiyama et al., 2001). In this case, the ferrielectric phase also disappears concomitantly
with decreasing optical purity. Some mixtures of antiferroelectric chiral liquid crystals with
highly chiral dopants of the same handedness were reported to exhibit ferrielectric phases
with a range of 30 K (Jaradat at al., 2006). Asymmetric switching in a ferrielectric phase has
been of interest in prospective devices (Jaradat et al., 2008, 2009). The molecular design for
ferrielectric liquid crystals now constitutes an important issue not only because of their
unusual phase structures but also because of their applications to optical devices.
Recently, we designed an asymmetric chiral dimer (R)-I-(8,7) and investigated its phase
transition behaviour and electro-optical properties (Noji et al., 2009). The compound was
found to exhibit ferrielectric phases with wide temperatures between antiferroelectric (Anti)
and ferroelectric SmC* (Ferro) phases. Ferrielectric-like ordering was observed in a racemic
mixture of the enantiomers. The appearance of the ferrielectric-like ordering in the racemic
system without spontaneous polarization cannot be explained by any present physical
model. Furthermore, its derivative (R)-II-(8,7) possessing an octyloxy tail instead of an octyl
tail of (R)-I-(8,7) exhibits a direct transition from isotropic liquid to the ferrielectric phase
(Noji & Yoshizawa, 2011).
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We prepared a homologous series of liquid crystal oligomers and observed their physical
properties. This report describes structure-property relations of liquid crystals and presents
an origin for stabilizing the ferrielectric phases of the present chiral oligomeric system.

(R)-I-(8,7): Cry 83.8 Anti 85.2 Ferri-L 98.5 Ferri-H 111.8 Ferro 114.2 Iso

Fig. 2. Molecular structure and phase transition temperatures (°C) of (R)-I-(8,7).

2. Experimental
2.1 Materials
For use in this study, 5-alkyl-2-(4-hydroxyphenyl)pyrimidine, 5-octyloxy-2-(4hydroxyphenyl)pyridine, and 4-(4-hexyloxyphenyl)-1-(4-hydroxyphenyl)-2,3-difluorobenzene
were purchased from Midori Kagaku Co. Ltd. The final compounds were prepared using a
similar method to that used for (R)-I-(8,7), as reported in our previous paper (Noji et al., 2009).
The synthetic scheme is depicted in Fig. 3. Purification of each final product was conducted
using column chromatography over silica gel (63–210 µm; Kanto Chemical Co. Inc.) using
dichloromethane-ethyl acetate mixture as the eluent with subsequent recrystallization from
ethanol. The purities of all final compounds were checked using HPLC (JAIGEL-1H column,
LC9101; Japan Analytical Industry Co. Ltd.). Chloroform was used as eluent. Detection of
products was achieved using UV irradiation (λ= 254 nm). Purities of the final compounds were
also checked using elemental analysis (EA 1110; CE Instruments Ltd.). Infrared (IR)
spectroscopy (FTS-30; Bio-Rad Laboratories Inc.) and proton nuclear magnetic resonance (1H
NMR) spectroscopy (JNM-ECA500; JEOL) elucidated the structure of each final product.
Analytical data for the compounds are listed below.
(R)-1-Methylheptyl
4’-{6-[4-(5-octylpyrimidin-2-yl)phenyloxy]hexanoyloxy}biphenyl-4carboxylate [(R)-I-(8,5)]
1H NMR (500 MHz, solvent CDCl3, standard TMS) δH/ppm: 8.57 (s, 2H, Ar-H), 8.35 (d, 2H,
Ar-H, J = 9.1 Hz), 8.10 (d, 2H, Ar-H, J = 8.3 Hz), 7.62 (d, 2H, Ar-H, J = 8.5 Hz), 7.60 (d, 2H,
Ar-H, J = 8.6 Hz), 7.18 (d, 2H, Ar-H, J = 8.6 Hz), 6.99 (d, 2H, Ar-H, J = 8.8 Hz), 5.21-5.14 (m,
1H, -OCH(CH3)-), 4.08 (t, 2H, -OCH2-, J = 6.3 Hz), 2.65 (t, 2H, Ar-CH2-, J = 7.4 Hz), 2.60 (t,
2H, -OCOCH2-, J = 7.6 Hz), 1.93-1.85 (m, 4H, Ar-CH2CH2-, -OCH2CH2-), 1.79-1.58 (m, 6H,
aliphatic-H), 1.43-1.28 (m, 18H, aliphatic-H), 1.35 (d, 3H, -OCH(CH3)-, J = 6.3 Hz), 0.88 (t, 6H,
-CH3, J = 6.9 Hz); IR (KBr) νmax/cm-1: 2928, 2855 (C-H str.), 1761, 1706 (C=O str.), 1609, 1584
(C=C str.). HPLC: 100%. Anal. Calcd. for C45H58N2O5: C, 76.45% ; H, 8.27%; N, 3.96%. Found:
C, 76.56%; H, 8.17%; N, 4.01%.

(R)-1-Methylheptyl 4’-{7-[4-(5-octylpyrimidin-2-yl)phenyloxy]heptanoyloxy}biphenyl-4carboxylate [(R)-I-(8,6)]
1H NMR (500 MHz, solvent CDCl3, standard TMS) δH/ppm: 8.57 (s, 2H, Ar-H), 8.35 (d, 2H,
Ar-H, J = 8.7 Hz), 8.10 (d, 2H, Ar-H, J = 8.5 Hz), 7.62 (d, 2H, Ar-H, J = 8.4 Hz), 7.60 (d, 2H,

452

Ferroelectrics – Physical Effects

Ar-H, J = 8.5 Hz), 7.17 (d, 2H, Ar-H, J = 8.7 Hz), 6.99 (d, 2H, Ar-H, J = 9.1 Hz), 5.20-5.14 (m,
1H, -OCH(CH3)-), 4.06 (t, 2H, -OCH2-, J = 6.4 Hz), 2.62 (t, 2H, Ar-CH2-, J = 7.5 Hz), 2.60 (t,
2H, -OCOCH2-, J = 7.7 Hz), 1.89-1.80 (m, 4H, Ar-CH2CH2-, -OCH2CH2-), 1.80-1.23 (m, 26H,
aliphatic-H), 1.35 (d, 3H, -OCH(CH3)-, J = 6.3 Hz), 0.88 (t, 6H, -CH3, J = 6.9 Hz); IR (KBr)
νmax/cm-1: 2948, 2852 (C-H str.), 1765, 1713 (C=O str.), 1607, 1582 (C=C str.). HPLC: 100%.
Anal. Calcd. for C46H60N2O5: C, 76.63%; H, 8.39%; N, 3.89%. Found: C, 76.91%; H, 8.35%; N,
3.97%.
(R)-1-Methylheptyl
4’-{9-[4-(5-octylpyrimidin-2-yl)phenyloxy]nonanoyloxy}biphenyl-4carboxylate [(R)-I-(8,8)]
1H NMR (500 MHz, solvent CDCl3, standard TMS) δH/ppm: 8.57 (s, 2H, Ar-H), 8.34 (d, 2H,
Ar-H, J = 9.0 Hz), 8.10 (d, 2H, Ar-H, J = 8.5 Hz), 7.62 (d, 2H, Ar-H, J = 8.5 Hz), 7.61 (d, 2H,
Ar-H, J = 8.6 Hz), 7.18 (d, 2H, Ar-H, J = 8.7 Hz), 6.83 (d, 2H, Ar-H, J = 9.1 Hz), 5.20-5.14 (m,
1H, -OCH(CH3)-), 4.04 (t, 2H, -OCH2-, J = 6.6 Hz), 2.60 (t, 4H, Ar-CH2-, OCOCH2-, J = 7.5
Hz), 1.86-1.72 (m, 5H, aliphatic-H), 1.67-1.59 (m, 3H, aliphatic-H), 1.52-1.28 (m, 26H,
aliphatic-H), 1.35 (d, 3H, -OCH(CH3)-, J = 6.3 Hz), 0.88 (t, 6H, -CH3, J = 7.0 Hz); IR (KBr)
νmax/cm-1: 2930, 2854 (C-H str.), 1767, 1710 (C=O str.), 1608, 1584 (C=C str.). HPLC: 100%.
Anal. Calcd. for C48H64N2O5: C, 76.97%; H, 8.61%; N, 3.74%. Found: C, 77.01%; H, 8.59%; N,
3.75%.

(R)-1-Methylheptyl 4’-{6-[4-(5-dodecypyrimidin-2-yl)phenyloxy]hexanoyloxy}biphenyl-4carboxylate [(R)-I-(12,5)]
1H NMR (500 MHz, solvent CDCl3, standard TMS) δH/ppm: 8.57 (s, 2H, Ar-H), 8.36 (d, 2H,
Ar-H, J = 8.8 Hz), 8.10 (d, 2H, Ar-H, J = 8.5 Hz), 7.63 (d, 2H, Ar-H, J = 8.4 Hz), 7.61 (d, 2H,
Ar-H, J = 8.7 Hz), 7.18 (d, 2H, Ar-H, J = 8.6 Hz), 6.99 (d, 2H, Ar-H, J = 8.8 Hz), 5.20-5.14 (m,
1H, -OCH(CH3)-), 4.08 (t, 2H, -OCH2-, J = 6.3 Hz), 2.65 (t, 2H, Ar-CH2-, J = 7.4 Hz), 2.60 (t,
2H, -OCOCH2-, J = 7.7 Hz), 1.93-1.85 (m, 4H, Ar-CH2CH2-, -OCH2CH2-), 1.79-1.58 (m, 6H,
aliphatic-H), 1.45-1.26 (m, 24H, aliphatic-H), 1.35 (d, 3H, -OCH(CH3)-, J = 6.3 Hz), 0.88 (t, 6H,
-CH3, J = 6.9 Hz); IR (KBr) νmax/cm-1: 2921, 2850 (C-H str.), 1760, 1709 (C=O str.), 1608, 1585
(C=C str.). HPLC: 100%. Anal. Calcd. for C50H68N2O5: C, 77.13%; H, 8.72%; N, 3.67%. Found:
C, 77.13%; H, 8.73%; N, 3.71%.

(R)-1-Methylheptyl
4’-{8-[4-(5-octyloxypyridin-2-yl)phenyloxy]octanoyloxy}biphenyl-4carboxylate [(R)-III-(8,7)]
1H NMR (500 MHz, solvent CDCl3, standard TMS) δH/ppm: 8.33 (d, 1H, Ar-H, J = 2.9 Hz),
8.10 (d, 2H, Ar-H, J = 8.4 Hz), 7.85 (d, 2H, Ar-H, J = 9.0 Hz), 7.62 (d, 2H, Ar-H, J = 8.3 Hz),
7.61 (d, 2H, Ar-H, J = 8.7 Hz), 7.57 (d, 1H, Ar-H, J = 8.7 Hz), 7.22 (dd, 1H, Ar-H, J = 8.9 Hz, J
= 3.0 Hz), 6.97 (d, 2H, Ar-H, J = 9.0 Hz), 5.20-5.14 (m, 1H, -OCH(CH3)-), 4.03 (t, 2H, -OCH2-, J
= 5.7 Hz), 2.60 (t, 2H, -OCOCH2-, J = 7.4 Hz), 1.86-1.72 (m, 8H, aliphatic-H), 1.65-1.29 (m,
24H, aliphatic-H), 1.35 (d, 3H, -OCH(CH3)-, J = 6.2 Hz), 0.89 (t, 3H, -CH3, J = 6.6 Hz), 0.88 (t,
3H, -CH3, J = 6.9 Hz); IR (KBr) νmax/cm-1: 2924, 2854 (C-H str.), 1754, 1714 (C=O str.), 1609,
1582 (C=C str.). HPLC: 100%. Anal. Calcd. for C48H63NO6: C, 76.87%; H, 8.47%; N, 1.87%.
Found: C, 77.38%; H, 8.47%; N, 1.86%.

(R)-1-Methylheptyl
4’-{8-[4-(4-(4-hexylphenyl)-2,3-difluoro
octanoyloxy}biphenyl-4-carboxylate [(R)-IV-(6,7)]
1H

phenyl)]phenyloxy}

NMR (500 MHz, solvent CDCl3, standard TMS) δH/ppm: 8.09 (d, 2H, Ar-H, J = 8.1 Hz),
7.62 (d, 2H, Ar-H, J = 8.6 Hz), 7.61 (d, 2H, Ar-H, J = 8.6 Hz), 7.53-7.49 (m, 4H, Ar-H), 7.28 (d,
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2H, Ar-H, J = 8.1 Hz), 7.23-7.21 (m, 2H, Ar-H), 7.18 (d, 2H, Ar-H, J = 8.6 Hz), 6.99 (d, 2H, ArH, J = 8.6 Hz), 5.20-5.14 (m, 1H, -OCH(CH3)-), 4.03 (t, 2H, -OCH2-, J = 5.6 Hz), 2.66 (t, 2H, ArCH2-, J = 8.0 Hz), 2.60 (t, 2H, -OCOCH2-, J = 7.5 Hz), 1.87-1.28 (m, 28H, aliphatic-H), 1.35 (d,
3H, -OCH(CH3)-, J = 6.3 Hz), 0.90 (t, 3H, -CH3, J = 7.2 Hz), 0.88 (t, 3H, -CH3, J = 6.9 Hz); IR
(KBr) νmax/cm-1: 2931, 2855 (C-H str.), 1754, 1718 (C=O str.), 1613, 1527 (C=C str.). HPLC:
100%. Anal. Calcd. for C53H62F2O5: C, 77.91%; H, 7.65%. Found: C, 78.57%; H, 7.69%.
(S)-4-[4-(2-Methyloctanoyl)phenyl]phenyl
octanoate [(S)-V-(8,7)]

8-[4-(5-octylpyrimidin-2-yl)phenyloxy]

1H NMR (500 MHz, solvent CDCl3, standard TMS) δH/ppm: 8.57 (s, 2H, Ar-H), 8.35 (d, 2H,
Ar-H, J = 8.7 Hz), 8.02 (d, 2H, Ar-H, J = 8.5 Hz), 7.66 (d, 2H, Ar-H, J = 8.5 Hz), 7.62 (d, 2H,
Ar-H, J = 8.6 Hz), 7.19 (d, 2H, Ar-H, J = 8.6 Hz), 6.98 (d, 2H, Ar-H, J = 8.9 Hz), 4.04 (t, 2H, OCH2-, J = 6.6 Hz), 3.52-3.45 (m, 1H, -COCH(CH3)-), 2.60 (t, 2H, Ar-CH2-, J = 7.5 Hz), 2.59 (t,
2H, -OCOCH2-, J = 7.6 Hz), 1.87-1.77 (m, 6H, aliphatic-H), 1.68-1.24 (m, 26H, aliphatic-H),
1.21 (d, 3H, -OCH(CH3)-, J = 6.9 Hz), 0.88 (t, 6H, -CH3, J = 6.9 Hz); IR (KBr) νmax/cm-1: 2925,
22851 (C-H str.), 1748, 1674 (C=O str.), 1586, 1542 (C=C str.). HPLC: 100%. Anal. Calcd. for
C47H62N2O4: C, 78.51%; H, 8.69%; N, 3.90%. Found: C, 78.80%; H, 8.65%; N, 3.93%.

2.2 Physical properties
The initial phase assignments and corresponding transition temperatures for the final
products were determined using polarized optical microscopy (POM) with a polarizing
microscope (Optiphot-pol; Nikon Corp.) equipped with a hot stage (FP82; Mettler Inst.
Corp.) and a control processor (FP80; Mettler Inst. Corp.). The heating and cooling rates
were 5 °C min-1. Temperatures and enthalpies of transition were investigated using
differential scanning calorimetry (DSC, DSC6200; Seiko Instruments Inc.). The materials
were studied at a scanning rate of 5 °C min-1 after encapsulation in aluminium pans. The Xray diffraction (XRD) patterns of the powder samples on cooling processes were obtained
using a real-time X-ray diffractometer (D8 Discover; Bruker AXS GmbH). A sample was put
on a convex lens, which was placed in a custom-made temperature stabilized holder
(stability within ±0.1 °C). The textural observations were conducted using polarized light
microscopy with a CCD camera. The X-ray apparatus was equipped with a cross-coupled
Göbel mirror on a platform system with a two-dimensional position-sensitive proportional
counter (PSPC) detector (HI-Star; Bruker AXS GmbH). X-rays were generated at 40 kV and
40 mA; a parallel Cu Kα X-ray beam was used to irradiate the sample.
Electro-optical studies were conducted using commercially available evaluation cells (E. H.
C. Co., Ltd., Japan). The inner surfaces had been coated with a polyimide aligning agent and
had been buffed unidirectionally. The cells were made with 5 µm spacings. Switching
current and optical tilt angle across the temperatures of tilted smectic phases were measured
using standard electro-optic techniques (Goodby et al., 1991). The optical tilt angle was
determined by finding the extinction direction when an electric field was applied to the
specimen in increasing or decreasing steps. A Kikusui Electric Regulated DC Power Supply
was used to supply the d.c. field.

3. Results and discussion
We prepared a homologous series of the chiral dimesogenic compound and investigated the
effects of terminal chain, central spacer, core structure, and chiral moiety of the chiral
dimesogenic compound on appearance of the ferrielectric phase.
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Fig. 3. Synthetic scheme of compound (R)-I-(m,n).
3.1 Effects of the central spacer
We investigated effects of parity of the central spacer of the compounds on the phase
transition behaviour. Transition temperatures and associated entropy changes, ΔS/R for (R)I-(m,n) are listed in Table 1. The parity of the space is calculated as n (methylene number)
plus 3 (one carbon and two oxygens). Compounds (R)-I-(8,5) and (R)-I-(8,7) with the even-
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numbered spacer exhibited Ferro, Ferri-H, Ferri-L, and Anti phases, whereas compounds
(R)-I-(8,6) and (R)-I-(8,8) with the odd-numbered spacer showed Ferro, Ferri-L, Anti, chiral
smectic I (SmI*), and unidentified SmX phases. Furthermore, compound (R)-I-(8,6) showed
a SmC*α phase. The ferrielectric phases were distinguishable from the antiferroelectric or
ferroelectric phase under a polarized microscope because the characteristic texture with
constant motion as domains form, coalesce, and disappear was observed, as reported for
monomeric (Goodby et al., 1992) and dimeric materials (Nishiyama et al., 2001).

(R)-I-(8,n)
n

Cr

5

• 82.5

6

• 71.6

7

• 83.8

8

• 78.5

SmX

SmI*

[• 50.8
(0.49)

• 65.6
(-)

[• 69.3
(0.36)

• 72.0
(0.24)

Anti
[•78.8]
(0.55)
• 69.6]
(-)
•85.2
(0.76)
• 75.7
(-)

Ferri-L
• 114.3
(-)
• 73.6
(-)
• 98.5
(-)
• 76.3]
(-)

Ferri-H
• 126.5
(-)

• 111.8
(-)

Ferro
• 130.7
(5.37)
• 83.0
(-)
• 114.2
(6.34)
• 83.1
(6.71)

SmC*α

Iso
•

• 85.0
(5.11)

•
•
•

Table 1. Transition temperatures (°C) and ΔS/R (in parentheses) for (R)-I-(8,n). Square
brackets represent a monotropic transition.
Figure 4 depicts optical textures of SmC*α, Ferro, Ferri-L, Anti, SmI*, and SmX phases of (R)I-(8,6). The typical fan texture in planar alignment regions and dark texture attributable to
the short pitch helical structure in homeotropic regions were observed in the SmC*α phase
[Fig. 4(a)]. In the Ferri-L phase [Fig. 4(c)], a characteristic texture with vigorous constant
movement was observed. The constant motion in the Ferr-L phase was weaker than that in
Ferri-H phase. Upon cooling to the Anti phase, the homeotropic alignment exhibited a dark
texture and the constant movement was no longer present [Fig. 4(d)].
Figure 5 portrays a cooling thermogram of (R)-I-(8,6). Neither Ferro-to-Ferri-L nor the FerriL-to-Anti transition accompanied enthalpy change. In contrast, the Ferri-L-to-Anti transition
of (R)-I-(8,7) showed clear enthalpy change.
Odd–even effects were observed not only for the phase sequence but also for the Iso-Ferro
(or SmC*α) phase transition temperature. The transition temperatures of the even-numbered
series are higher than those of the odd-numbered series. However, it is noteworthy that
such an odd–even effect was not observed for the associated entropy changes. Typical liquid
crystal dimers show marked odd–even effects not only on the transition temperature but
also on the associated entropy changes. The effects on the entropy changes are interpreted as
follows (Imrie & Luckhurst, 1998). In the isotropic phase, approximately half the conformers
of an even-membered dimer are essentially linear; for an odd–membered dimer, only 10%
are linear. A synergy exists between conformation and orientational order. Therefore, many
of the bent conformers are converted to a linear form at the transition to the nematic phase
for even-membered dimers, which enhances the orientational order of the nematic phase,
engendering a larger nematic–isotropic entropy than would be expected for a monomer. For
odd-membered dimers, however, the difference in free energy between the bent and linear
conformers is such that the orientational order of the nematic phase is insufficient to convert
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bent into linear conformers. Consequently, the orientational order is not enhanced and a
smaller nematic-isotropic entropy is expected. In the present system, compound (R)-I-(8,8)
with an odd-numbered spacer has larger entropy change at the Iso-Ferro transition than
compound (R)-I-(8,7) with an even-numbered spacer. The unusually larger entropy change
for the odd-membered series reflects that not only the even-membered compounds but also
the odd-membered compounds exhibit the conformational change from bent to linear at the
Iso-to-Ferro (or SmC*α) transition. Therefore, both even-membered and odd-membered
compounds exist as linear conformers in their respective Ferro and Ferri phases.
(a) SmC*α (85.0 °C)

(b) Ferro (83.0 °C)

(d) Anti (65.6 °C)

(e) SmI* (62.9 °C)

(c) Ferri-L (72.0 °C)

(f) SmX (50.5 °C)

Fig. 4. Optical textures of (R)-I-(8,6) on a glass with a cover glass.

Fig. 5. Cooling DSC thermogram of (R)-I-(8,6) at a scanning rate of 5 °C min-1.
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Ferrielectric properties in the Ferri-L phase of compound (R)-I-(8,6) were studied using
measurements of the apparent tilt angle as a function of the applied voltage. Figure 6(a)
presents the applied voltage dependence of the apparent tilt angle in the Ferri-L phase.
When the applied voltage is increased, the apparent tilt angle increases and reaches a
saturated value corresponding to the electrically induced ferroelectric ordering via
characteristic multi-step change (Nishiyama et al., 2001). Figure 6(b) portrays the
temperature dependence of a saturated tilt angle corresponding to the electrically induced
ferroelectric state with an electric field of 8 V µm-1. The tilt angle increases concomitantly
with decreasing temperature in the Ferro and Ferri-L phases.
(a)

(b)

Fig. 6. (a) Applied voltage dependence of the apparent tilt angle in the Ferri-L phase of
compound (R)-I-(8,6) at 71 °C. The cell gap was 5 µm. (b) The saturated tilt angle as a
function of temperature, corresponding to the electrically induced ferroelectric state of (R)-I(8,6) with an electric field of 8 V µm-1. The cell gap was 5 µm.
Layer spacings in the Ferro and Ferri-L phases of compound (R)-I-(8,6) were investigated
using XRD measurements. A sharp peak was observed in the small angle region. Layer
spacings corresponding to the peak are 44.6 Å in the Ferro phase and 44.1 Å in the Ferri-L
phase. The molecular lengths were obtained from MOPAC as about 46 Å for a bent
conformer and 44 Å for a linear conformer. According to the larger transition entropy at the
Iso-to-SmC*α as discussed above, we assume that compound (R)-I-(8,6) forms a linear
conformation in the Ferro and Ferri phases. The Ferri-L phase of compound (R)-I-(8,6) is
thought to have a monolayer structure, as does that of (R)-I-(8,7).
Figure 7 shows the binary phase diagram between compounds (R)-I-(8,6) and (R)-I-(8,7).
The SmC*α phase disappears as increasing content of compound (R)-I-(8,7). It is particularly
interesting that the Ferro phase disappears between 50–75 mol% of compound (R)-I-(8,7),
and the direct transition from Iso to Ferri-H was observed. The Ferri-L phase of both
compounds proved to be miscible across the full composition range. Therefore, the Ferri-L
phase of compound (R)-I-(8,6) has the same structure as that of compound (R)-I-(8,7).
To summarize the effects of the central spacer on the appearance of the ferrielectric phases
of the chiral dimesogenic compound, the compounds possessing an even-numbered spacer
show both Ferri-H and Ferri-L phases with a wide temperature range, although the
compounds possessing an odd-numbered spacer show only a Ferri-L phase. Furthermore,
no significant difference was found in the electro-optical properties in the Ferri-L phase
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between even– and odd-membered series. Both even– and odd-membered compounds have
a monolayer structure in the smectic phases. Unusual entropy change observed at the IsoFerro or Iso-SmC*α of the odd-membered compounds indicates that they exist as a linear
conformer in the Ferro and Ferri-L phases.

Fig. 7. Binary phase diagram between compounds (R)-I-(8,6) and (R)-I-(8,7).
3.2 Effects of the terminal chain
We prepared compound (R)-I-(12,5) possessing a decyl chain instead of an octyl chain of
compound (R)-I-(8,5) and investigated its physical properties. Figure 8 depicts its molecular
structure and transition properties. Compound (R)-I-(12,5) shows Ferro, Ferri-H, Ferri-L,
and Anti phases, as does the corresponding compound (R)-I-(8,5). In addition to the phases,
an unidentifed SmX phase was observed for compound (R)-I-(12,5). The Iso-to-N and FerriL-to-Anti phase transition temperatures are almost identical among them. However,
compound (R)-I-(12,5) shows lower transition temperatures for the Ferro-to-Ferri-H and
Ferri-H-to-Ferri-L phase transition than compound (R)-I-(8,5) does. Increasing the terminal
chain length destabilizes both Ferri-H and Ferri-L phases. The terminal alkyl chain is
thought to play an important role in the interlayer interaction stabilizing the ferrielectric
phases.

(R)-I-(12,5): Cry 76.6 [SmX 60.8(0.36)] Anti 79.6(-) Ferri-L 87.1(-) Ferri-H 105.3(-) Ferro128.4(5.93) Iso

Fig. 8. Molecular structure, transition temperatures (°C) and ΔS/R for (R)-I-(12,5).
Recent reports describe that the octyloxy derivative (R)-II-(8,7) exhibits a direct Iso-to-FerriH transition (Noji & Yoshizawa, 2011). Figure 9 shows the molecular structure and the
transition properties. Compound (R)-II-(8,7) shows Ferro, Ferri-H, Ferri-L, Anti, and SmI*
phases. The temperature range of the enantiotropic ferrielectric phases was about 28 K.
According to a binary phase diagram between compounds (R)-II-(8,7) and (R)-I-(8,7), both
Ferri-H and Ferri-L phases of compound (R)-II-(8,7) present a similar structure to those of
compound (R)-I-(8,7). Comparing compound (R)-II-(8,7) with (R)-I-(8,7), the alkoxy tail
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substituted to the pyrimidine ring stabilizes the Ferri-L phase much more than the Ferri-H
phase.

(R)-II-(8,7): Cry 105.9 [SmI 92.0(4.77) Anti 95.8(0.64)]Ferri-L 126.0(-) Ferri-H 134.3(7.31) Iso

Fig. 9. Molecular structure, transition temperatures (°C) and ΔS/R for (R)-II-(8,7) (Noji &
Yoshizawa, 2011).
The wide temperature ranges of the ferrielectric phases enable observation of the switching
current in the Ferri-H phase [Fig. 10(a)] and that in the Ferri-L phase [Fig. 10(b)].
(a) Ferri-H phase

(b) Ferri-L phase

Fig. 10. Electrical response in switching current under triangular waves in (a) the Ferri-H
phase at 130 °C and (b) the Ferri-L phase at 110 °C of compound (R)-II-(8,7). The cell gap
was 5 µm. The voltage was changed from -50 V to +50 V at 1 Hz (Noji & Yoshizawa, 2011).
Two asymmetric peaks in the Ferri-H phase suggest that switching between two
ferroelectric states occurs via one intermediate state. Figure 11 shows a schematic model for
the switching behaviour assuming that the intermediate state has four-layer periodicity.

Fig. 11. Schematic model for electrical switching behaviour in the Ferri-H phase.
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With respect to the Ferri-L phase, its three asymmetric peaks suggest that switching between
two ferroelectric states occurs via two intermediate states. Figure 12 shows a model for the
switching behaviour assuming that the intermediate state has three-layer periodicity.

Fig. 12. Schematic model for electrical switching behaviour in the Ferri-L phase.
Asymmetric switching was observed in both the Ferri-H and Ferri-L phases. We have no
explanation for the asymmetric switching. It is possible that the Ferri-H and Ferri-L phases
have a more complex periodicity.
A ferrielectric phase normally arises at the lower temperature end of the ferroelectric
smectic C phase. A direct transition is unusual. The introduction of the alkoxy tail to the
chiral oligomeric system produces marked stability of the ferrielectric phases.
3.3 Effects of the mesogenic core structure
We introduced a phenylpyridine core or a 2,3-difluro-1,4-diphenylbenzene core into the
chiral oligomeric system instead of a phenylpyrimidine core and investigated the liquidcrystalline properties. Figure 13 shows the molecular structure and phase transition
properties of compound (R)-III-(8,7) possessing a phenylpyridine core with greater tilt
ability than that of a phenylpyridine core.

(R)-III-(8,7): Cry 108.7 Anti 122.7(1.72) Ferri-L 125.0(-)Ferri-H 134.7 Ferro 139.3(7.24) Iso

Fig. 13. Molecular structure, transition temperatures (°C) and ΔS/R for (R)-III-(8,7).
Figure 14 depicts optical textures of Ferro, Ferri-H, Ferri-L, and Anti phases of (R)-III-(8,7).
Ferro-to-Ferri-H and Ferri-H-to-Ferri-L transition temperatures of compound (R)-III-(8,7)
are almost identical as those of compound (R)-II-(8,7), suggesting that no significant
difference exists in stability of the ferrielectric phases between those compounds. However,
the Ferro phase appears in compound (R)-III-(8,7). Furthermore, the Ferri-L-to-Anti phase
transition temperature of compound (R)-III-(8,7) is much higher than that of compound (R)-
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II-(8,7). Therefore, the temperature ranges of the ferrielectric phases of compound (R)-III(8,7) are narrower than that of compound (R)-II-(8,7).
(a) Ferro (130.7 °C)

(b) Ferri-H (130.0 °C)

(c) Ferri-L (123.9 °C)

(d) Anti (83.3 °C)

Fig. 14. Optical textures of (R)-III-(8,7) on a glass with a cover glass.
Figure 15 shows molecular structure and phase transition properties of compound (R)-IV(6,7) possessing a 2,3-difluro-1,4-diphenylbenzene core that stabilizes a nematic phase.

(R)-IV-(6,7): Cry 108.2 [SmX 79.5 (1.36) Anti 95.3 (-)] Ferro 111.0 (-) SmA 156.9 (4.66) Iso

Fig. 15. Molecular structure, transition temperatures (°C) and ΔS/R for (R)-IV-(6,7).
Compound (R)-IV-(6,7) exhibited smectic A, Ferro, Anti, and unidentified SmX phases. No
ferrielectric phase was observed.
A phenylpyridine core having larger tilting ability than a phenylpyrimidine core enhances
the stability of the Ferro and Anti phases; however, it does not affect that of the
ferrielectric phases. Intermolecular tilting interactions between adjacent mesogenic units
make no large contribution to the stability of the ferrielectric phases. A 2,3-difluro-1,4diphenylbenzene core making the mesogenic units to align along the director induces a
SmA phase but eliminates both of the Ferri-H and Ferri-L phases. A phase sequence of
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SmA-Ferro-Ferri is often observed for some monomeric chiral compounds. However, the
ferrielectric phases of the present chiral oligomeric system are thought unlikely to coexist
with a SmA phase.
3.4 Effects of chirality
The appearance of ferrielectric phases is known to be highly dependent on the optical purity
of the system. Actually, ferrielectric phases are seen only in high enantiomer excess areas.
We reported that ferrielectric-like ordering was observed in a racemic mixture of (R)-I-(8,7)
and its enantiomer (Noji at al., 2009). Figure 16 depicts a binary phase diagram for mixtures
of (S)-I-(8,7) and (R)-I-(8,7). Stabilities of both the ferroelectric and antiferroelectric phases
were independent of the optical purity. The Ferro-to-Ferri-H transition temperature
decreases concomitantly with decreasing optical purity, although the Ferri-H-to-Ferri-L
transition temperature increases slightly and then decreases concomitantly with
decreasing optical purity. Surprisingly, the Ferri-L phase does not disappear with
decreasing optical purity close to 0% enantiomer excess. The results indicate that a
ferrielectric phase appears in a system with a low degree of chirality, and ferrielectric-like
ordering exists in the racemic mixture.

Fig. 16. Binary phase diagram for mixtures of (S)-I-(8,7) and (R)-I-(8,7) (Noji et al., 2009).
We prepared compound (S)-V-(8,7) possessing a (S)-2-methylalkanoyl group as the chiral
structure. A ferroelectric liquid crystal possessing a 2-methylalkanoyl group gives usually
larger spontaneous polarization in the ferroelectric SmC* phase than that possessing a 1methylheptyl carboxylate group (Yoshizawa et al. 1989). Therefore, compound (S)-V-(8,7) is
thought to have a higher degree of chirality than (R)-I-(8,7) has. Figure 17 presents the
molecular structure and phase transition properties of compound (S)-V-(8,7).

(S)-V-(8,7): Cry 95.1 [SmX 91.8 (1.09)] Anti 109.5 (-) Ferro 115.5 (6.10) Iso

Fig. 17. Molecular structure, transition temperatures (°C) and ΔS/R for (S)-V-(8,7).
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Compound (S)-V-(8,7) exhibited Ferro and Anti phases without accompanying any
ferrielectric phase. Comparing transition temperatures of compound (S)-V-(8,7) with
those of compound (R)-I-(8,7), the Iso-to-Ferro transition temperature of (S)-V-(8,7) is
almost identical to that of (R)-I-(8,7), whereas the Ferro-to-Anti transition temperature of
(S)-V-(8,7) is much higher than the Ferri-L-to-Anti transition temperature of (R)-I-(8,7).
The disappearance of a ferrielectric phase for (S)-V-(8,7) is attributed to the higher
stability of the Anti phase of (S)-V-(8,7). Furthermore, significant difference exhists in the
molecular shape between compounds (R)-I-(8,7) and (S)-V-(8,7). Figure 18 presents
MOPAC models for those compounds. The 2-methyloctanoyl group has a bent structure
because of the keto carbon, as presented in Fig. 18(b). The inclined structure between the
core and the alkyl chain disturbs the interlayer interaction related to the appearance of the
ferrielectric phase.
(a)

(b)

Fig. 18. MOPAC models for (a) (R)-I-(8,7) and (b) (S)-V-(8,7).
3.5 Origin for stabilizing the ferrielectric phases
Electrical response studies of compound (R)-II-(8,7) reveal that the Ferri-H and Ferri-L
phases respectively have a four-layer periodicity as SmC*A(1/2) and a thee-layer periodicity
as SmC*A(1/3). We discuss the origin for stabilizing the ferrielectric phases in terms of
preorganization and interlayer interaction, and show molecular organization models for the
ferrielectric phases.
3.5.1 Preorganized effects
According to the XRD measurements, both the Ferri-H and Ferri-L phases have a
monolayer structure. Comparison of tilt angles determined by POM with those
determined by XRD of (R)-I-(8,7) reveals that the tilt of the mesogenic units is greater than
that of the long axis (Noji et al., 2009). The dimesogenic system has an inherent tilt within
the molecule. The two mesogenic units are connected via a central spacer. Assuming that
all trans conformation for the spacer, then compounds (R)-I-(8,n) possessing an evennumbered spacer can form a linear conformation with two coparallel mesogenic units, as
presented in Fig. 19(a). Optical tilt angles in the Ferro, Ferri-H, Ferri-L, and Anti phases of
these compounds are attributed to the tilt of the mesogenic units with respect to the layer
normal. However, compounds (R)-I-(8,n) possessing an odd-numbered spacer are
thought to form a bent conformation in which two mesogenic units are inclined with
respect to each other. The unusual large entropy change at the Iso-Ferro (or SmC*)
suggests that the conformational change from bent to linear occurs at the phase transition.
In the Ferri-L phase of the odd-members, the molecules are thought to exist as a linear
conformer in which two mesogenic units are coparallel, as presented in Fig. 19(b).
Therefore, both even– and odd-membered compounds have two mesogenic units tilted
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with respect to the long axis in their smectic phases. The inherent tilt within a single
molecule can stabilize the ferrielectric phases. However, it might disturb the appearance
of a smectic A phase for these ferrielectric compounds.
(a)

(b)

Fig. 19. Linear conformations for (a) the even-member (R)-I-(8,7) and (b) the odd-member
(R)-I-(8,6).
3.5.2 Interlayer interactions
It is generally accepted that the appearance of a ferrielectric phase is explained in terms of
macroscopic chirality, i.e. helicity or spontaneous polarization. In this system, the Ferri-H
phase is destabilized by decreasing optical purity. However, the macroscopic chirality does
not affect the stability of the Ferri-L phase. Another model is necessary to explain the
stabilization of the ferrielectric phase. We infer interlayer interactions among the
preorganized molecules in adjacent layers via chiral recognition to discuss the stability of
the Ferri-L phase. Interlayer interactions are known to govern tilt– and helical-correlation
between molecules in adjacent layers (Yoshizawa et al., 1995; Yoshizawa & Nishiyama,
1995). Two molecular arrangements for the chiral interaction exist as presented in Fig. 20.
One is a parallel twin ordering in which two oligomer units are coparallel, thereby inducing

(b)

*

(a)

*

Synclinic

Anticlinic
*

*

Fig. 20. Schematic sketches for (a) parallel twin ordering and (b) bent twin ordering via
chiral interaction.
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synclinic ordering. The other is a bent twin ordering in which they are inclined with respect
to each other, inducing anticlinic ordering. The alkoxy tail substituted to the pyrimidine ring
stabilizes the Ferri-L phase much more than the Ferri-H phase. Introduction of the alkoxy
tail is thought to enhance the electrostatic dipole-quadrupole interaction and to stabilize the
Ferri-L phase. The chiral dimeric system can induce favourable positional correlation among
molecules in adjacent layers.
3.5.3 Molecular organization model
According to the theoretical study (Emelyanenko & Osipov 2003), ferrielectric phases are
stabilized by two factors:
1. chirality-dependent direct polarization coupling between adjacent layers; and
2. electrostatic dipole-quadrupole interaction between positionally correlated molecules in
adjacent layers.
Furthermore, our experimentally obtained results indicate that interlayer interaction via
chiral recognition between preorganized molecules in adjacent layers is important for
stabilization of the ferrielectric phases of the present dimesogenic system.
Figure 21 shows models for molecular organization in the Ferro, Ferri-H, Ferri-L, and Anti
phases of the chiral system. A circle or cross is inserted at each interlayer region. Circles

Fig. 21. Possible models for molecular organization in the Ferro, Ferri-H, Ferri-L, and Anti
phases of the chiral system. The spontaneous polarization direction is indicated by arrows
into or out of the page; the tilt direction is shown by solid lines. Open circles represent
synclinic ordering in adjacent layers; crosses represent anticlinic ordering. The elliptical
shapes represent mesogenic units within the molecules (Noji et al., 2009).
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represent synclinic ordering in adjacent layers and crosses represent anticlinic ordering.
In the Ferro phase, the tilt direction in each layer is the same between adjacent layers and
polarization has the same direction. The Ferro phase consists of parallel twin orderings. In
the Ferri-H phase, the two successive layers of the four periodic layers have the same tilt
and polarization directions, whereas the other two layers have alternative ones. Such is
the case for SmC*A(1/2). The sequence of bent-parallel-bent-parallel-bent for the twin
ordering is apparent at five nodes in the periodic four layers. The Ferri-H phase is
destabilized by decreasing optical purity. Direct Iso-to-Ferri-H phase transition was
observed for (R)-II-(8,7) possessing an alkoxy tail. These results suggest that chiralitydependent direct polarization coupling between adjacent layers is playing an important
role in the stabilization of the Ferri-H phase. In the Ferr-L phase, two layers of the
periodic three layers have the same tilt and polarization directions, although the other
layer has alternative ones. Such is the case for SmC*A(1/3). The sequence of parallel-bentbent-parallel is apparent at four nodes in the periodic three layers. The stability of the
Ferri-L phase was unaffected by macroscopic chirality. However, introduction of an
alkoxy tail instead of an alkyl tail stabilizes the Ferri-L phase. Stabilization of the Ferri-L
phase might therefore be governed by electrostatic dipole-quadrupole interaction in
addition to microscopic chiral recognition. In the Anti phase, tilt and polarization
directions are alternated between adjacent layers. The antiferroelectric phase consists of
bent twin orderings.
With respect to the dimesogenic compounds with an odd-numbered spacer, many of bent
conformers are converted to a linear form at the transition to the liquid-crystalline phase.
This conversion accompanies a trans to gauche conformational change for some methylene
units in the spacer. The orientational order organized by the interlayer interactions of the
present frustrated phases is enhanced by the energetically unfavourable conversion.

4. Conclusion
We prepared a homologous series of chiral dimesogenic compounds and investigated
their structure-property relations. The dimesogenic compounds possessing an evennumbered spacer show the Ferri-H and Ferri-L phases, whereas those possessing an oddnumbered spacer show the Ferri-L phase. The Ferri-H and Ferri-L phases were found to
have a four-layer periodicity as SmC*A(1/2) and a three-layer periodicity as SmC*A(1/3),
respectively. Large entropy changes at the Iso-to-Ferro phase transition were observed not
only for the even-members but also for the odd-members, indicating that both members
form a linear shape in which two mesogenic units are coparallel mutually in their
ferrielecetric phases. Therefore, they have a preorganized structure in which an inherent
tilt exists. The Ferri-H phase is destabilized by decreasing optical purity. However, the
stability of the Ferri-L phase is unaffected by optical purity. Significant differences were
found in chiral effect on the stabilization of a ferrielectric phase between Ferri-H and
Ferri-L phases. Chirality-dependent direct polarization between adjacent layers is playing
an important role in the stabilization of the Ferri-H phase. The stability of the Ferri-L
phase is governed by interlayer interaction via microscopic chiral recognition between the
preorganized molecules in adjacent layers. Furthermore, the induced positional
correlation between molecules in adjacent layers can enhance interlayer dipole–
quadrupole interaction to stabilize the Ferri-L phase. Our findings yield fundamental
insights into the nature of long-range interaction producing clinicity in ferroelectric liquid
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crystals in addition to a new approach to molecular design for supermolecules exhibiting
a hierarchical phase structure.
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1. Introduction
For years there is a substantial interest on impact of disorder on condensed matter structural
properties (Imry & Ma, 1975) (Bellini, Buscaglia, & Chiccoli, 2000) (Cleaver, Kralj, Sluckin, &
Allen, 1996). Pioneering studies have been carried out in magnetic materials (Imry & Ma,
1975). In such system it has been shown that even relatively weak random perturbations
could give rise to substantial degree of disorder. The main reason behind this extreme
susceptibility is the existence of the Goldstone mode in the continuum field describing the
orienational ordering of the system. This fluctuation mode appears unavoidably due to
continuous symmetry breaking nature of the phase transition via which a lower symmetry
magnetic phase was reached. For example, the Imry Ma theorem (Imry & Ma, 1975), one of
the pillars of the statistical mechanics of disorder, claims, that even arbitrary weak random
field type disorder could destroy long range ordering of the unperturbed phase and replace
it with a short range order (SRO). Note that this theorem is still disputable because some
studies claim that instead of SRO a quasi long order could be established (Cleaver, Kralj,
Sluckin, & Allen, 1996).
During last decades several studies on disorder have been carried out in different liquid
crystal phases (LC) (Oxford University, 1996), which are typical soft matter representatives.
These phases owe their softness to continuous symmetry breaking phase transitions via
which these phases are reached on lowering the symmetry. In these systems disorder has
been typically introduced either by confining soft materials to various porous matrices (e.g.,
aerogels (Bellini, Clark, & Muzny, 1992), Russian glasses (Aliev & Breganov, 1989), Vycor
glass (Jin & Finotello, 2001), Control Pore Glasses (Kralj, et al., 2007) or by mixing them with
different particles (Bellini, Radzihovsky, Toner, & Clark, 2001) (Hourri, Bose, & Thoen, 2001)
of nm (nanoparticles) or micrometer (colloids) dimensions. It has been shown that the
impact of disorder could be dominant in some measured quantities. In particular the
validity of Imry-Ma theorem in LC-aerosil mixtures was proven (Bellini, Buscaglia, &
Chiccoli, 2000).
In our contribution we show that binary mixtures of LC and rod-like nanoparticles (NPs)
could also exhibit random field-type behavior if concentration p of NPs is in adequate
regime. Consequently, such systems could be potentially exploited as memory devices. The
plan of the contribution is as follows. In Sec. II we present the semi-microscopic model used
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to study structural properties of LCs perturbed by NPs. We express the interaction potential,
simulation method and measured quantities. In Sec. III the results of our simulations are
presented. We calculate percolation characteristics of systems of our interest. Then we first
study examples where LC is perturbed by quenched random field-type interactions. We
analyze behavior i) in the absence of an external ordering field B, ii) in presence of B, and iii)
B induced memory effects. Afterwards we demonstrate conditions for which LC-NP
mixtures effectively behave like a random field-type system.

2. Model
2.1 Interaction potential
We consider a bicomponent mixture of liquid crystals (LCs) and anisotropic nanoparticles
(NPs). A lattice-spin type model (Lebwohl & Lasher, 1972) (Romano, 2002) (Bradač, Kralj,
Svetec, & Zumer, 2003) is used where the lattice points form a three dimensional cubic
lattice with the lattice constant a0 . The number of sites equals N3, where we typically set

N = 80. The NPs are randomly distributed within the lattice with probability p (For p = 1 all
the sites are occupied by NPs).
JG
JG
LocalJJG
orientation of a LC molecule or a nanoparticle at a site ri is given by unit vectors si
and mi , respectively. We henceforth refer to these quantities as nematic and NP spins. We
take into account
the head-to-tail invariance of LC molecules (De Gennes
& Prost, 1993), i.e.,
JG
JG
the states ± si are equivalent. It is tempting to identify the quantity si with the local nematic
director which appears inJJGcontinuum theories. We allow NPs to be ferromagnetic or
ferroelectric. In these cases mi points along the corresponding dipole orientation. Also
JJG other
sources of NP anisotropy are encompassed within the model. For example, mi might
simulate a local topological dipole consisting of pair defect-antidefect.
The interaction energy W of the system is given by (Lebwohl & Lasher, 1972) (Romano,
2002) (Bradač, Kralj, Svetec, & Zumer, 2003)

W =−

∑J
ij

JG JJG 2
⋅s j ) −

( LC )
(si
ij

∑J
ij

JJG JJJG
⋅m j −

( NP )
mi
ij

JG JJJG

JG JJG

JJG JJG

∑ w (s ⋅m ) − ∑ χ B (s ⋅e ) − ∑ Bm ⋅e
ij

ij

i

j

2

B

i

2

i

B

2

i

B

(1)

i

The constants J ij( LC ) , J ij( NP ) , and wij describe pairwise coupling strengths LC-LC, NP-NP,
and LC-NP, respectively. The last Jtwo
terms
take into
G
JJG
JJG account a presence of homogeneous
external electric or magnetic field B = BeB , where eB is a unit vector; the B2 term acts on
nematic spins while linear B term acts on magnetic spins.
Only first neighbor interactions are considered. Therefore J ij( LC ) , J ij( NP ) , and wij are different
from zero only if i and j denote neighbouring molecules. The Lebwohl Lasher-type term
describes interaction among LC molecules, where J ij( LC ) = J > 0 . Therefore, a pair of LC
molecules tend to orient either parallel or antiparallel. The coupling between neighboring
NPs is determined with J ij( NP ) = J NP > 0 which enforces parallel orientation. On the contrary,
neighboring LC-NP pairs tend to be aligned perpendicularly by the interaction strength
wij = w < 0.
We also consider the case when the anisotropic particles act as a random field. For this
purpose we use the interaction potential (Bellini, Buscaglia, & Chiccoli, 2000) (Romano,
2002).
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JG JG
JG JG
JG JJG
W ( RAN ) = −∑ J ij( LC ) (si ⋅s j )2 − ∑ wi (si ⋅ei )2 − ∑ B2 (si ⋅eB )2
ij

i

i
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(2)

The first LC-LC ordering term is already described above. In the second term the quantity wi
plays the role of a local quenched field. LC molecules are occupying all the lattice sites and
only a fraction p of them experiences the quenched random field. These ”occupied” sites are
chosen randomly.
JG In the cases wi = w > 0 or w < 0 the random field tends to alignJGLC
molecules along ei or perpendicular to it, respectively. The direction of the unit vector ei is
chosen randomly and is distributed uniformly on the surface of a sphere.
In all subsequent work, distances are scaled with respect to a0 and interaction energies are
measured with respect to J (i.e., J = 1).
2.2 Simulation method
Each site is enumerated with three indices: p, q, r, where 1 ≤ p ≤ N , 1 ≤ q ≤ N , 1 ≤ r ≤ N .
The equilibrium director configuration is obtained by minimizing the total interaction
energy with respect to all the directors by taking into account the normalization condition
G 2
n pqr = 1 . The resulting potential to be mimimized reads W * = ∑ Wpqr * , where
pqr

G 2
Wpqr * = λpqr ( n pqr − 1) + Wpqr ,

(3)

and λpqr are Lagrange multipliers. We minimize the potential W * and obtain the following
set of N 3 equations which are solved numerically. We give here the corresponding
equations just for the free energy given in Eq. (2).
JG G

∑ g( n

p 'q 'r '

pqr

G
JG G G
JG G G
, n p ' q ' r ' ) + wpqr g( n pqr , e pqr ) + B2 g( n pqr , e B ) = 0 ,

(4)

JG
where the vector function g is defined as
JG G G
G G G
G G G
g( v1 , v 2 ) = ( v1 ⋅ v 2 ) ⎡⎣ v 2 − ( v1 ⋅ v 2 )v1 ⎤⎦ .

(5)

The system of Eq. (4) is solved by relaxation method which has been proved fast and
reliable. We used periodic boundary conditions for spins at the cell boundaries, for instance,
the “right” neighbor of the spin with indices (N, q, r) is the spin with indices (1, q, r), and
similarly in other boundaries.
2.3 Calculated parameters
In simulations we either originate from randomly distributed orientations of directors, or
from homogeneously aligned samples along a symmetry breaking
JJG direction. In the latter
case the directors are initially homogeneously aligned along ex . We henceforth refer to
these cases as the i) random and ii) homogeneous case, respectively. The i) random case can be
experimentally realized by quenching the system from the isotropic phase to the ordered
phase without an external field (i.e., B = 0). This can be achieved either via a sudden
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decrease of temperature or sudden increase of pressure. ii) The homogeneous
case can be
JG
realized by applying first a strong homogeneous external field B along a symmetry
breaking direction. After a complete alignment is achieved the field is switched off.
In order to diminish the influence of statistical variations we carry out several simulations
(typically Nrep ~ 10) for a given set of parameters (i.e., w, p and a chosen initial condition).
From obtained configurations of directors we calculate the orientational correlation function
G(r). It measures orientational correlation of directors as a function of their mutual
separation r. We define it as (Cvetko, Ambrozic, & Kralj, 2009)
G( r ) =

JG JG
1
3 si ⋅ s j
2

(

)

2

−1

(6)

The brackets ... denote the average over all lattice sites that are separated for a distance r.
If the directors are completely correlated (i.e. homogeneously aligned along a symmetry
breaking direction) it follows G(r) = 1. On the other hand G(r) = 0 reflects completely
uncorrelated directors. Since each director is parallel with itself, it holds G(0) = 1. The
correlation function is a decreasing functionGof the distance r. We performed several tests to
verify the isotropic character of G(r) , i.e. G(r ) = G(r ) .
In order to obtain structural details from a calculated G(r) dependence we fit it with the
ansatz (Cvetko, Ambrozic, & Kralj, 2009)
m
− r /ξ
G (r ) = (1 − s) e ( ) + s

(7)

where the ξ, m, and s are adjustable parameters. In simulations distances are scaled with
respect to a0 (the nearest neighbour distance). The quantity ξ estimates the average domain
length (the coherence length) of the system. Over this length the nematic spins are relatively
well correlated. The distribution width of ξ values is measured by m. Dominance of a single
coherence length in the system is signalled by m = 1. A magnitude and system size
dependence of s reveals the degree of ordering within the system. The case s = 0 indicates
the short range order (SRO). A finite value of s reveals either the long range order (LRO) or
quasi long range order (QLRO). To distinguish between these two cases a finite size analysis
s(N) must be carried out. If s(N) saturates at a finite value the system exhibits LRO. If s(N)
dependence exhibits algebraic dependence on N the system possesses QLRO (Cvetko,
Ambrozic, & Kralj, 2009).
Note that the external ordering field (B) and NPs could introduce additional characteristic
scales into the system. The relative strength of elastic and external ordering field
contribution is measured by the external field extrapolation length (De Gennes & Prost,
1993) ξ B ~ J B . In the case of ordered LC-substrate interfaces the relative importance of
surface anchoring term is measured by the surface extrapolation length (De Gennes & Prost,
1993) de ~ J w . The external ordering field is expected to override the surface anchoring
tendency in the limit de ξ B >> 1 . However, if LC-substrate interfaces introduce a disorder
into the system, then instead of de the so called Imry-Ma scale ξIM characterizes the ordering
of the system. It expresses the relative importance of the elastic ordering and local surface
term. It roughly holds (Imri & Ma, 1975):
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2

d−4
ξ IM ∝ wdis

(8)

where wdis ∝ w measures the disorder strength. Parameter d in the exponent of Eq. (8)
−2
.
denotes the dimensionality of physical system: in our case d = 3, thus ξ IM ∝ wdis

3. Results
3.1 Percolation
One expects that systems might show qualitatively different behaviour above and below the
percolation threshold p = pc of impurities. For this reason we first analyze the percolation
behaviour of 3D systems for typical cell dimensions implemented in our simulations.
On increasing the concentration p of impurities a percolation threshold is reached at p = pc.
This is well manifested in the P(p) dependence shown in Fig. 1, where P stands for the
probability that there exists a connected path of impurity sites between the bottom and
upper (or left and right) side of the simulation cell. In the thermodynamic limit N → ∞ the
P(p) dependence displays a phase transition type of behaviour, where P plays the role of
order parameter, i.e., P(p > pc) = 1 and P(p < pc) = 0. For a finite simulation cell a
pretransitional tail appears below pc, and at p ~ 0.30 the P(p) steepness decreases with
decreasing N. In simulations we use large enough values of N, so that finite size effects are
negligible.

1,0

0,8

0,6

P
0,4

0,2

0,0
0,0

0,2

0,4

0,6

0,8

1,0

p
Fig. 1. The percolation probability P as a function of p and system size N3. For a finite value
of N the percolation threshold (p = pc) is defined as the point where P = 0.5. We obtain
pc ~ 0.3 roughly irrespective of the system size. (∆) N = 60; (○) N = 80.
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3.2 Structural properties in absence of external fields
We first consider the case where LC is perturbed by random field. Therefore LC
configurations are solved by minimizing potential given by Eq. (2).
In Fig. 2 we plot typical correlation functions for the random and homogeneous initial
conditions. One sees that in the random case correlations vanish for r  ξ (i.e., s = 0) which
is characteristic for SRO. On the contrary G(r) dependencies obtained from homogeneous
initial condition yield s > 0.
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0,7
0,6

G

0,5
0,4
0,3
0,2
0,1
0,0

0

15
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45

60
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90

r/a0

Fig. 2. G(r) for p > pc and p < pc for the homogeneous and random case, B = 0, w = 3, pc ~ 0.3,
N = 80. (•) p = 0.2, homogeneous; (▲) p = 0.7, homogeneous; (○) p = 0.2, random; (∆) p = 0.7,
random.
More structural details as p is varied for a relatively weak anchoring (w = 3) are given in Fig.
3. By fitting simulation results with Eq. (7) we obtained ξ(p), m(p) and s(p) dependences that
are shown in Fig. 3. One of the key results is that values of ξ strongly depend on the history
of systems for a weak enough anchoring strength w. A typical domain size is larger if one
originates from the homogeneous initial configuration. We obtained a scaling relation
between ξ and p, which is again history dependent. We obtain ξ ∝ p −0.92 ± 0.03 for the
homogeneous case and ξ ∝ p −0.95 ± 0.02 for the random case.
Information on distribution of domain coherence lengths about their mean value ξ is given
in Fig. 3b where we plot m(p). For the homogeneous case we obtain m ~ 0.95, and for the
random case m ~ 1.17. A larger value of m for the random case signals broader distribution of
domain coherence length values in comparison with the homogeneous case. Our simulations
do not reveal any systematic changes in m as p is varied. Note that values of m are strongly
scattered because structural details of G(r) are relatively weakly m-dependent.
In Fig. 3c we plot s(p). In the random case we obtain
s = 0 for any p. Therefore, if one starts
JG
from isotropically distributed orientations of si , then final configurations exhibit SRO. In
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the homogeneous case s gradually decreases with p, but remains finite for the chosen
anchoring strength (w = 3).
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Fig. 3. Structural characteristics as p is varied for B = 0 and w = 3. a) ξ(p), b) m(p), c) s(p).
(▲) homogeneous, (∆) random. Lines denote the fits to power law.
For two concentrations we carried out finite size analysis, which is shown in Fig. 4. One sees
that s(N) dependencies saturate at a finite value of s, which is a signature of long-range
order. We carry out simulations up to values N = 140.
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N
Fig. 4. Finite size analysis s(N) for p < pc and p > pc for the homogeneous case; B = 0, w = 3,
(∆) p = 0.2; (○) p = 0.7. Lines denote average values of s.
We now examine the ξ(w) dependence. The Imry-Ma (Imry & Ma, 1975) theorem makes a
specific prediction that this obeys the universal scaling law in Eq. (8): ξ ∝ w −2 holds for
d = 3. We have analyzed results for p = 0.3, p = 0.5, and p = 0.7, using both random and
homogeneous initial configurations and we fitted results with

ξ = ξ 0 w −γ + ξ ∞

(9)

We expect that even in the strong anchoring limit, the finite size of the simulation cells will
induce a non-zero coherence length. The fit with Eq. (9) shows Imry-Ma behavior at low w
only for cases where we originate from random initial configurations. The fitting parameters
for some calculations are summarized in Table 1.

Initial condition

p

γ

ξ0

ξ∞

r (random)

0.3

2.11±0.33

62±17

1.38±0.57

r (random)

0.5

1.97±0.19

37±4

0.35±0.32

r (random)

0.7

2.20±0.32

36±7

0.00±0.36

h (homogeneus)

0.3

3.29±0.23

297±60

0.90±0.28

h (homogeneus)

0.5

3.29±0.13

159±14

0.80±0.15

h (homogeneus)

0.7

3.15±0.26

99±18

0.50±0.22

Table 1. Values of fitting parameters defined by Eq. (9) for representative simulation runs.
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Fig. 5. ξ(w) variations for different initial configurations for N = 80. Imry-Ma theorem is
obeyed only for the random initial configuration.
3.3 External field effect
We next include external field B and still consider system described by interactional
potential given by Eq. (2). A typical G(r)dependence is shown in Fig. 6 where we see the
impact of B. We plot G(r) for both homogeneous and random initial configuration in the
presence of external field and without it. For B = 0 it holds ξ(hom) > ξ(ran) , where superscripts
(hom) and (ran) denote correlation lengths in samples with homogeneous and random initial
configurations, respectively. The reasons behind this are stronger elastic frustrations in the
latter case (denotation random samples). Furthermore, ξ(ran) roughly obeys the Imry-Ma
scaling for low enough external fields (i.e. ξ(ran) < < ξB where ξ B ~ J B ), suggesting
ξ(ran) ~ ξIM. The presence of B becomes apparent when ξB < ξIM, which is shown in Fig. 6.
In Fig. 6 we see that the presence of external field can enforce a finite value of s also in
random samples.
In Fig. 7 we plot ξ as a function of 1/B for both homogeneous and random samples. For strong
enough magnetic fields one expects ξ ~ ξB ∝ 1 B . On the other hand for a weak enough B
the value of ξ is dominantly influenced by the disorder strength. Indeed, we observe a
crossover behavior in ξ(B) dependence on varying B. The crossover between two
qualitatively different regimes roughly takes place at the crossover field Bc. We define it as
the field below which the difference between ξ(ran) and ξ(hom) is apparent. Below Bc the
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disordered regime takes place, where ξ exhibits weak dependence on B, i.e. ξ ~ ξIM. Above Bc
the ordered regime exists, where ξ ~ ξB ∝ 1 B . Therefore, for B > Bc it holds ξ(ran) ~ ξ(hom) ~ ξB
and in the random regime one observes ξ(hom) > ξ(ran) ~ ξIM.

Fig. 6. The orientational correlation function as a function of separation r between LC
molecules. In random samples G(r) vanishes for large enough values of r for B = 0 while in
homogeneus samples it could saturate at a finite plateau (if p or w are low enough). For B > 0 a
finite plateau can be observed also in random samples. Parameters: p = 0.3, w = 2.5.
The corresponding s(B) dependence is shown in Fig. 8. As expected s monotonously
increases on increasing B, because the external field tends to increase the degree of ordering.
Note that in random samples s(B = 0) = 0 and the presence of B gives rise to s > 0.
In Fig. 9 we show m(B) dependence. For weak enough fields (B < < Bc) one typically
observes m(ran) > m(hom) ≈ 1. Therefore, in random samples we have larger dispersion of ξ
values than in homogeneous samples. With the increasing external field both m(ran) and m(hom)
asymptotically approach the value m = 1. In the latter case the distribution of ξ vales is
sharply centered at ξ ~ ξB.
The crossover field Bc as a function of p is shown in Fig. 10. Indicated lines roughly separate
ergodic (B > Bc) and nonergodic regimes (B < Bc). With increasing p one the degree of
frustration within the system increases. Consequently larger values of B are needed to erase
disorders induced memory effects.
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Fig. 7. Correlation length ξ as a function of 1/B for homogeneous and random samples for three
different concentrations of impurities. The ξ(B) dependence displays a crossover between the
disordered and ordered regime. The disordered regimes extends at (B > Bc), where ξ(hom) > ξ(ran). In
the ordered regime (B < Bc) one observes ξ(ran) ~ ξ(hom) ~ ξB. Parameters: w = 2.5, N = 100.
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Fig. 8. The s(B) dependence for homogeneous and random samples for two different p. For
s(B = 0) we obtain s(ran) = 0. In the disordered regime it holds s(hom) > s(ran) and s(hom) ~ s(ran) in
the ordered regime. Parameters: w = 2.5, N = 100.
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Fig. 9. The m(B) dependence for homogeneous and random samples for two different p. In the
disordered regime it holds m(ran) > m(hom) ≈ 1. In the ordered regime we obtain m(ran) ~ m(hom)
which asymptotically approach one on increasing B. Parameters: w = 2.5, N = 100.
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Fig. 10. The crossover field Bc on varying p. Indicated dotted curve rougly separates ergodic
(B > Bc) and nonergodic regimes (B < Bc). With increasing p one the degree of frustration
within the system increases. Consequently larger values of B are needed to erase disorders
induced memory effects. The points are calculated and the dotted line serves as a guide for
the eye. Parameters: w = 2.5, N = 100.
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3.4 Memory effects
We further analyze how one could manipulate the domain-type ordering with external
magnetic or electric ordering field. For this purpose we originate from the random initial
configuration. We then apply an external field of strength B and calculate configuration
for different concentrations of impurities. Then we switch off the field and calculate again
the configuration, to which we henceforth refer as the switch-off configuration. The
corresponding calculated s and ξ behaviour is shown in Fig. 11 and Fig. 12. Dashed lines
mark values of observables in the presence of field of strength B, while full lines mark
values after the field was switched off. From Fig. 11 we see that the presence of external
field develops QLRO or LRO (we have not carried time consuming finite size analysis to
distinguish between the two cases). This range of ordering remained as the field was
switched off, although the correlation strength is reduced. Note that above the threshold
field strength the degree of ordering in the switch-off configuration is saturated, i.e.,
becomes independent of B.
The corresponding changes in ξ are shown in Fig. 12. With increasing B the ξ values for
samples with different p decrease and converge to the same value, which is equal to the
external field coherence length. In the switched-off configuration the average domain
coherence length increases and again for a large enough value of B saturates at a fixed
value.
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Fig. 11. s(B) for w = 4, N = 60; random case. Dashed curves: configurations are calculated in
the presence of external field B. Full curves: configurations are calculated after the field was
switched off.
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Fig. 12. ξ(B) for w = 4, N = 60; random case. Dashed curves: configurations are calculated in
the presence of external field B. Full curves: configurations are calculated after the field was
switched off.

4. Mixtures
We next consider a mixture of LCs and NPs. The presence of NPs enforces to LC a certain
amount of disorder. Our expectation is that if one quenches the system from the isotropic
phase the established domain pattern could be stabilized by NPs. In the following we show
that there indeed exists a regime where a binary mixture behaves like LC system perturbed
by a random field-type perturbation.
We calculate the LC correlation by minimizing Eq. (1). In simulations mixtures are quenched
from the isotropic phase. The LC correlation function is calculated from Eq. (6) from which
we extract ξ and s by using Eq. (7). Typical results are shown in Fig. 13 where we plot ξ(p)
and s(p). A strong presence of disorder is observed for concentrations roughly between
p = 0.1 till percolation threshold. This is indicated by s(p) ~ 0, which signals presence of short
range order. For p > pc the s(p) becomes again apparently larger than zero.

5. Conclusions
We study structural properties of nematic LC phase which is perturbed by presence of
anisotropic NPs. Simulations are performed at the semi-microscopic level, where
orientational ordering of LCs and NPs is described by vector fields taking into account
head-to-tail invariance. Such modeling approximately describes entities exhibiting
cylindrical symmetry. We focused on orientational ordering of LC molecules as a function of
concentration p of NPs or random sites, interaction strength w between LC molecules and
perturbing agents and external ordering field strength B.
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Fig. 13. Structural characteristics for the mixture. One sees that the random field regime
extends roughly between p = pRF ~ 0.1 and p = pc ~ 0.3. a) ξ(p) and b) s(p) dependence. The
other interaction constants are set to 1.
We determined percolation properties of NPs, which exhibit the percolation threshold
pc ~ 0.3 in three dimensions. Then we first studied cases, where impact of NPs could be
mimicked by a random field type interaction. Studies for B = 0 showed that the Imry-Ma
type behavior is expected only in the case, where ensembles were quenched from the
isotropic phase. In this case a short range ordering is realized. Studies in presence of an
external ordering field B followed. We estimated boundaries separating ergodic and
nonergodic regimes. We explored memory effects by exposing LCs to different strengths of
B and then switching it off. We determined regimes where memory effects are apparent and
are roughly proportional to values of B. Finally we demonstrated under which conditions
structural behavior in mixtures of NPs and LCs could be mimicked by random-field type
models. The findings of our investigations might be useful in order to design soft matter
based memory devices in mixtures of LCs and appropriate NPs.
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1. Introduction
The photorefractive effect is one of the phenomena that can form hologram images in a
material. Currently, 3D displays are expected to be widely used as next generation displays.
However, current 3D displays are basically stereograms. Holographic displays that can
realize natural 3D images that can be seen by the naked eye are anticipated. The
photorefractive effect is a phenomenon wherein a change in the refractive index is induced
by a combined mechanism of photovoltaic and electro-optic effects. A transparent material
that exhibits both photovoltaic and electro-optic effects can potentially be used as a
photorefractive material. The interference of two laser beams in a photorefractive material
establishes a refractive index grating (Figure 1). When two laser beams interfere in an
organic photorefractive material, charge generation occurs at the bright positions of the
interference fringes. The generated charges diffuse or drift within the material. Since the
mobilities of positive and negative charges are different in most organic materials, a charge
separated state is formed. The charge with higher mobility diffuses over a longer distance
than the charge with lower mobility, so that while the low mobility charge stays in the
bright areas, the high mobility charge moves to the dark areas. The bright and dark
positions of the interference fringes are thus charged with opposite polarities, and an
internal electric field (space charge field) is generated in the area between the bright and
dark positions. The refractive index of this area between the bright and dark positions is
changed through the electro-optic effect. Thus, a refractive index grating (or hologram) is
formed. One material class that exhibits high photorefractivity is glassy photoconductive
polymers doped with high concentrations of D-π-A chromophores (in which donor and
acceptor groups are attached to a π-conjugate system). In order to obtain photorefractivity in
polymer materials, a high electric field of 10–50 V/μm is usually applied to a polymer film.
This electric field is necessary to increase the charge generation efficiency.
The photorefractive effect has been reported in surface-stabilized ferroelectric liquid crystals
(SS-FLCs) doped with a photoconductive compound. Liquid crystals are classified into several
groups. The most well known are nematic liquid crystals and smectic liquid crystals (Figure 2).
Nematic liquid crystals are used in LC displays. On the other hand, smectic liquid crystals
are very viscous and hence are not utilized in any practical applications. Ferroelectric liquid
crystals (FLCs) belong to the class of smectic liquid crystals that have a layered structure. The
molecular structure of a typical FLC contains a chiral unit, a carbonyl group, a central core,
which is a rigid rod-like structure such as biphenyl, phenylpyrimidine, phenylbenzoate, and a
flexible alkyl chain (Figure 3).
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Fig. 1. Schematic illustration of the mechanism of the photorefractive effect. (a) Two laser
beams interfere in the photorefractive material; (b) charge generation occurs at the light
areas of the interference fringes; (c) electrons are trapped at the trap sites in the light areas,
holes migrate by diffusion or drift in the presence of an external electric field and generate
an internal electric field between the light and dark positions; (d) the refractive index of the
corresponding area is altered by the internal electric field generated.

Nematic
Fig. 2. Structures of the nematic and smectic phase.

Smectic
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Fig. 3. Molecular structure of ferroelectric liquid crystals.
Thus, the dipole moment of a FLC molecule is perpendicular to the molecular long axis. FLCs
exhibit a chiral smectic C phase (SmC*) that possesses a helical structure. It should be
mentioned here that in order to observe ferroelectricity in these materials, the ferroelectric
liquid crystals must be formed into thin films. The thickness of the film must be within a few
micrometers. When an FLC is sandwiched between glass plates to form a film a few
micrometers thick, the helical structure of the smectic C phase uncoils and a surface-stabilized
state (SS-state) is formed in which spontaneous polarization (Ps) appears (Figure 4).

FLC molecule

Electro-optic effect in FLCs
Fig. 4. Electro-optical switching in the surface-stabilized state of FLCs.
For display applications, the thickness of the film is usually 2 μm. In such thin films, FLC
molecules can align only in two directions. This state is called a surface-stabilized state (SSstate). The alignment direction of the FLC molecules changes according to the direction of
the spontaneous polarization. The direction of the spontaneous polarization is governed by
the photoinduced internal electric field, giving rise to a refractive index grating with
properties dependent on the direction of polarization. Figure 5 shows a schematic
illustration of the mechanism of the photorefractive effect in FLCs. When laser beams
interfere in a mixture of an FLC and a photoconductive compound, charge separation occurs
between bright and dark positions and an internal electric field is produced. The internal
electric field alters the direction of spontaneous polarization in the area between the bright
and dark positions of the interference fringes, which induces a periodic change in the
orientation of the FLC molecules. This is different from the processes that occur in other
photorefractive materials in that the molecular dipole rather than the bulk polarization
responds to the internal electric field. Since the switching of FLC molecules is due to the
response of bulk polarization, the switching is extremely fast.
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a)

Interference in FLC
b)

Charge generation
c)

Charge transport
Generation of internal electric field

d)

Change in orientation of
FLC molecules

Fig. 5. Schematic illustration of the mechanism of the photorefractive effect in FLCs. (a) Two
laser beams interfere in the surface-stabilized state of the FLC/photoconductive compound
mixture; (b) charge generation occurs at the bright areas of the interference fringes; (c)
electrons are trapped at the trap sites in the bright areas, holes migrate by diffusion or drift
in the presence of an external electric field to generate an internal electric field between the
bright and dark positions; (d) the orientation of the spontaneous polarization vector (i.e.,
orientation of mesogens in the FLCs) is altered by the internal electric field.

2. Characteristics of the photorefractive effect
Since a change in the refractive index via the photorefractive effect occurs in the areas
between the bright and dark positions of the interference fringe, the phase of the resulting
index grating is shifted from the interference fringe. This is characteristic of the
photorefractive effect that the phase of the refractive index grating is π/2-shifted from the
interference fringe. When the material is photochemically active and is not photorefractive, a
photochemical reaction takes place at the bright areas, and a refractive index grating with
the same phase as that of the interference fringe is formed (Figure 6(a)).
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Asymmetric Energy Exchange

Fig. 6. (a) Photochromic grating, and (b) photorefractive grating.
The interfering laser beams are diffracted by this grating, however, the apparent transmitted
intensities of the laser beams do not change because the diffraction is symmetric. Beam 1 is
diffracted in the direction of beam 2 and beam 2 is diffracted in the direction of beam 1.
However, if the material is photorefractive, the phase of the refractive index grating is
shifted from that of the interference fringes, and this affects the propagation of the two
beams. Beam 1 is energetically coupled with beam 2 for the two laser beams. Consequently,
the apparent transmitted intensity of beam 1 increases and that of beam 2 decreases (Figure
6(b)). This phenomenon is termed asymmetric energy exchange in the two-beam coupling
experiment. The photorefractivity of a material is confirmed by the occurrence of this
asymmetric energy exchange.

3. Measurement of photorefractivity
The photorefractive effect is evaluated by a two-beam coupling method and also by a
four-wave mixing experiment. Figure 7 (a) shows a schematic illustration of the
experimental setup used for the two-beam coupling method. A p-polarized beam from a
laser is divided into two beams by a beam splitter, and the beams are interfered within the
sample film.

(a)

Delay generator

(b)

Oscilloscope

Power meter/
pn-photodiode
Delay generator

Oscilloscope
Sample
Mirror

He-Ne laser Beam splitter

High voltage
supply
Shutter
Mirror

Beam 4

Beam 1

High voltage supply

Beam 2
NDfilter

Shutter
He-Ne laser

Sample
NDfilter

Beam 3

Beam splitter Half-wave plate

Mirror

Fig. 7. Schematic illustrations of the experimental set-up for the (a) two-beam coupling, and
(b) four-wave-mixing techniques.
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An electric field is applied to the sample using a high voltage supply unit. This external
electric field is applied in order to increase the efficiency of charge generation in the film.
The change in the transmitted beam intensity is monitored. If a material is photorefractive,
an asymmetric energy exchange is observed. The magnitude of photorefractivity is
evaluated using a parameter called the gain coefficient, which is calculated from the change
in the transmitted intensity of the laser beams induced through the two-beam coupling. In
order to calculate the two-beam coupling gain coefficient, it must be determined whether
the diffraction condition is in the Bragg regime or in the Raman-Nath regime. These
diffraction conditions are distinguished by a dimensionless parameter Q.
Q=2πλL/nΛ2

(1)

Q>1 is defined as the Bragg regime of optical diffraction. In this regime, multiple scattering
is not permitted, and only one order of diffraction is produced. Conversely, Q<1 is defined
as the Raman-Nath regime of optical diffraction. In this regime, many orders of diffraction
can be observed. Usually, Q>10 is required to guarantee that the diffraction is entirely in the
Bragg regime. When the diffraction is in the Bragg diffraction regime, the two-beam
coupling gain coefficient Γ (cm-1) is calculated according to the following equation:

Γ=

1 ⎛ gm ⎞
ln ⎜
⎟
D ⎝1+m− g⎠

(2)

where D=L/cos(θ) is the interaction path for the signal beam (L=sample thickness,
θ =propagation angle of the signal beam in the sample), g is the ratio of the intensities of the
signal beam behind the sample with and without a pump beam, and m is the ratio of the
beam intensities (pump/signal) in front of the sample.
A schematic illustration of the experimental setup used for the four-wave mixing
experiment is shown in Figure 7 (b). S-polarized writing beams are interfered in the sample
film and the diffraction of a p-polarized probe beam, counter-propagating to one of the
writing beams, is measured. The diffracted beam intensity is typically measured as a
function of time, applied (external) electric field, writing beam intensities, etc. The
diffraction efficiency is defined as the ratio of the intensity of the diffracted beam and the
intensity of the probe beam that is transmitted when no grating is present in the sample due
to the writing beams. In probing the grating, it is important that beam 3 does not affect the
grating or interact with the writing beams. This can be ensured by making the probe beam
much weaker than the writing beams, and by having the probe beam polarized orthogonal
to the writing beams.

4. Photorefractive effect of FLCs
4.1 Two-beam coupling experiments on FLCs
The photorefractive effect in an FLC was first reported by Wasielewsky et al. in 2000. Since
then, details of photorefractivity in FLC materials have been further investigated by Sasaki
et al. and Golemme et al. The photorefractive effect in a mixture of an FLC and a
photoconductive compound was measured in a two-beam coupling experiment using a 488
nm Ar+ laser. The structures of the photoconductive compounds used are shown in Figure
8. A commercially available FLC, SCE8 (Clariant), was used. CDH was used as a
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photoconductive compound, and TNF was used as a sensitizer. The concentrations of CDH
and TNF were 2 wt% and 0.1 wt% respectively. The samples were injected into a 10-μm-gap
glass cell equipped with 1 cm2 ITO electrodes and a polyimide alignment layer (Figure 9).

NO2
N N

N

NO2

O2N
O

CDH

TNF

N

ECz
Fig. 8. Structures of the photoconductive compound CDH, ECz and the sensitizer TNF

FLC

α

Glass

Alignment
direction

Polyimide
Glass

ITO

Laser

Sample

Laser

Fig. 9. Laser beam incidence condition and the structure of the LC cell.
Figure 10 shows a typical example of asymmetric energy exchange observed in the
FLC(SCE8)/CDH/TNF sample under an applied DC electric field of 0.1 V/μm. Interference
of the divided beams in the sample resulted in increased transmittance of one beam and
decreased transmittance of the other. The change in the transmitted intensities of the two
beams is completely symmetric, as can be seen in Figure 10. This indicates that the phase of
the refractive index grating is shifted from that of the interference fringes. The grating
formation was within the Bragg diffraction regime, and no higher order diffraction was
observed under the conditions used.
The temperature dependence of the gain coefficient of SCE8 doped with 2 wt% CDH and 0.1
wt% TNF is shown in Figure 11 (a). Asymmetric energy exchange was observed only at
temperatures below 46°C. The spontaneous polarization of the identical sample is plotted as
a function of temperature in Figure 11 (b).
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Fig. 10. Typical example of asymmetric energy exchange observed in an FLC (SCE8) mixed
with 2 wt% CDH and 0.1 wt% TNF. An electric field of +0.3 V/μm was applied to the
sample.
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Fig. 11. Temperature dependence of (a) gain coefficient and (b) spontaneous polarization of
an FLC (SCE8) mixed with 2 wt% CDH and 0.1 wt% TNF. For two-beam coupling
experiments, an electric field of 0.1 V/μm was applied to the sample.
Similarly, the spontaneous polarization vanished when the temperature was raised above
46°C. Thus, asymmetric energy exchange was observed only in the temperature range in
which the sample exhibits ferroelectric properties, in other words, the SmC* phase. Since the
molecular dipole moment of the FLCs is small and the dipole moment is aligned
perpendicular to the molecular axis, large changes in the orientation of the molecular axis
cannot be induced by an internal electric field in the SmA or N* phase of the FLCs.
However, in the SmC* phase, reorientation associated with spontaneous polarization occurs
due to the internal electric field. The spontaneous polarization also causes orientation of
FLC molecules in the corresponding area to change accordingly. A maximum resolution of
0.8 μm was obtained in this sample.
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FLC

Ps at 25
°C
(nC/cm2)

Phase transition
temperaturea
(°C)

Response
time τb
(μs)

Rotational
viscosity γφ
(mPas)

Tilt
angle
(deg.)

015/000

9

- SmC* 71 SmA 83 N* 86 I

70

60

24

015/100

33

- SmC* 72 SmA 83 N* 86 I

21

80

23

016/000

-4.3

- SmC* 72 SmA 85 N* 93 I

70

61

25

016/030

-5.9

- SmC* 72 SmA 85 N* 93 I

47

82

25

016/100

-10.5

- SmC* 72 SmA 85 N* 94 I

20

60

27

017/000

9.5

- SmC* 70 SmA 76 N* 87 I

93

47

26

017/100

47

- SmC* 73 SmA 77 N* 87 I

23

116

27

018/000

23

- SmC* 65 SmA 82 N* 88 I

59

68

22

018/100

40

- SmC* 67 SmA 82 N* 89 I

30

97

23

019/000

8.3

- SmC* 60 SmA 76 N* 82 I

262

37

19

019/100

39

- SmC* 64 SmA 78 N* 87 I

53

75

20

SCE8

-4.5

- SmC* 60 SmA 80 N* 104 I

50

76

20

M4851/000

-4.0

- SmC* 64 SmA 69 N* 73 I

40

-

25

M4851/050

-14

- SmC* 65 SmA 70 N* 74 I

22

65

28

a C, crystal; SmC*, chiral smectic C phase; SmA, smectic A phase; N* chiral nematic phase;
I, isotropic phase
b Response time to a 10 V/μm electric field at 25 °C in a 2-μm cell.

Table 1. Physical properties of the FLCs investigated
4.2 Comparison of photorefractive properties of FLCs
The photorefractive properties of a series of FLCs with different properties were
investigated. The properties of the FLCs are shown in Table 1. Unfortunately, the chemical
structures of these FLCs are not exhibited. All the FLCs listed in Table 1 exhibited finely
aligned SS-states when they were not mixed with photoconductive compounds (CDH and
TNF). Figure 12 shows typical examples of the textures observed in the 017/000, M4851/050
and SCE8 FLCs.
As the CDH concentration increased, defects appeared in the texture. The M4851/050 and
SCE8 FLCs retained the SS-state with few defects for CDH concentrations below 2 wt%. All the
FLCs listed in Table 1, except for SCE8 and M4851/050, exhibited distorted SS-states, and light
scattering was very strong when mixed with CDH at concentrations higher than 0.5 wt%. The
SCE8 and M4851/050 FLCs displayed finely aligned SS-state domains in a 10 μm-gap cell and
exhibited asymmetric energy exchange. FLCs that formed an SS-state with many defects did
not exhibit clear asymmetric energy exchange. In these distorted SS-states, the laser beams are
strongly scattered, precluding the formation of a refractive index grating.
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Fig. 12. Textures observed by POM observation of SS-states in FLCs.
4.3 Effect of the magnitude of the applied electric field
In polymeric photorefractive materials, the strength of the externally applied electric field is
a very important factor. The external electric field is necessary to increase the charge
separation efficiency sufficiently to induce a photorefractive effect. In other words,
photorefractivity of the polymer is obtained only with application of a few V/μm electric
field.3-5 The thickness of the polymeric photorefractive material commonly reported is about
100 μm, so the voltage necessary to induce the photorefractive effect is a few kV. On the
other hand, the photorefractive effect in FLCs can be induced by applying a very weak
external electric field. The maximum gain coefficient for the FLC (SCE8) sample was
obtained using an electric field strength of only 0.2–0.4 V/μm. The thickness of the FLC
sample is typically 10 μm, so that the voltage necessary to induce the photorefractive effect
is only a few V. The dependence of the gain coefficient of a mixture of FLC
(SCE8)/CDH/TNF on the strength of the electric field is shown in Figure 13. The gain
coefficient of SCE8 doped with 0.5–1 wt% CDH increased with the strength of the external
electric field. However, the gain coefficient of SCE8 doped with 2 wt% CDH decreased
when the external electric field exceeded 0.4 V/μm. The same tendency was observed for
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M4851/050 as well. The formation of an orientational grating is enhanced when the external
electric field is increased from 0 to 0.2 V/μm as a result of induced charge separation under
a higher external electric field. However, when the external electric field exceeded 0.2
V/μm, a number of zig-zag defects appeared in the surface-stabilized state. These defects
cause light scattering and result in a decrease in the gain coefficient.
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Fig. 13. Electric field dependence of the gain coefficient of SCE8 and M4851/050 mixed with
several concentrations of CDH and 0.1 wt% TNF in a 10 μm-gap cell measured at 30 °C.
4.4 Refractive index grating formation time
The formation of a refractive index grating involves charge separation and reorientation.
The index grating formation time is affected by these two processes, and both may be ratedetermining steps. The refractive index grating formation times in SCE8 and M4851/050
were determined based on the simplest single-carrier model of photorefractivity, wherein
the gain transient is exponential. The rising signal of the diffracted beam was fitted using a
single exponential function, shown in equation (3).

γ(t) – 1 = (γ – 1)[1 – exp(–t/τ)]2

(3)

Here, γ(t) represents the transmitted beam intensity at time t divided by the initial intensity
(γ(t) = I(t)/I0) and τ is the formation time. The grating formation time in SCE8/CDH/TNF is
plotted as a function of the strength of the external electric field in Figure 14 (a). The grating
formation time decreased with increasing electric field strength due to the increased
efficiency of charge generation. The formation time was shorter at higher temperatures,
corresponding to a decrease in the viscosity of the FLC with increasing temperature. The
formation time for SCE8 was found to be 20 ms at 30°C. As shown in Figure 14 (b), the
formation time for M4851/050 was found to be independent of the magnitude of the
external electric field, with a time of 80-90 ms for M4851/050 doped with 1 wt% CDH and
0.1 wt% TNF. This is slower than for SCE8, although the spontaneous polarization of
M4851/050 (-14 nC/cm2) is larger than that of SCE8 (-4.5 nC/cm2), and the response time
of the electro-optical switching (the flipping of spontaneous polarization) to an electric
field (±10 V in a 2 μm cell) is shorter for M4851/050. The slower formation of the
refractive index grating in M4851/050 is likely due to the poor homogeneity of the SSstate and charge mobility.
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Fig. 14. Electric field dependence of the index grating formation time. (a) SCE8 mixed with 2
wt% CDH and 0.1 wt% TNF in the two-beam coupling experiment. z, measured at 30 °C
(T/TSmC*-SmA=0.95); , measured at 36 °C (T/TSmC*-SmA=0.97). (b) M4851/050 mixed with 1
wt% CDH and 0.1 wt% TNF in a two-beam coupling experiment. z, measured at 42 °C
(T/TSmC*-SmA=0.95); , measured at 49 °C (T/TSmC*-SmA=0.97).
4.5 Formation mechanism of the internal electric field in FLCs
Since the photorefractive effect is induced by the photoinduced internal electric field, the
mechanism of the formation of the space-charge field in the FLC medium is important. The
two-beam coupling gain coefficients of mixtures of FLC (SCE8) and photoconductive
compounds under a DC field were investigated as a function of the concentration of TNF
(electron acceptor). The photoconductive compounds, CDH, ECz and TNF (Figure 8), were
used in this examination. When an electron donor with a large molecular size (CDH)
relative to the TNF was used as the photoconductive compound, the gain coefficient was
strongly affected by the concentration of TNF (Figure 15(a)). However, when ethylcarbazole
(ECz), whose molecular size is almost the same as that of TNF, was used, the gain coefficient
was less affected by the TNF concentration (Figure 15(b)).
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Fig. 15. Dependence of the TNF concentration on the gain coefficients of an FLC doped with
photoconductive dopants. (a) SCE8 doped with 2 wt% CDH, (b) SCE8 doped with 2 wt%
ECz. An electric field of ± 0.5 V/μm, 100 Hz was applied.
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As shown in Figure 16, the difference in the change in absorbance at 488 nm upon addition
of TNF was not significant when comparing CDH and ECz. Therefore, the results shown in
Figure 15 cannot be explained based on this difference.
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Fig. 16. Absorption spectra of mixtures of FLC (SCE8) and CDH in a 10 μm-gap cell. The
concentrations of the photoconductive compounds were fixed at 2 wt% and the TNF
concentration was varied from 0 to 0.5 wt%. The reflection at the cell surface and light
scattering in the LC are not subtracted.
These findings suggest that ionic conduction plays a major role in the formation of the
space-charge field. The mobility of the CDH cation is smaller than that of the TNF anion,
and this difference in mobility is thought to be the origin of the charge separation. In this
case, the magnitude of the internal electric field is dominated by the concentration of the
ionic species. On the other hand, the difference in the mobilities of ECz and TNF is small,
and thus, less effective charge separation is induced, indicating that the internal electric field
is independent of the concentration of ionic species.
4.6 Photorefractive effect in FLC mixtures containing photoconductive chiral
compounds
4.6.1 Photoconductive chiral dopants
The photorefractive effect in FLCs was investigated using commercially available FLC
mixtures until 2010 (the compositions of these FLC materials are not shown here).
Compared to nematic LCs, the FLCs are more crystal than liquid, and the preparation of fine
FLC films requires sophisticated techniques. Obtaining a uniformly aligned, defect-free,
surface-stabilized FLC (SS-FLC) using a single FLC compound is very difficult, and mixtures
of several LC compounds are usually used to obtain fine SS-FLC films. The FLC mixtures
are composed of the base LC (SmC phase of the forming LC), which is also a mixture of
several LC compounds and a chiral compound. The chiral compound introduces a helical
structure into the LC phase through supramolecular interactions. In order to utilize an FLC
as a photorefractive material, photoconductive compounds must be added to the FLC.
However, the introduction of such non-LC compounds into the FLC deteriorates the
formation of a uniformly aligned SS-state. Thus, adequate design of the photoconductive
compounds is crucial. Sasaki et al. have synthesized chiral compounds that also show
photoconductivity (photoconductive chiral dopants); these chiral compounds were
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synthesized and mixed with the base LC compounds. The structures of the photoconductive
chiral dopants and base LCs are shown in Figure 17. A photorefractive FLC material is
obtained by just mixing a photoconductive chiral dopant with the base LC.
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Fig. 17. Structures of the smectic LCs (8PP8 and 8PP10), photoconductive chiral dopants (3T2MB, 3T-2OC, 3T-OXO and 3T-CF3) and the sensitizer TNF used in this work.
4.6.2 Ferroelectricity and photoconductivity of the FLC mixture
The base LC, which is a 1:1 mixture of 8PP8 and 8PP10, was mixed with the
photoconductive chiral dopant and the electron acceptor, which is TNF in this case. The
concentration of TNF was set to 0.1 wt%. The phase diagrams of the base LC, TNF, and
chiral dopants are shown in Figure 18.
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Fig. 18. Phase diagrams of mixtures of the base LC and chiral compounds. The concentration
of TNF was set to 0.1 wt%.
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The terthiophene chiral dopant used in this study had high miscibility with the phenyl
pyrimidine-type smectic LC. The chiral smectic C (SmC*) phase appeared in all mixtures of
the base LC and chiral dopants used in this study. With increasing concentration of the
chiral dopants, the temperature range of the SmC* phase and the chiral nematic (N*) phase
was reduced, whereas that of the smectic A (SmA) phase was enhanced. The miscibility of
the 3T-CF3 with the base LC was the lowest among the four chiral dopants used in this
study. The dipole moment of the trifluoromethyl-substituted group is large, so that the 3TCF3 molecules tended to aggregate. The magnitude of spontaneous polarization (Ps) of the
FLC mixtures (mixtures of the base LC with photoconductive dopants and TNF) was
measured by the triangular waveform voltage method. A Ps flip signal observed in the
triangular wave method measurement and the magnitude of the Ps as a function of the
concentration of a chiral dopant are shown in Figure 19.
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Fig. 19. Spontaneous polarization observed in mixtures of the base LC and 3T-2OC. (a) A
typical example of the observed signal in the triangular waveform method. (b) Magnitude of
the spontaneous polarization plotted as a function of the concentration of 3T-2OC.
The magnitude of the Ps of the mixtures of the base LC with chiral dopants was in the range
of a few nC/cm2. The mixtures of the base LC with 3T-2MB and 3T-OXO exhibited Ps values
smaller than 1 nC/cm2, which is the measurement limit of our equipment. The spontaneous
polarization increased with the 3T-2OC concentration, and a Ps value of 4.8 nC/cm2 was
obtained at a 10 wt% concentration. The UV-vis absorption spectra of the photoconductive
chiral dopants in chloroform solutions are shown in Figure 20. All the samples exhibited
absorption maxima at 394 nm. Absorption at 488 nm (wavelength of the laser used in this
study) was small.
The small absorption at the laser wavelength is advantageous for minimizing optical loss.
The photocurrents in mixtures of the base LC, photoconductive chiral dopant and TNF
were measured. As shown in Figure 21, the samples were good insulators in the dark.
When the samples were irradiated with 488 nm laser light, photocurrents were clearly
observed. The magnitudes of the photocurrents were slightly different in the four
samples. The only difference in the molecular structures of these compounds is the chiral
substituent. Thus, this variation in the photocurrent cannot be attributed to the difference
in the molecular structure. It is possible that the miscibility of the photoconductive chiral
compounds in the LC and the homogeneity of the LC phase affected the magnitude of the
photocurrent.
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Fig. 20. Absorption spectra of chloroform solutions of the chiral compounds. (a) 3T-2MB; (b)
3T-2OC; (c) 3T-OXO; (d) 3T-CF3. The concentration of the chiral compounds was 6.3 × 10-4
mol/L.
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Fig. 21. Magnitudes of light-current and dark-current of mixtures of the base LC,
photoconductive chiral compound and TNF measured in a 10-μm-gap LC cell as a function
of the external electric field. An electric field of 0.1 V/μm was applied. A 488 nm Ar+ laser
(10 mW/cm2, 1 mm diameter) was used as the irradiation source.
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4.6.3 Two-beam coupling experiment on photoconductive FLC mixtures
The difference in the gain coefficients in mixtures of the base LC, photoconductive chiral
dopant (3T-2MB, 3T-2OC, 3T-OXO, or 3T-CF3), and TNF was investigated. All the samples
formed a finely aligned SS-state in 10-μm-gap cells with a LX-1400 polyimide alignment
layer and clearly exhibited photorefractivity in the ferroelectric phase. Asymmetric energy
exchange was observed only in the temperature range in which the sample exhibited
ferroelectric properties (SmC* phase). The gain coefficients of the samples are plotted as a
function of the magnitude of the external electric field in Figure 22. As the concentration of
the photoconductive chiral dopant increased, so did the gain coefficient. This may be due to
increased charge mobility in the FLC medium and an increase in the magnitude of Ps. All
the samples exhibited relatively large photorefractivity. A gain coefficient higher than 100
cm-1 was obtained in the 3T-2OC (6 wt%) sample with the application of an electric field of
only 0.2 V/μm. A gain coefficient higher than 100 cm-1 was also obtained in the 3T-2MB
sample at an applied electric field of 0.5 V/μm. In order to obtain photorefractivity in
polymer materials, the application of a high electric field in the range of 10–50 V/μm to the
polymer film is typically required. The small electric field necessary for activating the
photorefractive effect in FLCs is thus a great advantage for photorefractive devices. The
grating formation time in the mixtures of the base LC, photoconductive chiral dopant and
TNF is plotted as a function of the strength of the external electric field in Figure 23.
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Fig. 22. Electric field dependence of the gain coefficients of the mixtures of the base LC,
photoconductive chiral compounds, and TNF. (a) 3T-2MB; (b) 3T-2OC; (c) 3T-OXO; (d) 3TCF3.
The grating formation time decreased with increasing electric field strength due to the
increased efficiency of charge generation. The shortest formation time was obtained to be 5–
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8 ms at 1 V/μm external electric field for all the chiral compounds. The 3T-CF3 sample
exhibited the fastest response, because of the larger polarity of 3T-CF3.
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Fig. 23. Electric field dependence of the index grating formation times of mixtures of the
base LC, photoconductive chiral compounds, and TNF measured at 30 °C. (a) 3T-2MB; (b)
3T-2OC; (c) 3T-OXO; (d) 3T-CF3.
4.6.4 Mechanism of the photoconductivity in FLC mixtures
The effect of the electron acceptor (TNF) on the gain coefficient was investigated. As shown
in Figure 24, when the concentration of the 3T-2OC was 1 wt%, the magnitude of the gain
coefficient increased with the concentration of the TNF.
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Fig. 24. Dependence of the gain coefficients of the mixture of the base LC, photoconductive
chiral compound and TNF on the magnitude of the external electric field. (a) Base LC doped
with 1 wt% 3T-2OC; (b) base LC doped with 4 wt% 3T-2OC.
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It was considered that the mechanism of the formation of the space-charge field in this case
is based on ionic conduction. As discussed in our previous paper, the formation of the
space-charge field is based on the difference in the mobilities of the cation and anion
generated at the light positions of the interference fringes. A cation of 3T-2OC and an anion
of TNF were generated at the interference fringes through photoinduced electron transfer.
Both ions drift under the application of an external electric field. The molecular length of 3T2OC is larger than that of TNF, and thus, the mobility of the 3T-2OC cation is smaller than
that of the TNF anion. This difference in mobility is the origin of the charge separation. In
this case, the magnitude of the internal electric field is dominated by the concentration of the
ionic species. On the other hand, when the concentration of 3T-2OC was 4 wt%, the
magnitude of the gain coefficient was independent of the concentration of TNF. Thus, the
mechanisms of the formation of the space-charge field are different in the 1 wt% samples
and the 4 wt% samples. It was considered that when the concentration of 3T-2OC is high,
conduction based on a hopping mechanism occurs. In this case, TNF acts as just the electron
acceptor that introduces electron holes into the 3T-2OC molecules.

5. Conclusion
The reorientational photorefractive effect based on the response of bulk polarization was
observed in dye-doped FLC samples. Photorefractivity was observed only in the
ferroelectric phase of these samples, and the refractive index formation time was found to be
shorter than that of nematic LCs. The response time was in the order of ms and is dominated
by the formation of the internal electric field. These results indicate that the mechanism
responsible for refractive index grating formation in FLCs is different from that for nonferroelectric materials, and is clearly related to the ferroelectric properties of the material.
The photorefractivity of FLCs was strongly affected by the properties of the FLCs
themselves. Besides properties such as spontaneous polarization, viscosity, and phase
transition temperature, the homogeneity of the SS-state was also found to be a major factor.
The gain coefficient, refractive index grating formation time (response time) and stability of
the two-beam coupling signal were all affected strongly by the homogeneity of the SS-state.
Therefore, a highly homogeneous SS-state is necessary to create a photorefractive device.
The techniques employed recently in the development of fine LC display panels will be
utilized in the future in the fabrication of the photorefractive devices.
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1. Introduction
Nowadays, nonlinear optical materials play a crucial role in the technology of photonics,
nano-photonics, and bio-photonics. Among a wide variety of materials, thin films have the
additional design advantage of small volume and good compatibility with fabrication of
waveguide and integrated nonlinear photonics devices over solutions and single crystals.
Interestingly, most ferroelectric thin films exhibit notable physical characteristics of large
spontaneous polarization, high dielectric constant, high optical transparency, and large
nonlinear response with respect to the electromagnetic radiation in the optical range.
During the past decade, ferroelectric thin films such as Bi2Nd2Ti3O12, Ba0.6Sr0.4TiO3, and
Bi3.25La0.75Ti3O12 have been received intense interest due to their high optical transparency
and remarkable optical nonlinearity for potential applications on nonlinear photonic devices
(Gu et al., 2004, Liu et al., 2006, Shi et al., 2006, Shin et al., 2007). Moreover, most of these
investigations have been performed under the excitation of nanosecond and picosecond
laser pulses. Owing to today’s fast advance of laser sources with ultrashort pulse duration,
the femtosecond nonlinear optical response has been detected in several ferroelectric thin
films. Enlightened by a recent report on the third-order nonlinear optical response
presented in CaCu3Ti4O12 at a wavelength of 532 nm (Ning et al., 2009), observations
indicate that the optical nonlinearities depend strongly on the pulse duration of the
excitation laser, although many reports declared that the observed nonlinear effect is an
instantaneous optical nonlinearity in the nanosecond and picosecond regimes. Apparently,
it is imperative to gain an insight on the underlying physical mechanisms for the observed
optical nonlinearities at different time scales.
In this chapter, the linear transmittance spectrum and Z-scan technique are used to
characterize the linear and nonlinear optical properties of ferroelectric thin films,
respectively. Two methodologies are based on measurements of the sample’s transmittance
under weak or intense light excitation. The nonlinear optical properties of representative
ferroelectric films in nanosecond, picosecond, and femtosecond regimes are presented. In
particular, the underlying mechanisms for the observed optical nonlinearities are also
discussed in details.

2. Concept of linear and nonlinear optics
The interaction of light with matter will modify either the direction of propagation, spatial
profile, or transmission of an applied optical field through a material system. The
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fundamental parameter in this light-matter interaction theory is the electric polarization of
the material induced by light. In the case of conventional (i.e., linear) optics, the polarization
depends linearly upon the electric field strength in a manner that can often be written as
G
G
P = ε 0 χ (1) ⋅ E ,

(1)

where the constant of proportionality χ(1) is the linear susceptibility and ε0 is the permittivity
of free space. In an isotropic medium, the real and imaginary parts of χ(1) in SI units,
respectively, are related to the linear index of refraction and absorption coefficient by
n0 = 1 + Re[ χ (1) ] ,

α0 =

ω
n0c

Im[ χ (1) ] .

(2)
(3)

Here c is the speed of light in vacuum and ω is the optical frequency. The refractive index of
ferroelectric films is attributed to the following factors which are related to the crystallinity
of the film density, electronic structure, and defects. Owning to high dielectric constant,
generally, the index of refraction in the ferroelectric film is over 2 in the visible region. The
linear absorption coefficient of materials usually contains the contributions of two parts: one
is the elastic scattering caused by the defects and optical inhomogeneity and another is the
inherent linear absorption. In general, the linear absorption coefficient of ferroelectric thin
films is close to 104 cm-1. The main reason is that the elastic scattering is the dominant factor
to the linear absorption (Gu et al., 2004, Leng et al., 2007). Typical values of n0 and α0 of
representative ferroelectric thin films are listed in Tables 1 and 2.
In nonlinear optics, nonlinear processes are responsible for the nonlinearity of materials.
Accordingly, the polarization induced by the applied optical field in the material system can
be expressed as a power series in the electric field amplitude (Boyd, 2009):
G
G
GG
GGG
P = ε 0 χ (1) ⋅ E + ε 0 χ ( 2) : EE + ε 0 χ (3) # EEE + ⋅ ⋅ ⋅ .

(4)

The quantities χ(2) and χ(3) are called the second- and third-order nonlinear optical
susceptibilities of the sample, respectively. The theoretical formalism has been presented
for the calculation of nonlinear susceptibilities components in ferroelectrics (Murgan et
al., 2002). Generally, the nonlinear susceptibilities depend on the frequencies of the
applied light fields, but under the assumption of instantaneous response, one takes them
to be constants. The χ(2) related nonlinear processes include second-harmonic generation,
optical rectification, and sum- and difference-frequency generation. Such processes are
out of the scope of this book chapter. More details with respect to second-order optical
nonlinearities in ferroelectrics can be found elsewhere (Murgan et al., 2002, Tsai et al.,
2004, Kumar et al., 2008, Kityk et al., 2010). The coefficient χ(3) describes the intensitydependent third-order nonlinear effect, such as self-focusing or defocusing, two-photon
absorption, and three-harmonic generation. The intensity-dependent refractive index n2
and absorption coefficient α2 are most two important of all third-order processes in
ferroelectrics, which are related to the real and imaginary components of χ(3) in SI units,
respectively, by (Chen et al., 2006)
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n2 =

α2 =
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3Re[ χ (3) ]
,
4ε 0cn02

(5)

3π Im[ χ (3) ]
,
2ε 0 cn02 λ

(6)

where n2 and α2 take the units of m2/W and m/W, respectively. And λ is the wavelength of
laser in vacuum.

3. Physical mechanisms of optical nonlinearities in ferroelectric thin films
Optical nonlinear response of the ferroelectric thin film partly depends on the laser
characteristics, in particular, on the laser pulse duration and on the excitation wavelength,
and partly on the material itself. The optical nonlinearities usually fall in two main
categories: the instantaneous and accumulative nonlinear effects. If the nonlinear response
time is much less than the pulse duration, the nonlinearity can be regarded justifiably as
responding instantaneously to optical pulses. On the contrary, the accumulative
nonlinearities may occur in a time scale longer than the pulse duration. Besides, the
instantaneous nonlinearity (for instance, two-photon absorption and optical Kerr effect) is
independent of the the laser pulse duration, whereas the accumulative nonlinearity depends
strongly on the pulse duration. Examples of such accumulative nonlinearities include
excited-state nonlinearity, thermal effect, and free-carrier nonlinearity. The simultaneous
accumulative nonlinearities and inherent nonlinear effects lead to the huge difference of the
measured nonlinear response on a wide range of time scales.
3.1 Nonlinear absorption
In general, nonlinear absorption in ferroelectric thin films can be caused by two-photon
absorption, three-photon absorption, or saturable absorption. When the excitation photon
energy and the bandgap of the film fulfil the multiphoton absorption requirement [(n1)hν<Eg<nhν] (here n is an integer. n=2 and 3 for two- and three-photon absorption,
respectively), the material simultaneous absorbs n identical photons and promotes an
electron from the ground state of a system to a higher-lying state by virtual intermediate
states. This process is referred to a one-step n-photon absorption and mainly contributes to
the absorptive nonlinearity of most ferroelectric films. When the excitation wavelength is
close to the resonance absorption band, the transmittance of materials increases with
increasing optical intensity. This is the well-known saturable absorption. Accordingly, the
material has a negative nonlinear absorption coefficient.
3.2 Nonlinear refraction
The physical mechanisms of nonlinear refraction in the ferroelectric thin films mainly involve
thermal contribution, optical electrostriction, population redistribution, and electronic Kerr
effect. The thermal heat leads to refractive index changes via the thermal-optic effect. The
nonlinearity originating from thermal effect will give rise to the negative nonlinear refraction.
In general, the thermal contribution has a very slow response time (nanosecond or longer). On
the picosecond and femtosecond time scales, the thermal contribution to the change of the
refractive index can be ignored for it is much smaller than the electronic contribution. Optical
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electrostriction is a phenomenon that the inhomogeneous optical field produces a force on the
molecules or atoms comprising a system resulting in an increase of the refractive index locally.
This effect has the characteristic response time of nanosecond order. When the electron occurs
the real transition from the ground state of a system to a excited state by absorbing the single
photon or two indential photons, electrons will occupy real excited states for a finite period of
time. This process is called a population redistribution and mainly contributes the whole
refractive nonlinearity of ferroelectric films in the picosecond regime. The electronic Kerr effect
arises from a distortion of the electron cloud about atom or molecule by the optical field. This
process is very fast, with typical response time of tens of femtoseconds. The electronic Kerr
effect is the main mechanism of the refractive nonlinearity in the femtosecond time scale.
3.3 Accumulative nonlinearity caused by the defect
For many cases, the observed absorptive nonlinearity of ferroelectric thin films is the twophoton absorption type process. Moreover, the measured two-photon absorption coefficient
strongly depends on the laser pulse duration (see Table 1). This two-photon type
nonlinearity originates from two-photon as well as two-step absorptions. The two-step
absorption is attributed to the introduction of electronic levels within the energy bandgap
due to the defects (Liu et al., 2006, Ambika et al., 2009, Yang et al., 2009).
The photodynamic process in ferroelectrics with impurities is illustrated in Fig. 1. Electrons
in the ground state could be promoted to the excited state and impurity states based on twoand one-photon absorption, respectively. The electrons in impurity states may be promoted
to the excited state by absorbing another identical photon, resulting in two-step two-photon
absorption. At the same time, one-photon absorption by impurity levels populates new
electronic state. This significant population redistribution produces an additional change in
the refractive index, leading to the accumulative nonlinear refraction effect. This
accumulative nonlinearity is a cubic effect in nature and strongly depends on the pulse
duration of laser. Similar to the procedure for analyzing the excited-state nonlinearity
induced by one- and two-photon absorption (Gu et al., 2008b and 2010), the effective thirdorder nonlinear absorption and refraction coefficients arising from the two-step two-photon
absorption can be expressed as

α 2imp =

σ impα 0 2
hν
πτ

n2imp =

ηimpα 0 2
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πτ
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Here σimp and ηimp are the effective absorptive and refractive cross-sections of the impurity
state, respectively. τ is the half-width at e-1 of the maximum for the pulse duration of the
Gaussian laser. And τimp is the lifetime of the impurity state.

4. Characterizing techniques to determine the films’ linear and nonlinear
optical properties
In general, the ferroelectric thin film is deposited on the transparent substrate. The
fundamental optical constants (the linear absorption coefficient, linear refraction index, and
bandgap energy) of the thin film could be determined by various methods, such as the
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prism-film coupler technique, spectroscopic ellipsometry, and reflectivity spectrum
measurement. Among these methods, the transmittance spectrum using the envelope
technique is a simple straightforward approach. To characterize the absorptive and
refractive nonlinearities of ferroelectric films, the single-beam Z-scan technique is
extensively adopted.

Fig. 1. Schematic diagram of one- and two-step two-photon absorption in ferroelectrics with
the defects.
4.1 Linear optical parameters obtained from the transmittance spectrum using the
envelope technique
The practical situation for a thin film on a thick finite transparent substrate is illustrated in
Fig. 2. The film has a thickness of d, a linear refractive index n0, and a linear absorption
coefficient α0. The transparent substrate has a thickness several orders of magnitude larger
than d and has an index of refraction n0sub and an absorption coefficient α0sub≈0. The index of
the surrounding air is equal to 1.
Taking into account all the multiple reflections at the three interfaces, the rigorous
transmission could be devised (Swanepoel, 1983). Subsequently, it is easy to simulate the
transmittance spectrum from the given parameters (d, n0, α0, dsub, and n0sub). The oscillations
in the transmittance are a result of the interference between the air-film and film-substrate
interface (for example, see Fig. 4). In contrast, in practical applications for determining the
optical constants of films, one must employ the transmittance spectrum to evaluate the
optical constants. The treatment of such an inverse problem is relatively difficult. From the
measured transmittance spectrum, the extremes of the interference fringes are obtained (see
dotted lines in Fig. 4). Based on the envelope technique of the transmittance spectrum, the
optical constants (d, n0, and α0) could be estimated (Swanepoel, 1983).
The refractive index as a function of wavelength in the interband-transition region can be
modelled based on dipole oscillators. This theory assumes that the material is composed of a
series of independent oscillators which are set to forced vibrations by incident irradiances.
Hereby, the dispersion of the refraction index is described by the well-known Sellmeier
dispersion relation (DiDomenico & Wemple, 1969):
M

bjλ 2

j =0

λ 2 − λj2

n02 (λ ) = 1 + ∑

,

(9)
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Fig. 2. Thin film on a thick finite transparent substrate.
where λj is the resonant wavelength of the jth oscillator of the medium, and bj is the
oscillator strength of the jth oscillator. In general, one assumes that only one oscillator
dominates and then takes the one term of Eq. (9). This single-term Sellmeier relation fits the
refractive index quite well for most materials. In some cases, however, to accurate describe
the refractive index dispersion in the visible and infrared range, the improved Sellmeier
equation which takes two or more terms in Eq. (9) is needed (Barboza & Cudney, 2009).
Analogously, replacing n0 by α0 in Eq. (9), this equation describes the dispersion of linear
absorption coefficient (Wang et al., 2004, Leng et al., 2007). In this instance, the parameters
of λj and bj have no special physical significance.
The optical bandgap (Eg) of the thin film can be estimated using Tauc’s formula
(α0hν)2/m=Const.(hν-Eg), where hν is the photon energy of the incident light, m is determined
by the characteristics of electron transmitions in a material (Tauc et al., 1966). Here m=1 and
4 correspond the direct and indirect bandgap materials, respectively.
4.2 Z-scan technique for the nonlinear optical characterization
To characterize the optical nonlinearities of ferroelectric thin films, a time-averaging
technique has been extensively exploited in Z-scan measurements due to its experimental
simplicity and high sensitivity (Sheik-Bahae et al., 1990). This technique gives not only the
signs but also the magnitudes of the nonlinear refraction and absorption coefficients.
4.2.1 Basic principle and experimental setup
On the basis of the principle of spatial beam distortion, the Z-scan technique exploits the fact
that a spatial variation intensity distribution in transverse can induce a lenslike effect due to
the presence of space-dependent refractive-index change via the nonlinear effect, affect the
propagation behaviour of the beam itself, and generate a self-focusing or defocusing effect.
The resulting phenomenon reflects on the change in the far-field diffraction pattern.
To carry out Z-scan measurements, the sample is scanned across the focus along the z-axis,
while the transmitted pulse energies in the presence or absence of the far-field aperture is
probed, producing the closed- and open-aperture Z-scans, respectively. The characteristics
of the closed- and open-aperture Z-scans can afford both the signs and the magnitudes of
the nonlinear refractive and absorptive coefficients. Figures 3(a) and 3(b) schematically
show the closed- and open-aperture Z-scan experimental setup, respectively.
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Fig. 3. Experimental setup of the (a) closed-aperture and (b) open-aperture Z-scan
measurements.
In this book chapter, the nonlinear-optical measurements were conducted by using
conventional Z-scan technique as shown in Fig. 3. The laser source was a Ti: sapphire
regenerative amplifier (Quantronix, Tian), operating at a wavelength of 780 nm with a pulse
duration of τF=350 fs (the full width at half maximum for a Gaussian pulse) and a repetition
rate of 1 kHz. The spatial distribution of the pulses was nearly Gaussian, after passing
through a spatial filter. Moreover, the laser pulses had near-Gaussian temporal profile,
confirming by the autocorrelation signals in the transient transmission measurements. In the
Z-scan experiments, the laser beam was focused by a lens with a 200 mm focal length,
producing the beam waist at the focus ω0≈31 μm (the Rayleigh range z0=3.8 mm). To
perform Z-scans, the sample was scanned across the focus along the z-axis using a
computer-controlled translation stage, while the transmitted pulse energies in the present or
absence of the far-field aperture were probed by a detector (Laser Probe, PkP-465 HD),
producing the closed- and open-aperture Z-scans, respectively. For the closed-aperture Zscans, the linear transmittance of the far-field aperture was fixed at 15% by adjusting the
aperture radius. The measurement system was calibrated with carbon disulfide. In addition,
neither laser-induced damage nor significant scattering signal was observed from our Zscan measurements.
4.2.2 Z-scan theory for characterizing instantaneous optical nonlinearity
Assuming that the nonlinear response of the sample has a characteristic time much shorter
than the duration of the laser pulse, i.e., the optical nonlinearity responds instantaneously to
laser pulses. As a result, one can regard that the nonlinear effect depends on the
instantaneous intensity of light inside the samples and each laser pulse is treated
independently. For the sake of simplicity, we consider an optically thin sample with a thirdorder optical nonlinearity and the incoming pulses with a Gaussian spatiotemporal profile.
The open-aperture Z-scan normalized transmittance can be expressed as
(− q0 ) m
m
3/2
m =0 ( x + 1) ( m + 1)
∞

T ( x, s = 1) = ∑

2

for q0 < 1 .

(10)

where x=z/z0 is the relative sample position, q0=α2I0(1-R)Leff is the on-axis peak phase shift
due to the absorptive nonlinearity, Leff=[1-exp(-α0L)]/α0 is the effective sample length. Here
z0 is the Rayleigh length of the Gaussian beam; I0 is the on-axis peak intensity in the air; R is
the Fresnel reflectivity coefficient at the interface of the material with air; s is the linear
transmittance of the far-field aperture; and L is the sample physical length.
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The Z-scan transmittance for the pinhole-aperture is deduced as (Gu et al., 2008a)
T ( x, s ≈ 0) = 1 +

1 4 xφ0 − ( x 2 + 3)q0
1 4φ02 (3 x 2 − 5) + q02 ( x 4 + 17 x 2 + 40) − 8φ0 q0 x ( x 2 + 9)
+
, (11)
2
2
( x 2 + 1) 2 ( x 2 + 9)( x 2 + 25)
2 ( x + 1)( x + 9)
3

where φ0=2πn2I0(1-R)Leff/λ is the on-axis peak nonlinear refraction phase shift. It should be
noted that Eq. (11) is applicable to Z-scans induced by laser pulses with weak nonlinear
absorption and refraction phase shifts. For arbitrary nonlinear refraction phase shift φ0
and arbitrary aperture s, the Z-scan analytical expression is available in literature (Gu et
al., 2008a).
4.2.3 Z-scan theory for a cascaded nonlinear medium
Ferroelectric thin film with good surface morphology was usually deposited on the quartz
substrate by pulsed laser deposition, chemical-solution deposition, or radio-frequency
magnetron sputtering. Generally, the thicknesses of the thin film and substrate are about
sub-micron and millimetre, respectively. As shown in Fig. 2, the transparent substrate has a
thickness three orders of magnitude large than that of the film. The quartz substrate has the
nonlinear absorption coefficient of α2sub~0 and the third-order refractive index of
n2sub=3.26×10-7 cm2/GW in the near infrared region (Gu et al., 2009a). The nonlinear
refractive index of ferroelectric thin films in the femtosecond regime is usually three orders
of magnitude larger than that of quartz substrate. Thus, the nonlinear optical path of the
film (n2LeffI0) is comparable with that of the substrate. In this instance, Z-scan signals arise
from the resultant nonlinear response contributed by both the thin film and the substrate.
To separate each contribution, rigorous analysis should be adopted by the Z-scan theory for
a cascaded nonlinear medium (Zang et al., 2003). Accordingly, the total nonlinear phase
shifts due to the absorptive and refractive nonlinearities, q0 and φ0, could be extracted from
the measured Z-scan experimental data for film/substrate. We can simplify q0 and φ0 as
follows:
q0 = I 0 (1 − R)[α 2 Leff + (1 − R′)α 2sub Lsub
],
eff

(12)

φ0 = 2π I 0 (1 − R)[n2 Leff + (1 − R′)n2sub Lsub
]/ λ .
eff

(13)

Here R=(n0-1)2/(n0+1)2 and R’=(n0sub-n0)2/(n0sub+n0)2 are the Fresnel reflection coefficients at
the air-sample and sample-substrate interfaces, respectively. Note that I0 is the peak
intensity just before the sample surface, whereas I0’=(1-R)I0 and I0”=(1-R’)I0’ are the peak
intensities within the sample and the substrate, respectively.
To unambiguously determine the optical nonlinearity of the thin film from the detected Zscan signal, the strict approach is presented as follows (Gu et al., 2009a). Firstly, under the
assumption that both the thin film and the substrate only exhibit third-order nonlinearities,
the total nonlinear response of absorptive nonlinearity, q0, and refractive nonlinearity, φ0, are
evaluated from the best fittings to the measured Z-scan traces for the composite system of
thin film and substrate by using the Z-scan theory described subsection 4.2.2. Such
evaluations are carried out for the Z-scans measured at different levels of I0. Secondly, the
nonlinear absorption α2 and the nonlinear refraction index n2 of the thin film can then be
extracted from Eqs. (12) and (13). As such, the nonlinear coefficients of α2 and n2 for the thin
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film at different values of I0 are determined unambiguously and rigorously. Such the values
of α2 and n2 as a function of I0 provide a clue to the optical nonlinear origin of ferroelectrics.
4.2.4 Z-scan theory for the material with third- and fifth-order optical nonlinearities
Owing to intense irradiances of laser pulses, the higher-order optical nonlinearity has been
observed in several materials, such as semiconductors, organic molecules, and ferroelectric
thin films as we discussed in subsection 6.3.
For materials exhibiting the simultaneous third- and fifth-order optical nonlinearities, there
is a quick procedure to evaluate the nonlinear parameters as follows (Gu et al., 2008b): (i)
measuring the Z-scan traces at different levels of laser intensities I0; (ii) determining the
effective nonlinear absorption coefficient αeff and refraction index neff of the film at different
I0 by using of the procedures described in subsections of 4.2.2 and 4.2.3; and (iii) fitting
linearly the obtained αeff~I0 and neff~I0 curves by the following equations

α eff = α 2 + 0.544α 3 I 0 ,

(14)

neff = n2 + 0.422n4 I 0 .

(15)

Here α3 and n4 are the fifth-order nonlinear absorption and refraction coefficients,
respectively. If there is no fifth-order absorption effect, plotting αeff as a function of I0 should
result in a horizon with α2 being the intercept with the vertical axis. As the fifth-order
absorption process presents, one obtains a straight line with an intercept of α2 on the vertical
axis and a slope of α3. Analogously, by plotting neff~I0, the non-zero intercept on the vertical
axis and the slope of the straight line are determined the third- and fifth-order nonlinear
refraction indexes, respectively. It should be emphasized that Eqs. (14) and (15) are
applicable for the material exhibiting weak nonlinear signal.

5. Linear optical properties of polycrystalline BiFeO3 thin films
The BiFeO3 ferroelectric thin film was deposited on the quartz substrate at 650oC by radiofrequency magnetron sputtering. The relevant ceramic target was prepared using
conventional solid state reaction method starting with high-purity (>99%) oxide powders of
Bi2O3 and Fe2O3. It is noted that 10 wt % excess bismuth was utilized to compensate for
bismuth loss during the preparation. During magnetron sputtering, the Ar/O2 ratio was
controlled at 7:1. The X-ray diffraction analysis demonstrated that the sample was a
polycrystalline structure of perovskite phase. The observation from the scanning electron
microscopy showed that the BiFeO3 thin film and the substrate were distinctive and no
evident inter-diffusion occurred between them.
The linear optical properties of the BiFeO3 thin film were studied by optical transmittance
measurements. The optical transmittance spectra of both the BiFeO3 film on the quartz
substrate and the substrate were recorded at room temperature with a spectrophotometer
(Shimadzu UV-3600). The optical constants of the quartz substrate are dsub=1 mm, n0sub=1.51,
and α0sub≈0. Accordingly, the transmission of the quartz is 0.92, in agreement with the
experimental measurement (dashed line in Fig. 4). As displayed in Fig. 4, it is clear that the
BiFeO3 thin film is highly transparent with transmittance between 58% and 91% in the
visible and near-infrared wavelength regions. The oscillations in the transmittance are a
result of the interference between the air-film and film-substrate interface. The well-
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oscillating transmittance indicates that the BiFeO3 film has a flat surface and a uniform
thickness. The transparency of the film drops sharply at 500 nm and the absorption edge is
located at 450 nm. With these desired qualities, the BiFeO3 thin film should be a promising
candidate for applications in waveguide and photonic devices.
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Fig. 4. Optical transmittance spectrum of BiFeO3 thin film on a quartz substrate (solid line)
and its envelope (dotted lines). For comparision, the result of quartz substrate is also
presented (dashed line).
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Fig. 5. Wavelength dispersion curve dependence of (a) the linear refractive index and (b) the
absorption coefficient of the BiFeO3 thin film. The circles are the calculated data and the
solid lines are the theoretical fittings by improved Sellmeier-type formulae.
Figure 5 presents both the linear refractive index n0 and absorption coefficient α0 of the
BiFeO3 thin film obtained from the transmittance curve using the envelope technique
described in subsection 4.1. The circles represent the data obtained by transmittance
measurements, which is well fitted to an improved Sellmeier-type dispersion relation (solid
lines). As illustrated in Fig. 5(a), the refractive index decreases sharply with increasing
wavelength (normal dispersion), suggesting a typical shape of a dispersion curve near an
electronic interband transition. At 780 nm, the linear refractive index n0 and the absorption
coefficient α0 are calculated to be 2.60 and 1.07×104 cm-1 though the improved Sellmeier-type
dispersion fitting (Barboza & Cudney, 2009), respectively. The film thickness calculated in
this way is determined to be 510±23 nm.
The optical bandgap of the BiFeO3 film can be estimated using Tauc’s formulae
(α0hν)2/m=Const.(hν-Eg). Although plotting (α0hν)1/2 versus hν is illustrated in the insert of
Fig. 6, the film is not the indirect bandgap material. From the data shown in Fig. 6, one
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obtains m=1 and extrapolates Eg=2.80 eV, indicating that the BiFeO3 ferroelectric has a direct
bandgap at 443-nm wavelength. The observation is very close to the reported one prepared
by pulse-laser deposition (Kumar et al., 2008). Of course, line and planar defects in the
crystalline film and the crystalline size effect could result in a variation of the bandgap.
Besides, the bandgap energy also depends on the film processing conditions.
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Fig. 6. Plot of (α0hν)2 versus the photon energy hν for the BiFeO3 film. The inset is (α0hν)1/2
versus hν.

6. Optical nonlinearities of ferroelectric thin films
For the ferroelectric thin films, the large optical nonlinearity is attributed to the small grain
size and good homogeneity of the films. During the past two decades, the optical nonlinear
response of ferroelectric films has been extensively investigated. In this section, the
nonlinear optical properties of some representative ferroelectrics in the nanosecond,
picosecond, and femtosecond regimes are presented. Correspondingly, the physical
mechanisms are revealed.
6.1 Third-order optical nonlinear properties of ferroelectric films in nanosecond and
picosecond regimes
It have been demonstrated that ferroelectric thin films exhibit remarkable optical
nonlinearities under the excitation of nanosecond and picosecond laser pulses. Most of these
investigations have been mainly performed at λ=532 and 1064 nm (or corresponding the
excitation photon energy Ep=2.34 and 1.17 eV). Table 1 summarizes the third-order optical
nonlinear coefficients (both n2 and α2) of some representative thin films in the nanosecond
and picosecond regimes.
The magnitudes of the nonlinear refraction and absorption coefficients in most ferroelectrics
at 532 nm are about 10-1 cm2/GW and 104 cm/GW, respectively. However, the nonlinear
responses of thin films at 1064 nm are much smaller than that at 532 nm. This is due to the
nonlinear dispersion and could be interpreted by Kramers-Kronig relations (Boyd, 2009).
Interestingly, although the excitation wavelength (λ=1064 nm) for the measurements fulfils
the three-photon absorption requirement (2hν<Eg<3hν), the nonlinear absorption processes
in undoped and cerium-doped BaTiO3 thin films are the two-photon absorption, which
arises from the interaction of the strong laser pulses with intermediate levels in the
forbidden gap induced by impurities (Zhang et al., 2000).
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As is well known, the optical nonlinearity depends partly on the laser characteristics, in
particular, on the laser pulse duration and on the wavelength, and partly on the material
itself. As shown in Table 1, the huge difference of both n2 and α2 in CaCu3Ti4O12 thin films
with a pulse duration of 25 ps is two orders of magnitude smaller than that with 7 ns (Ning
et al., 2009). In what follows, the origin of the observed optical nonlinearity in CaCu3Ti4O12
films is discussed briefly. As Ning et al. pointed out, the nonlinear absorption mainly
originates from the two-photon absorption process because (i) both excitation energy
(Ep=2.34 eV) and bandgap (Eg=2.88 eV) of CaCu3Ti4O12 films fulfil the two-photon
absorption requirement (hν<Eg<2hν); and (ii) the free-carrier absorption effect can be
negligible because the concentration of free carriers is very low in CaCu3Ti4O12 films as a
high-constant-dielectric material. If the observed nonlinear absorption mainly arises from
instantaneous two-photon absorption, the obtained α2 should be independent of the laser
pulse duration, which is quite different from the experimental observations. In fact, the

Films

λ
(nm)

n0

α0 (cm-1)

Eg
(eV)

n2
Pulse
α2
(cm2/GW
width
(cm/GW)
)

CaCu3Ti4O12

532

2.85 4.50x104 2.88

7 ns

15.6

4.74x105

(Ba0.7Sr0.3)TiO3

532

2.00 1.18x104

--

7 ns

0.65

1.20x105

PbTiO3

532

2.34

--

3.50

5 ns

--

4.20x104

Pb0.5Sr0.5TiO3

532

2.27

--

3.55

5 ns

--

3.50x104

532

--

--

3.39

5 ns

--

7.0x104

PbZr0.53Ti0.47O
3

(Pb,La)(Zr,Ti)
O3

532

2.24 2.80x103 3.54

38 ps

-2.26

--

SrBi2Ta2O9

1064

2.25 5.11x103

38 ps

0.19

--

BaTiO3

1064

2.22 3.90x103 3.46

38 ps

--

51.7

BaTiO3:Ce

1064

2.08 2.44x103 3.48

38 ps

--

59.3

532

2.49 2.46x103 3.79

35 ps

0.31

3.0x104

Bi3.75Nd0.25Ti3
O12

532

2.01 1.02x103 3.56

35 ps

0.94

5.24x104

Bi2Nd2Ti3O12

532

2.28 1.95x103 4.13

35 ps

0.70

3.10x104

CaCu3Ti4O12

532

2.85 4.50x104 2.88

25 ps

0.13

2.69x103

Bi3.25La0.75Ti3O
12

--

References
Ning et al.
2009
Shi et al.
2005
Ambika et al.
2009
Ambika et al.
2009
Ambika et al.
2011
Leng et al.
2007
Zhang et al.
1999
Zhang et al.
2000
Zhang et al.
2000
Shin et al.
2007
Wang et al.
2004
Gu et al.
2004
Ning et al.
2009

Table 1. Linear optical parameters and nonlinear optical coefficients of some representative
ferroelectric thin films in nanosecond and picosecond regimes.
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observed nonlinear absorption mainly originates from the instantaneous two-photon
absorption and the accumulative process. As discussed in subsection 3.3, the physical
mechanisms of CaCu3Ti4O12 films can be understood as follows. Under the pulsed excitation
of 25 ps, two-photon absorption and population distribution are the main mechanisms of
the nonlinear absorption and refraction, respectively. In a few nanosecond time scales, the
accumulative absorption (two-step two-photon absorption) and refraction processes by
impurities mainly contribute to the nonlinear absorption and refraction effects, respectively.
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6.2 Femtosecond third-order optical nonlinearity of polycrystalline BiFeO3
As a new multifunctional material, ferroelectric thin films of BiFeO3 have many notable
physical characteristics, such as prominent ferroelectricity, magnetic and electrical
properties, and ferroelectric and dielectric characteristics. Besides high optical transparency
and excellent optical homogeneity, the BiFeO3 thin films also exhibit remarkable optical
nonlinearity (Gu et al., 2009a).
To give an insight into the detailed optical nonlinearities and to identify the corresponding
physical mechanisms, the Z-scan measurements at different levels of laser intensities I0 were
carried out. To exclude the optical nonlinearity from the substrate, Z-scan measurements on
a 1.0-mm-thick quartz substrate were also performed. The nonlinear absorption coefficient
of α2sub~0 and the third-order refractive index of n2sub=3.26×10-7 cm2/GW are extracted from
the best fittings between the Z-scan theory for characterizing the instantaneous optical
nonlinearity (see subsection 4.2.2) and the experimental data illustrated in Fig. 7(a) at I0=156
GW/cm2. The measured n2sub value is independent of I0 under our experimental conditions.
Figure 7(b) displays typical open- and closed-aperture Z-scan traces for the 510-nm-thick
BiFeO3 thin film on the 1.0-mm-thick quartz substrate at I0=156 GW/cm2, showing positive
signs for both absorptive and refractive nonlinearities, respectively.
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Fig. 7. Examples of Z-scans at I0 =156 GW/cm2 for (a) the quartz substrate and (b) the BiFeO3
thin film deposited on the quartz substrate. Squares and circles are the open- and closedaperture Z-scans, respectively; the solid lines are the best-fit curves calculated by the Z-scan
theory.
Rigorous analysis is adopted Z-scan theory for a cascaded nonlinear medium (see
subsection 4.2.3). The obtained nonlinear coefficients of α2 and n2 for the BiFeO3 thin film at
different levels of I0 display in Fig. 8. Clearly, the values of α2 and n2 are independent of the
optical intensity, indicating that the observed optical nonlinearities are of cubic nature; and
α2=16.0±0.6 cm/GW and n2=(1.46±0.06)×10-4 cm2/GW at 780 nm. It should be emphasized
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that the above-said nonlinear coefficients are average values due to the polycrystalline,
multi-domain nature of the BiFeO3 film.
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Fig. 8. Intensity independence of (a) nonlinear absorption coefficient α2 and (b) nonlinear
refraction index n2 for the BiFeO3 thin film, respectively.
The physical mechanisms of the femtosecond optical nonlinearities in the BiFeO3 film can be
understood as follows. The positive nonlinear absorption mainly originates from the twophoton absorption process because (i) the Z-scan theory on two-photon absorbers fits openaperture Z-scan experimental data well; and (ii) both excitation photon energy (hν=1.60 eV)
and bandgap (Eg=2.80 eV) of the BiFeO3 film fulfill the two-photon absorption requirement
(hν<Eg<2hν). It is also known that the ultrafast femtosecond pulses can eliminate the
contributions to the refractive nonlinearity from optical electrostriction and population
redistribution since those effects have a response time much longer than 350 fs. Moreover,
accumulative thermal effects are negligible because the experiments were conducted at a
low repetition rate of 1 kHz. Consequently, the measured n2 should directly result from the
electronic origin of the refractive nonlinearity in the BiFeO3 thin film.
α2

Films

λ (nm)

n0

α0 (cm-1)

Eg
(eV)

Pulse
width

n2
(cm2/GW)

(cm/GW)

Ba0.6Sr0.4TiO3

790

2.20

--

3.64

60 fs

6.1×10-5

8.7×10-2

Liu et al.
2006

Bi3TiNbO9

800

2.28

1.37×102

3.40

80 fs

--

1.44×104

Yang et al.
2009

Bi1.95La1.05TiNbO9

800

2.02

3.04×104

3.53

100 fs

--

5.95×103

Chen et al.
2010

Ba0.6Sr0.4TiO3

800

2.25

8.50×103

3.48

120 fs

3.0×10-4

1.70

Ning et al.
2011

Bi3.25La0.75Ti3O12

800

2.39

1.73×103

--

140 fs

1.9×10-3

-6.76×10-3

Shi et al.
2006

BiFeO3

780

2.60

1.07×104

2.80

350 fs

1.5×10-4

16

Gu et al.
2009a

BLFM

780

2.52

5.77×103

2.90

350 fs

2.0×10-4

7.4

Gu et al.
2009b

References

Table 2. Linear optical parameters and femtosecond nonlinear optical coefficients of some
representative ferroelectric thin films in the near infrared region.
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With the proliferation of femtosecond laser systems, the understanding of the ultrafast
nonlinear responses of ferroelectric thin films is of direct relevance to both academic interest
and technological applications. As such, more and more efforts are concentrated on
investigating the femtosecond nonlinear optical properties of ferroelectric films, since the
complete understanding of these phenomena is still incomplete. Table 2 summarizes the
femtosecond nonlinear optical response of some representative ferroelectric thin films in the
near infrared region. The typical value of nonlinear refractive index n2 is about 10-4
cm2/GW; whereas the nonlinear absorption coefficient α2 is on a wide range of magnitudes
from 10-2 to 104 cm/GW, depending on both the laser characteristics and on the material
itself. In the femtosecond regime, the accumulative effect could be minimized from the
contribution of the optical nonlinearity. Thus, the nonlinear absorptive coefficient and
refractive index measured with femtosecond laser pulses are closer to the intrinsic value.
The electronic Kerr effect and two-photon absorption are the main mechanisms of the thirdorder nonlinear refraction and absorption, respectively.
6.3 Fifth-order optical nonlinearity in Bi0.9La0.1Fe0.98Mg0.02O3 thin films
The ferroelectric Bi0.9La0.1Fe0.98Mg0.02O3 (BLFM) thin films were deposited on quartz
substrates at 650oC by radio frequency magnetron sputtering. The optical transmittance
spectrum measurements indicate that the BLFM film has a flat surface, a uniform thickness,
and good transparency (Gu et al., 2009b).
The nonlinear optical properties of BLFM films were characterized by the femtosecond Z-scan
experiments at different levels of optical intensities I0. To exclude the optical nonlinear
contribution from the substrate, Z-scan measurements on a 1.0-mm-thick quartz substrate
were performed. The measured α2sub~0 and n2sub=3.26×10-7 cm2/GW are independent of I0
within the limit of I0≤270 GW/cm2. As examples, for the BLFM thin film deposited on 1.0-mmthick quartz substrate, typical open- and closed-aperture Z-scans at I0=156 and 225 GW/cm2
are shown in Figs. 9(b) and 10(b), respectively. All the open-aperture Z-scans exhibit a
symmetric valley with respect to the focus, typical of an induced positive nonlinear absorption
effect. Apparently, the observed nonlinear absorption originates from the BLFM thin film only.
In the closed-aperture Z-scans, the resultant nonlinear refraction arises from both the BLFM
film and the substrate. At a relatively low intensity [see Fig. 9(b)], the closed-aperture Z-scan
resembles to the substrate’s signal [circles in Fig. 9(a)], suggesting that the nonlinear refraction
signal from the BLFM is very weak. Under the excitation of high intensity [see Fig. 10(b)],
however, it is noteworthy that the closed-aperture Z-scan displays a much lower peak-tovalley value in contrast with circles in Fig. 10(a), indicating that the BLFM film exhibits a
negative nonlinear refraction effect. These facts may imply that both third- and higher-order
nonlinearities, rather than a pure third-order process, simultaneously make contributions to
the observed signal.
Adopting Z-scan theory for a cascaded nonlinear medium as described in subsection 4.2.3,
the effective nonlinear coefficients (both αeff and neff) of the BLFM film as a function of I0 are
illustrated in Fig. 11. If the film only possesses a cubic nonlinearity in nature, the values of
αeff and neff should be independent on the excitation intensity. As shown in Fig. 11, the
values of αeff (or neff) increases (or decreases) with increasing intensity, suggesting the
occurrence of higher-order nonlinear processes. Applying the theory presented in
subsection 4.2.4, the measured αeff and neff values are analyzed. The best fit shown in Fig.
11(a) indicates that α2=7.4±0.8 cm/GW and α3 = (8.6±0.6)×10-2 cm3/GW2. From Fig. 11(b), we
obtain n2=(2.0±1.2)×10-4 cm2/GW and n4=-(2.4±1.5)×10-6 cm4/GW2 for the BLFM thin film
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Fig. 9. Examples of Z-scans at I0=156 GW/cm2 for both (a) the quartz substrate and (b) the
BLFM thin film deposited on the quartz substrate. Squares and circles are the open- and
closed-aperture Z-scans, respectively; while the solid lines are the best-fit curves calculated
by the Z-scan theory.
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Fig. 10. Examples of Z-scans at I0=225 GW/cm2 for both (a) the quartz substrate and (b) the
BLFM thin film deposited on the quartz substrate. Squares and circles are the open- and
closed-aperture Z-scans, respectively; while the solid lines are the best-fit curves calculated
by the Z-scan theory.
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within the limit of I0≤270 GW/cm2. Note that in our Z-scan analysis, the intensity change in
the film transmission due to the light-induced nonlinear phase in the interference was
ignored. This is because that the nonlinear path (neffLeffI0) is estimated to be less than 3% of
the wavelength with the parameters mentioned above, and too small to be detectable. For
comparison, the obtained n2 value is three orders of magnitude larger than that of the
substrate and is close to that of representative ferroelectric thin films in femtosecond regime
as presented in Table 2.
The underlying mechanisms of the optical nonlinearities in the BLFM film are described in
the following. As is well known, the nonlinear optical response strongly depends on the
laser pulse duration. For instance, the population redistribution is the dominant mechanism
of the third-order nonlinear refraction in the ferroelectric thin films in the picosecond regime
(Shin et al, 2007). Under the excitation of the femtosecond pulses, the third-order refractive
nonlinearity mainly arises from the distortion of the electron cloud. Besides, the
accumulative thermal effect is negligible in our experiments because effort was taken to
eliminate its contribution by employing ultrashort laser pulses at a low repetition rate (1
kHz in our laser system). Consequently, the measured n2 gives evidence of the electronic
origin of the optical nonlinearity. In addition, the third-order nonlinear absorption is
attributed to two-photon absorption because the excitation photon energy (hν=1.60 eV) and
the bandgap (Eg=2.90 eV) of the BLFM films are satisfied with the two-photon absorption
requirement (hν<Eg<2hν).
In general, there are at least two possible mechanisms contributing to the fifth-order
nonlinearities: the intrinsic χ(5) susceptibility and a sequential χ(3): χ(1) effect. We believe that the
observed fifth-order nonlinearity mainly originates from an equivalent stepwise χ(3): χ(1)
process because the tendency of the measured coefficients (see Fig. 11) are analogous to those
of two-photon-induced excited-state nonlinearities in organic molecules (Gu et al., 2008b) and
two-photon-generated free-carrier nonlinearities in semiconductors (Said et al., 1992). The
observation can be understood as follows. In the BLFM thin film, the population redistribution
assisted by two-photon absorption produces an additional change in both the absorptive
coefficient and refractive index, leading to an equivalent stepwise χ(3): χ(1) process. Using the
theory of two-photon-induced excited-state nonlinearities (Gu et al, 2008b), the absorptive and
refractive cross-sections of populated states are estimated to be σa=(2.6±0.3)×10-17 cm2 and σr=(0.72±0.46)×10-21 cm3, respectively, from the formulae α3=(3π)1/2σaα2τF/[8(2ln2)1/2hν] and
n4=(3π)1/2σrα2τF/[8(2ln2)1/2hν]. These values are on the same order of magnitude as the
findings for organic molecules (Gu et al., 2008b) and semiconductors (Said et al., 1992),
confirming that our inference of the origin of fifth-order effect is reasonable.

7. Summary and prospects
This book chapter describes the linear and femtosecond nonlinear optical properties of
ferroelectric thin films. The fundamental optical constants (the linear absorption coefficient,
linear refraction index, and bandgap energy) of the thin film are determined by optical
transmittance measurements. The nonlinear optical response of the film is characterized by
single-beam femtosecond Z-scan technique. The femtosecond third-order optical
nonlinearity of polycrystalline BiFeO3 thin film is presented. Moveover, the simultaneous
third- and fifth-order nonlinearities in ferroelectric Bi0.9La0.1Fe0.98Mg0.02O3 films are observed.
Most importantly, the nonlinear optical properties of representative ferroelectric thin films
in nanosecond, picosecond, and femtosecond regimes are summarized. The underlying
mechanisms for the optical nonlinearities of ferroelectric thin films are discussed in details.
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In literature, the optical nonlinearity will be enhanced by the dielectric and local field effect
as well as the homogeneity in diameter, distribution and orientation in the ferroelectric films
(Ruan et al., 2008). Researchers found that the nonlinear optical properties of ferroelectric
films are also dependent on both fabrication techniques and deposited temperature
(Saravanan et al., 2010). The ions (Pb, Mn, or K) dopant as the acceptor in ferroelectric films
could reduce the dielectric loss and enhance the third-order optical nonlinearity (Zhang et
al., 2008, Ning et al., 2011). By altering the lattice defect and subsequent the density of
intermediate energy states, it is possible to tune the optical nonlinear response of
ferroelectric thin films (Ambika et al., 2011). Metal nanoparticles doped ferroelectrics will
introduce additional absorption peak arising from the surface plasmon resonance of
nanoparticles. Accordingly, one could detect the huge enhancement of the near resonance
nonlinearity in ferroelectric composite films (Chen et al., 2009). Besides, novel ferroelectric
hybrid compounds, such as ferroelectric inorganic-organic hybrids, show the high thermal
stability, insolubility in common solvents and water, and wide transparency range, which
make them potential candidates for nonlinear photon devices (Zhao et al., 2009).
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1. Introduction
For the first time, unusual properties of solid solutions Pb1-xSnxTe:In with х≈0.24-0.29
(below, PbSnTe:In) were reported in the literature in 1979 (Vul et al., 1979; Akimov et al.,
1979). Today, ample experimental data on the properties of PbSnTe:In and theoretical
models to explain those properties, and also many reviews of known data for this material
(Kaidanov & Ravich, 1985; Volkov et al., 2002), are available. Primary attention was focused
on explanation of the following revealed features:
Fermi-level pinning at the middle of the forbidden band in samples with certain
compositions and indium contents, and a low conductivity of the material at
temperatures Т≤20 К;
a high photosensitivity of the material: PbSnTe:In readily responds to extremely low
radiation fluxes, including those emitted by heated bodies whose temperature only
slightly exceeds the sample temperature;
long-term photosignal decay and residual conduction observed in PbSnTe:In samples
after the illumination is switched off.
From the literature (Herrmann & Mollmann, 1983; Vinogradov & Kucherenko, 1991) it was
known that in PbSnTe:In samples cooled to temperatures below 20 K spontaneous
polarization arises. In the same temperature interval the samples exhibit a pronounced (up
to two orders of magnitude) decrease of static dielectric permittivity, whose dependence on
temperature yields for the ferroelectric phase transition point a value ТС = 17÷20 K. Like for
the well-known isotopic ferroelectric solid solution (SrTiO318 )1− x (SrTiO316 )x (Mitsuru &
Ruiping, 2000), for Pb1-xSnxTe:In there exists a certain critical value of x such that with less
Sn the solid solution behaves as a virtual ferroelectric with a negative temperature TC while
at greater values of x it behaves as an ordinary ferroelectric with temperature TC dependent
on the composition x. Although the occurrence of a “metal–dielectric transition” in
PbSnTe:In at temperatures T ≤ 20K presents a widely recognized fact, manifested as Fermilevel pinning at the middle of the energy gap of PbSnTe:In and resulting in a low (almost
intrinsic) concentration of charge carriers in the material, available literature tacitly assumes
that in dielectric state no contact injection occurs in PbSnTe samples, and only equilibrium
charge carriers define the charge transport in the material. Yet, it was firmly established in
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(Akimov et al., 2005) that at helium temperatures in electric fields stronger than about 100
V/cm PbSnTe:In samples become dominated by space-charge-limited injection currents in
the presence of electron traps, with the temperature dependence of the current showing a
good agreement with calculations performed by the theory of space-charge-limited currents
on the assumption of temperature-dependent static dielectric permittivity of the material. It
was found that the behavior of static dielectric permittivity as a function of temperature
depends on the strength of an electric field superimposed onto the sample, this fact
complicating the description of the current versus voltage and temperature (Klimov &
Shumsky, 2003). It is clear that with just equilibrium charge carriers taking part in the charge
transport the static dielectric permittivity itself and its variation with temperature would not
be factors affecting the transport and current-voltage characteristics of the samples.
As stated above, the photoelectric properties of PbSnTe:In at helium temperatures from the
very beginning griped fixed attention of researchers; those properties have also triggered
many subsequent studies in this field. In steady state, a pronounced sensitivity even to
radiation emitted by moderately heated objects with temperatures Т = 30÷35 K was observed.
In the latter situation, at a working temperature Т=4.2 К the photosignal could display decay
times ranging from several fractions of millisecond to many hours and even days.
There are several possible explanations to the high photosensitivity and long-term
photocurrent relaxation. Until recently, the most frequent explanation rested on an assumption
of Yang-Teller (YT) instability that could occur in the crystal surrounding of some point
defects in PbSnTe:In; more specifically, it was assumed that an electron capture into some trap
could result in lowering of the electronic level of the trap (Volkov & Pankratov, 1980). The
electron transition from the conduction band of PbSnTe to the YT center and the reverse
transition, electron emission from the center, are thermally activated processes with an
activation energy of 0.01 eV, and this leads to a photoconduction decay time increased at Т=4
K by a factor of 1012 in comparison with the case of no-barrier trapping.
Other alternative explanations were also reported (Vinogradov et al., 1980; Drabkin &
Moizhes, 1983) resting on the possibility of emergence, on electron excitation, of a potential
barrier that acts to hamper the electron recombination at the level from which the electron
was excited by absorbed radiation. The quenching of photoconduction with increasing
temperature or following an application of a strong electric-field pulse was normally
attributed to increased probability of electron penetration through the potential barrier.
The spectral dependence of photoconduction corresponds to the fundamental absorption
band of PbSnTe (band-to-band transitions) (Zasavitskii et al., 1986); nonetheless,
photoconduction around wavelengths 115 μm and 220 μm (Romcevic et al, 1991), and also
in extended wavelength regions 100 to 200 and around 336 μm, was also reported
(Khokhlov et al., 2000; Akimov et al., 2006; Klimov et al., 2007).
In a certain range of applied electric field and illumination intensities, current selfoscillations were observed in PbSnTe (Akimov et al., 1993; Borodin et al., 1997a), which until
recently were given no exhaustive explanation.
Recently, the idea about the existence of negative-U centers was revisited by some workers.
Possible emergence of the latter situation is described within the frame of two models. In the
first, «deformation» model, the energy of a center is defined by the distortion of its nearest
crystal surrounding (Volkov & Pankratov, 1980). The second model draws attention to the
variable valence of group 3 impurities that may appear in single-charged acceptor state
(s2p1), in neutral state (s1p2), or in single-charged donor state (s0p3) (Drabkin & Moizhes,
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1981). Those levels are deep; nonetheless, there may also exist shallow levels split from the
conduction-band bottom by the Coulomb potential of the center or a system of centers in the
state (s0p3) (Volkov & Ruchaiski, 1995). As it was noted in (Volkov et al., 2002), both models
are capable of providing a reasonable explanation to the effects observed in PbSnTe:In.
Available models, however, disregard the influence the ferroelectric properties of PbSnTe
have on the photoelectric phenomena in the material, and the dark conduction and
photoconduction in it is not treated in those models with due allowance for the contribution
due to contact-injected charge carriers. The change of the slope of the temperature
dependence of current at low temperatures was most often attributed to the variation of the
energy position of the level due to indium impurities in the band gap without any
explanation given to possible reasons for this phenomenon.
The purpose of the present publication is a data analysis and a development of the concept
resting on the following basic ideas:
transport of charge carriers in PbSnTe:In with х≈0.24-0.29 is defined by contact
injection;
the energy gap of PbSnTe:In contains localized states acting as electron traps;
the ferroelectric phase transition has a substantial influence on the observed electrical,
magnetic, and photoelectric properties of PbSnTe:In and, above all, on the currentvoltage characteristics of samples and on the relaxation of conduction-band electrons
injected into the material by an electric field or radiation;
the dielectric state of PbSnTe:In at helium temperatures is related with the
compositional disorder of the material as a solid solution.
We believe that the discussion of the listed, still poorly studied points will enable a better
understanding of transport phenomena in PbSnTe:In, including the situation in magnetic
fields, and will elucidate the role of the ferroelectric phase transition in PbSnTe transport
properties.

2. Temperature dependence of conductivity and capacitance, photodielectric
effect
2.1 Experimental samples and measurement procedure
We examined PbSnTe:In films MBE-grown on BaF2 substrates (Klimov & Shumsky, 2001a,
2003). The thickness of the films was about 1 μm, their tin content was x ≈ 0.26, and the
indium content, ≅ 3%. For measuring the current-voltage and capacitance-voltage
characteristics, special comb structures formed by two metal contacts were prepared. The
length of the gap between the contacts was 15 000 μm, and the gap width was 16 to 64 μm.
In calculating the capacitance of the structure, the parallel-plate capacitor approximation
was used; the applicability of this approximation was justified by the high value of dielectric
permittivity, ε≥400. For Hall measurements, a standard Hall bar with four potentiometric
contacts was employed. The measured sample was contained in a metal chamber that
screened it from background radiation.
As the source of radiation, two sources were used. The first source, in what follows to be
referred to as the source IR1, was a small-size incandescent lamp in glass bulb installed
directly in the chamber with the sample; this lamp emitted radiation with λ ≤ 2 μm that,
following absorption, caused band-to-band transitions in PbSnTe:In. The second source, to
be referred to as the source IR2, was a tungsten incandescent-lamp spiral mounted in an
evacuated volume with a polyethylene exit window; behind the window, a combined filter
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was installed that allowed only radiation with quantum energies lower than the band-gap
energy of PbSnTe:In to come from the volume.
2.2 Experimental data
At low temperatures, T<20 K, at zero voltage in the measurement circuit an electric current
was registered; this current could be due to the spontaneous voltage induced in PbSnTe:In
by the ferroelectric phase transition (Herrmann & Mollmann, 1983; Nasybbulin et al., 1983;
Vinogradov & Kucherenko, 1991; Klimov & Shumsky, 2001b). The strength of the observed
current decreased in time below 10-14 A, going beyond the measurement accuracy.
At bias voltages below 0.01 V and Т=4.2 K without illumination, no direct measurement of
sample resistance was possible because the current was too weak (<10-14 A). The dark
resistance of the sample was therefore evaluated from the proportion between the dark
current and the current under illumination, also easily measurable at low voltages, which
could be approximated into the interval of low bias voltages. The estimate gave a value
greater than 1014 Ohm, translating into a specific-resistance value ρ> 5⋅1012 Ohm⋅cm (Klimov
& Shumsky, 2001a).

Fig. 1. The curves of sample capacitance versus temperature measured in the dark (1, 5) and
under illumination with source IR1 (2-4). The dc bias voltages are 0 V for curves 1-4 and 1.55
V for curve 5. The voltage supplied to the source, or illumination intensity, increases on
going from curve 2 (0.14 V) to curve 4 (1.52 V), the nominal operating voltage of the source
being 6 V.
Figure 1 shows the curves of capacitance versus temperature in a sample under zero bias
voltage measured in the dark and under illumination, and also a similar curve measured in
the dark under dc bias voltage U=1.55 V at frequency f=3.3 kHz (Klimov & Shumsky, 2001a,
2003). A specific feature displayed by the curves is a decrease of capacitance reaching
approximately one hundred times on decreasing the temperature from Т=25 К to Т=15 К
without illumination, and also a weak variation of the capacitance in the same temperature
interval under illumination. In other words, illumination of the sample at temperatures
below 20 - 30 К resulted in increased capacitance of the structure. Another important feature
here is the shift towards higher temperatures of the temperature range in which the dark
capacitance exhibited strong variations on superimposing a sufficiently strong electric field
across the sample. In the latter situation, in the curve of capacitance versus temperature
there arises a characteristic shelf in the temperature interval Т=25 ÷ 30 К.
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In (Vinogradov & Kucherenko, 1991) a similar temperature dependence of capacitance was
interpreted as an indication for a ferroelectric phase transition. In our samples, the
dependence of inverse dielectric permittivity on temperature has yielded for the Curie point
a value TC=17.5 K under zero bias voltage and a value 19.5 К under bias voltage 1.55 V.
The active and capacitive components of sample conductivity show an increase over the
temperature interval from 4.2 to 30 К both during increase of temperature under noillumination conditions (a) and at fixed temperature during increase of illumination
intensity (b). The relation between the concentration of free charge carriers and the sample
capacitance in both indicated situations, a and b, for the sources IR1 and IR2 proved to be
rather intricate.
Figure 2 shows the experimental dependences of the capacitance of structure on its
conductance, C=f(σ). It could be expected that, providing that the capacitance variations
were defined by the variation of the concentration of free charge carriers in the samples,
then, no matter how the latter variation was achieved, the dependence of capacitance versus
conductivity would follow one and the same curve in the coordinates σ–C.

Fig. 2. The proportion between the active conductance of the sample R-1 and its capacitance
(left axis) or the capacitive conductance (right axis). Frequency f=3.3 kHz. Curve 1 – growth
of conductivity and resistance due to increase of temperature from Т=4.2 К to
approximately Т=25 К. Curves 2, 2’, and 2’’ – growth of conductivity under turned-on
illumination from source IR1, 3 – the same with source IR2. The rise time of conductivity to
its maximum value: 2, 3 – 600 s, 2’ – 6 s, 2’’ – 0.4 s. The curve under illumination were
measured at Т=4.2 К.
However, the relation between the conductivity and capacitance under temperature
variations (curve 1) proved to be fundamentally different from that in illuminated sample at
liquid-helium temperature (see Figure 2). Moreover, the curve of capacitance versus
conductance in the sample illuminated with far-IR source IR2 (curve 3) was found to show
qualitative differences from the curve displayed under illumination with source IR1 (curves
2, 2’, 2’’). Here, although an increase in illumination intensity from source IR1 provides for a
sharper initial growth of the curve C=f(σ), the slope of this curve tends to saturation, always
remaining several times lower than the slope of the similar curve registered with source IR2.
Measurements of sample capacitance versus the strength of constant electric field
superimposed onto sample performed at various temperatures under no-illumination
conditions showed that on decreasing the temperature the above dependence became less
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pronounced (Klimov & Shumsky, 2001b). Here, in the temperature interval T < 20 K the
capacitance behaves non-monotonically as a function of electric-field strength, with an
emerging characteristic maximum whose position moves towards higher fields with
decreasing temperature.
The shape of the dependences dramatically depends on the rate of change of the electric
field (Klimov & Shumsky, 2001b). Under slowly increased field, «quenching of
photocapacitance» to the dark level is observed already under electric-field intensities of 400
V/cm. At a rapid sweep of the electric field, the dependences show an intricate behavior
with a characteristic peak displayed at E = 400 V/cm. The curves C(V) measured with
decreasing electric field differ in shape from the curves registered during an increase of the
electric field. Thus, the observed dependences with a capacitance maximum observed at a
certain electric-field strength exhibit a non-stationary dynamic pattern.
2.3 Summary
1. The current-voltage characteristics measured under illumination were linear only at
low bias voltages (< 0.015 V); the current-voltage curves measured in the dark proved
to be linear at even lower voltages.
2. At helium temperatures the films showed a spontaneous voltage typical of
ferroelectrics.
3. A photodielectric effect in PbSnTe:In films was observed. This effect consisted in a
strong (by two orders of magnitude) increase of low-frequency dielectric permittivity at
temperatures below 20 K in samples exposed to electromagnetic radiation. The effect
can be attributed to charging processes of impurity centers and to an increase of the
effective radii of those centers.
4. A more pronounced increase of capacitance (and dielectric permittivity) was observed
in samples exposed to radiation in the fundamental absorption band of PbSnTe:In.
5. The shape of measured curves of capacitance versus field strength was found to be
dependent on the rate of change of the field ∂E ∂t .

3. Space-charge-limited currents
3.1 Current-voltage characteristics at T=4.2 K
In «dielectric state», discussed in Introduction, at low concentrations of charge carriers in the
allowed bands transport of charge carriers should obey the theory of space-charge-limited
currents (Akimov et al., 2005). With traps for charge carriers present in PbSnTe:In, the filling
of such traps should have an influence both on the current-voltage characteristics and on the
photoconduction relaxation. Experimental structures used for measuring current-voltage
characteristics were similar to the structures described in Section 2.1. They were formed by
two metal contacts prepared on the surface of PbSnTe:In films. The length of the gap
between the contacts was 2 000 to 15 000 μm, and the gap width was 16 to 64 μm. Currentvoltage characteristics were measured in the interval of voltages up to 7-8 V using dc
sources. In measuring current-voltage characteristics at voltages in excess of 8 V, a generator
of rectangular pulses was used to avoid heating of the sample. The pulses followed at time
intervals 3⋅10-4 s, and the width of the pulses was 1, 4, or 8 μs, depending on the voltage
range.
Figure 3 shows the current-voltage curve of an PbSnTe:In structure measured at Т=4.2 K. In
the curve, the following features are distinctly seen: a) a weak growth of the current at a

Localized States in Narrow-Gap Ferroelectric-Semiconductor PbSnTe:
Injection Currents, IR and THz Photosensitivity, Magnetic Field Effects

533

level of (2-3).10-13 A; b) voltage intervals over which the current shows first a linear and,
then, a quadratic growth; c) a transition region; and d) a quadratic dependence of the
current on voltage in the range of voltages 20 – 60 V.

Fig. 3. Current-voltage characteristics of a PbSnTe:In sample at Т = 4.2 К. The curves were
measured: (1) and (2) - under dc conditions; (3) – in pulsed mode (3).
In the region above U≈0.2 V, the current-voltage characteristics can be understood within
the theory of space-charge-limited currents (Lampert & Mark, 1970). The extended transition
region with a sharp growth of current over the voltage interval 1 to 10 V points to the
presence of various traps in the structure that at U > 20 V become filled with charge carriers.
Measurements of current-voltage characteristics at three different widths of the inter-contact
gap, 16, 32, and 64 μm, showed that, with decrease of the effective inter-contact separation
owing to metal diffusion taken into account, the experimentally measured current values
within ±10% obey the proportion I 1 : I 2 : I 3 = L−13 : L−23 : L−33 , in line with the theory of spacecharge-limited currents.
3.2 Temperature dependence of the current
In the experimental dependences of the current on reciprocal temperature at different
voltages (see Figure 4), the following fact is engaging attention: the activation energies ΔE
calculated from the relation i=i0exp(-ΔE/kT) at low temperatures have different values at
different voltages: the lower the bias voltages, the lower is the activation energy.
Yet, in the temperature region T>20 K the activation energies become roughly identical for
all curves. From the standpoint of the theory of space-charge-limited currents, here we have
an increase in the concentration of equilibrium electrons, with the ohmic current dominating
the conduction. At low temperatures and not too high voltages, when the injection is still
weak, deep traps get occupied with electrons, and the activation energy determined from
the slope of i=f(103/T) gives the trap energy. On increasing the bias voltage in excess of the
values at which complete filling of traps occurs ( U > 3÷3.5 V) the electric current becomes
weakly dependent on temperature in the temperature region T<10÷20 K. A slight growth of
electric current with increasing temperature in this temperature region can be attributed to
variation of static dielectric permittivity in the material; this matter will be discussed in
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more detail in the next section. Note that, if the dielectric permittivity increases with
temperature, at fixed temperature it decreases with increasing the bias voltage. This
circumstance affects the observed behavior the electric current shows as a function of
temperature at the three bias voltages in Figure 4.

Fig. 4. Temperature dependence of the current through an PbSnTe:In film with х=0.25 under
bias voltages 1.55 V (1), 4.65 V (2), and 5.6 V (3). The calculated activation energies are
indicated with arrows.
3.3 The energy distribution of traps in the forbidden band of PbSnTe:In
In (Klimov & Shumsky, 2009), current-voltage characteristics were used to extract from
them the energy distribution of traps in the forbidden band of PbSnTe:In. The current–
voltage characteristics were measured at T = 4.2 K on samples directly immersed into liquid
helium and screened from background radiation. A typical characteristic measured on one
of the samples is exemplified by Fig. 5.
Following an increase of the bias voltage from 0.7 to 20 V, the electric current increases by
more than 13 orders. In a narrow range of bias voltages from 1.82 to 1.92 V the electric
current grows in value approximately by four orders. Within the theory of space-chargelimited injection currents, this narrow range of bias voltages can be identified as a range
inside which deep traps with a discrete energy level capture electrons to finally become
completely filled with them. With further increase of bias voltage, the current grows in
value more slowly yet much faster than the quadratic dependence I~U2 does. Such a
behavior displayed by the current–voltage curves can be attributed to a filling process in
which trap levels lying higher in energy than the above-mentioned discrete level become
filled with electrons. In the range U≥15 V, the current tends to follow the dependence I~U2,
which behavior corresponds to complete filling of all mentioned traps with subsequent
limitation of the electric current with the space charge induced in the material by free rather
than trapped electrons.
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Fig. 5. A current–voltage characteristic measured at T= 4.2 K. Solid line—experiment,
dashed line — quadratic dependence for the current.
The energy distribution of electron traps in our samples was calculated under an
assumption that the spatial distribution of electrons in between the contacts was uniform,
this assumption being a standard one in the theory of space-charge-limited currents. In a
biased sample, for the electric current we have:
I = q μ n (U ) wd

U
.
L

Here, μ is the electron mobility, and n(U) is the density of free electrons in the material.
From here, we readily obtain:
n (U ) =

IL
.
q μ wdU

For our sample, the effective density of conduction-band states Nc was calculated as
described in (Anderson, 1980); at T = 4.2 K this density was found to equal Nc ≈ 4⋅1014 cm—3.
The calculations showed that in the interval of bias voltages U≤10 V the density of free
electrons n(U) was smaller than Nc and, hence, the energy position of the Fermi quasi-level
for electrons could be estimated using the simple relation
E fn − Ec = kT ln

n(U )
.
Nc

Under conditions with space-charge-controlled limitation of the electric current, the total
charge due to free and trapped electrons is
Q = CU = q ⎣⎡n (U ) + nt (U ) ⎦⎤ wdL ,
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where C is the experimentally measured capacitance of the structure, and nt(U) is the
density of electrons trapped in the material. Using the values of n(U) and Efn(U), we can
determine, from the current–voltage curve, the dependence nt = f (E fn ) . In an energy
interval between E0 and E, the density of trapped electrons is

nt ( E ) =

E

∫ g ( E) f ( E) dE ,
t

E0

where gt(E) is the energy distribution of traps in the material, and f(E) is the Fermi–Dirac
distribution function. Treating the Fermi–Dirac distribution function as a step function with
f(E) = 0 at energies E>Efn and f(E)=1 at energies E<Efn, we can put the upper integration limit
equal to Efn. After integration over Efn, we then obtain:

( )

∂ ⎡nt E fn ⎤
⎦.
gt ( E ) = ⎣
∂E fn
The energy distribution of traps calculated by this formula from the experimental current–
voltage characteristic is shown in Figure 6. It should be emphasized here that the maxima
and minima distinctly observed in the trap spectrum have emerged as a result of an analysis
of an accurately measured experimental current–voltage curve. With the adopted algorithm,
trap levels below the energy level 0.01 eV from the conduction-band edge could not be
reliably identified since this could only be done by accurately measuring the current–voltage
curve in the range of currents I<10-16 A.

Fig. 6. The energy distribution of traps extracted from measured current–voltage
characteristic.
3.4 Summary
The experimental data indicate that in PbSnTe:In samples, in which a «transition to
dielectric state» is observed, at helium temperatures the electric current remains ohmic only
in weak electric fields. On increasing the field intensity the current becomes limited by the
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space charge due to electrons injected from contacts, including trapped electrons. In
structures with different separations between the contacts the current varies in inverse
proportion to the inter-electrode separation raised to the third power I~L-3; this finding
confirms the applicability of the theory of space-charge-limited currents to PbSnTe:In. An
analysis of the temperature dependence of the current at different bias voltages showed that
in the coordinates lgI=f(103/T) the slope of the curves in the temperature range from 4.2 to 35
K strongly depends on the bias voltage. This observation can be attributed to the fact that,
on raising temperature, we have different proportions between the injected and ohmic
current. The exact value of this proportion is defined by the behavior of dielectric
permittivity as a function of temperature (the dielectric permittivity increases with
increasing temperature) and electric-field strength (the permittivity decreases with field
intensity). Thus, under conditions with space-charge-controlled limitation of the electric
current the slope of the curves lgI=f(103/T) depends on the field intensity; this slope can
therefore be used for determination of trap activation energies only in weak fields. The
aforesaid also applies to interpretation of Hall data.

4. Transport of charge carriers in PbSnTe:In in a magnetic field
4.1 Samples
Experimental type-1 structures (S1) with metal electrodes formed on the surface of PbSnTe:In
films of thickness 1 μm were similar to the structures described in Section 2.1; these structures
are shown in Figure 7 a. Three orientations of magnetic field with respect to the electric-field
direction and the substrate-normal direction were used (Klimov et al., 2009).
The influence of gap orientation in the film plane on the current value was examined on
type-2 structures (S2), each structure comprising eighteen 0.2-cm long gaps with 30-μm
inter-electrode spacing (see Figure 7 b). In structure S2, each inter-electrode gap was turned
through angle 10° in the film plane with respect to the previous gap.

Fig. 7. Experimental structures for examining anisotropic effects in magnetic field. a) interelectrode gap (d=1 μm, w=0.2 cm, l=30 μm). b) arrangement of eighteen gaps on a single
crystal and their angular orientation (the «zero angle» is chosen arbitrarily).
4.2 Current anisotropy in magnetic field
Curves of relative current in magnetic field IB/IB=0 versus bias voltage in an S1 structure are
shown in Figure 8 a. The current strength could be increasing or decreasing with bias
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voltage depending on mutual orientation of the magnetic and electric fields and the normal
to the substrate. Moreover, for orientation 3 the current showed both positive and negative

(a)

(b)

Fig. 8. a - Curves of relative current versus bias voltage measured at B=0.22 T. Curves 1, 2,
and 3 refer to magnetic-field vector orientations indicated in Fig. 4.1 a with the same
numerals. b - Curve of electric current versus magnetic-field strength measured at U=4.79 V.
Here, the magnetic-field vector was normal to the BaF2 substrate.
changes with increasing bias voltage. The largest change of current was observed for
orientation 1 (Figure 7a). The relative change of current versus magnetic field for this
orientation is shown in Figure 8 b. It is seen that at B=4 T the current increases by a factor
of 104.
Figure 9 shows the angular dependences of the effect at fixed bias-voltage values in
magnetic field B=0.22 T at T=4.2 K. On tuning-on and turning-off the field B , current
relaxation over a time 10-30 sec was observed; the relaxation pattern depended on the
orientation of the field B and on the sample temperature.

(a)

(b)

Fig. 9. a - The electric current versus the angle α between the magnetic-field vector B and
the normal n to the BaF2 substrate in the plane normal to the electric-field vector E . b - The
electric current versus the angle α between the fields B and E in the substrate plane. The
bias voltages are U=4 V (a) and U=5 V (b).
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In the experiment (see Figure 9), the magnetic field was rotated through the angle 360°
during 8 minutes so that at each angle a quasi-equilibrium magnitude of the current could
establish. Both dependences in Figure 9 show no pronounced angular symmetry.
Nonetheless, it is seen from Figure 9 a that two minima of the current lie in the vicinity of
the angles 0° and 180°, for which the vector B was normal to the substrate. The position of
the most pronounced maximum is near the angle 270o, at which the field B was normal to
the substrate. Yet, the other «local» maximum, located at 120o, is observed rather far from
the angle 90°, at which the vector B is also parallel to the substrate.
In Figure 9 b the angle between the two maxima is close to 240°, with the «main» minimum
being located at the middle point of the maxima with angular spacing of approximately 120°
from either maximum. In principle, this position of the three extrema correlates with the
orientation of the BaF2 (111) substrate. Yet, the position of the second «local» minimum
shows no such regularity.
The behavior demonstrated by the current in a strong magnetic field also substantially
depends on the orientation of this field with respect to the electric-field vector and the
normal to the substrate, and it can appear nonmonotonic with variation of B . Figure 10
shows the curves of relative current for mutual orientation 2 of the two fields (Fig. 7 a) at
various bias voltages. The maximum increase in current (over 200 times) was reached
approximately at B=1.3 T and at bias-voltage value U≈3 V, i.e. in the vicinity of the voltage
at which the effect in weak magnetic fields was also most pronounced (Fig. 8 a)).

Fig. 10. The ratio I(B)/I(B=0) versus magnetic-field strength. Here, the magnetic field and
the electric field are parallel to each other. Bias voltage U, V= 2.66 (1); 2.77 (2); 2.93 (3); 3.1
(4); 4.05 (5); 5.2 (6).
4.3 Discussion
Consider possible factors causing the variation of the electric current under the action of a
constant magnetic field. In Section 3 it was shown that at helium temperatures the
behavior of current-voltage characteristics of PbSnTe:In films obeys the theory of spacecharge-limited current in the presence of electron traps. In the case under discussion, the
change of current-voltage characteristics in a magnetic field should be attributed to a
change of dielectric permittivity (polarizability) of the medium providing that such a
change does take place.
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Consider possible change of the effective value of ε as a factor causing variation of the
current-voltage curves. Assuming variation of dielectric permittivity by ±30%, we
performed numerical calculations of the current-voltage characteristics; the calculated data
are shown in Figure 11, curves 1, 2, and 3, together with experimental data. As it is seen
from the figure, a good agreement between the calculated and experimental data is
observed.

Fig. 11. Current-voltage characteristics of a PbSnTe:In sample at Т=4.2 K. Symbols –
experimental data; solid lines – calculated data. 1 and squares – В=0, 2 and circles – В = 4 T,
orientation 2 in Figure 7 a, 3 and triangles – В = 1.33 T, orientation 2 in Figre 7 a.
Of course, here we do not mean the variation of ε under the action of magnetic field. The
magnetic field can alter the current direction by the Hall angle, which in PbSnTe:In can be
rather large because of a high value of charge-carrier mobility. In turn, it is the polarizability
of the medium in the direction of current that will affect the space-charge magnitude and
the current strength, thus making the latter quantities dependent on the direction and
strength of magnetic field. If we assume that precisely this factor defines the anisotropic
effects in magnetic field, then the dependence of ε on field orientation can also be expected
to take place without the magnetic field. To clarify this point, at B=0 we examined the
angular dependence of ε and the shape of current-voltage characteristics of structures S2
under conditions with space-charge-controlled limitation of injection current at various
orientations of the external electric field.

Fig. 12. Dependence of ε on gap orientation in structure S2. The wide arrows indicate the
approximate angular position of the maximal and minimal values of ε.
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The angular dependence of ε was measured on an experimental structure shown in Figure 7
b. The experimental data measured at frequency f=104 Hz are shown in Fig. 12. The
dependence shows distinct minima and maxima whose presence in the dependence can be
identified by 2 to 4 experimental points within each feature.
The experimentally revealed dependence of ε on electrical-field orientation explains the
observed transformation of current-voltage characteristics in a magnetic field. Yet, factors
causing the variation of ε need further discussion. At room temperature PbSnTe has a facecentered cubic lattice with the NaCl structure (space group Oh5Fm3m ). As a result of the
ferroelectric phase transition, the lattice becomes rhombohedric, involving equivalent [111]
spontaneous-polarization axes of «free» crystal. As far as our knowledge goes, so far no data
on the dependence of static dielectric permittivity on crystallographic direction in PbSnTe:In
have been reported; on the other hand, for thoroughly studied ferroelectrics, such as, for
instance, barium titanate, the dielectric-permittivity values measured along directions [010]
and [001] form a tensor, whose components in some temperature range can differ by ten to
hundred times (Vinogradov & Kucherenko, 1991). The axis along which spontaneous
polarization in PbSnTe:In occurs seems to be not parallel to the surface normal, being
instead one of the three equivalent type [111] axes directed at an angle to the substrate. The
projections of those axes onto the substrate plane are separated with 60° angles. One factor
making the indicated three axes nonequivalent on large scale and leading to spontaneous
polarization along one of those axes can be some deviation from singularity that inevitably
occurs in preparation of BaF2(111) substrates.
In principle, if spontaneous polarization along one of the three equivalent type-[111] axes
does occur, a 60- or 120-deg angular symmetry of the effect in the substrate plane can be
expected; such a symmetry is probably manifested in Fig. 9 b. Simultaneously, geometric
factors, such as, for instance, a large length of the inter-electrode gap, a small film thickness,
and also a multi-domain structure of the film, could also induce distortions into this type of
symmetry.
Of course, the model discussed above is a simplified model. In particular, the experimental
current-voltage characteristic in substrate-normal magnetic field in Figure 11 and the
calculated current-voltage curve can be brought in agreement assuming 30% variation of ε,
while measured angular variations of ε are restricted to within 20%. Finally, the model
ignores the influence of possible multi-domain structure of PbSnTe:In films on the shape of
current-voltage curves, which may appear rather substantial.
4.4 Summary
The giant (up to 104) change in the electric current in Pb1-xSnxTe:In films placed in a
magnetic field can be explained within the frame of the following model. The polarizability
of PbSnTe:In films in ferroelectric phase at T=4.2 K is anisotropic and, in such films, there
exists a preferential direction of spontaneous polarization in which the static dielectric
permittivity ε is maximal. The latter assumption is qualitatively corroborated by
experimental data on anisotropic properties of the films in zero magnetic field. Since the
measured currents are space-charge-limited injection currents, the magnitude of these
currents depends on the value of ε in the direction in which the current flows. It can
therefore be expected that a magnetic-field-induced change of current direction will alter the
magnitude of the current. The observed effect can be explained on the assumption that, on
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the change of current direction, the voltage Ut at which the traps in the film become filled
with electrons also undergoes a change in the magnetic field, because this voltage is
inversely proportional to ε. In a narrow interval of voltages around Ut the electric current
increases by several orders. As a result, at a fixed bias voltage even a small change in ε in the
above interval will lead to a drastic change of the electric current, this change amounting in
the experiments to several orders. Within this model, the complex anisotropy displayed by
the effect also receives qualitative explanation. Namely, the magnetic-field-induced increase
or decrease of the electric current is defined by the mutual orientation of electric field,
magnetic field, spontaneous polarization, and the normal to substrate plane.

5. Photosensitivity of PbSnTe in the fundamental absorption band and
in THz spectral region
5.1 Photocurrent in the fundamental absorption band
It is known from literature (Emtage, 1976; Lishka et al., 1984) that the predominant
recombination mechanism in undoped PbSnTe samples is Auger recombination. Low
concentrations of electrons and holes in PbSnTe:In make the Auger recombination a less
probable process. In (Borodin et al., 1997b), it was found that in PbSnTe:In films a
satisfactory agreement between experimental and calculated data could be achieved on the
assumption that a predominant contribution was due to radiative recombination.
In calculating the photocurrent (Klimov & Shumsky, 2008), it was assumed that the Fermi
level under equilibrium conditions lay at the middle of the forbidden band, the
concentrations of electrons and holes were negligible, and the concentration of free electrons
was defined by the injection current. It was also assumed that there was just one trap level
in the material, available in a concentration 5·1013 cm-3 and located at energy 0.0065 eV
below the conduction-band bottom.
In the dark, in the PbSnTe:In bulk there is an uncompensated negative charge due to
electrons, and an injection current flows through the sample. In an illuminated material,
optically excited electrons recombine with holes, the role of equilibrium electron
concentration here being played by the sum of equilibrium and injected electrons. In
performing numerical calculations, the concentration of field-injected electrons in the
conduction band and the rate of optical generation of charge carriers were set separately.
The total concentration of free electrons defined the energy position of Fermi level and trap
occupation values under steady-state conditions. In calculating the Auger lifetime, for the
Auger recombination coefficient a value ηn=ηp=5⋅10-26 cm6⋅s-1 was adopted (Emtage, 1976).
The radiative lifetime was calculated based on the detailed balance principle (Rooesbroeck
& Shockley, 1954).
The temperature dependence of both, Auger and radiative, lifetimes at various contact
injection levels is shown in Figure 13 a. At helium temperatures, the chosen minimal total
concentration of equilibrium and field-injected electrons refers to the case of almost empty
traps, while the maximal total concentration of electrons, to almost completely filled traps
(Akimov et al., 2005).
Measurements showed that our PbSnTe:In films were dominated by radiative
recombination. Under monopolar electron injection, the hole concentration decreases with
increasing injected concentration of free electrons. Illumination produces additional
amounts of localized electrons and free holes. Capture of electrons at traps decreases the
rate of band-to-band recombination and increases the steady-state hole concentration, thus
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increasing the photocurrent value. The calculated electron and hole components of the
photocurrent as functions of bias voltage are shown in Fig. 13 b.

(a)

(b)

Fig. 13. Temperature-dependent radiative lifetime (a) and calculated dependences of the
photocurrent on bias voltage (b).
a - radiative (1-5) and Auger (6) lifetimes of holes at Δnph=106 cm-3 and n0+ninj = 106, 108, 1010,
1012, 1014 (curves 1 – 6, respectively).
b - photocurrent component due to electrons (1), due to holes (2) , and the total current
(solid line 3) versus bias voltage at g0=10 cm-3.s-1.
The prevalence of the hole photocurrent component over an interval of bias voltages up to
the voltage at which the traps become filled with electrons is due to the fact that, because of
the electron capture at traps, the concentration of free holes here far exceeds the
concentration of free electrons. Under such conditions, the hole lifetime is defined by the net
concentration of electrons in the conduction band. With further increase of bias voltage, the
concentration of conduction-band electrons increases while the lifetime and concentration of
optically generated holes start decreasing. In the end, after all traps become filled with
electrons, the concentration of excess electrons becomes roughly equal to the concentration
of excess holes, and the lifetime of those holes, defined by the concentration of injected
electrons. Since the latter concentration is high, the lifetime is short, and the photocurrent is
weak.
An important outcome of the calculations is a prediction that until the onset of the regime
with completely filled traps the photocurrent should be due to holes.
It was shown experimentally (Klimov & Shumsky, 2008) that in weak fields a hole-type
conductivity was observed, with the Hall coefficient being almost independent of bias
voltage. In strong fields a current due to electrons is observed, with the Hall effect exhibiting
a strong dependence on bias voltage.
5.2 Photocurrent in the THz region
With the previously determined energy distribution of localized centers, the sensitivity of
PbSnTn to radiation in submillimeter spectral region due to electron excitation from a center
into the conduction band can be calculated (Klimov & Shumsky, 2009). A specific feature of
the photocurrent under conditions with space-charge-controlled limitation of current is a
strong dependence of photocurrent on the occupation of the local level, this occupation
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being in turn dependent on the electron injection level, or bias voltage. This dependence is
expected to be manifested most sharply when the trap level lies far from the equilibrium
Fermi level. The steady-state concentration of optically generated electrons can be
calculated, in principle, similarly to calculations of impurity photoconductivity.

Fig. 14. Current-voltage characteristics of PbSnTe samples illuminated at laser-radiation
wavelengths 130 μm (curve 1 – calculated data; squares – experimental data) and 198 μm
(curve 2 – calculated data; triangles – experimental data).

Fig. 15. Spectral dependences of the photocurrent in a structure with an energy distribution
of states over the PbSnTe forbidden band shown in Fig. 4, Section 2. U=1.16 (1), 1.79 (2), 1.83
(3), 2.95 V.
The calculated photocurrent values in a sample illuminated with radiation at wavelengths
130 μm (hν=9.54 meV) and 198 μm (hν=6.26 meV) versus bias voltage are shown in Figure
14. The same figure shows the photocurrent values measured in our experiments at the
indicated wavelengths.
Figure demonstrates the difference between the curves of photocurrent versus bias voltage
for quantum energies hν=9.54 meV and 6.26 meV. In the former case, on increasing the bias
voltage from 0.7 V to 5 V the photocurrent varies over an interval of current values slightly
in excess of two orders. In the latter case, the photocurrent exhibits variation within the
same range of current values on increasing the bias voltage from 1.5 to 2.3 V, the
photocurrent growth here being much sharper. Qualitatively, such a behavior complies with
the one expected from the energy distribution of states in the forbidden band of PbSnTe.
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Calculated values of spectral photosensitivity in a PbSnTe structure under various bias
voltages are shown in Fig. 15. It is seen that an increase in the injection level results in a
growth of the photocurrent throughout the whole spectral region, this growth being most
pronounced at wavelengths λ>200 μm.
5.3 Discussion
The experimental data obtained in our study of photoelectric properties of PbSnTe:In films,
and also performed calculations, allow the following conclusions to be drawn:
1. On the passage to «dielectric state», the rate of recombination of optically excited charge
carriers becomes predominantly defined by the radiative lifetime, whose magnitude
depends on the field-injection level of electrons, on the values of trap parameters, and
on the optical injection level.
2. Trapping of optically generated electrons at low field-injection levels leads to
prevalence of the photocurrent component due to holes, which on increasing the fieldinjection level decreases due to recombination of optically excited holes. At high fieldinjection levels, the photocurrent component due to electrons becomes prevailing. The
latter explains the photocurrent quenching by a voltage pulse.
3. The calculated data have found confirmation in measurement of Hall effect in weakly
illuminated samples, whose conductivity varies from p-type conductivity at low fieldinjection levels to n-type conductivity at high field-injection levels.
4. The presence of localized electron traps distributed in energy over the PbSnTe
forbidden band may lead to non-exponential photocurrent decay, and also to some
other effects such as self-oscillations that were observed, among other things, in Hall
effect measurements of weakly illuminated samples.
5. Our calculations of the photocurrent in THz region showed a good agreement with
experimental data. Excitation of electrons trapped at energy-distributed localized states
in the forbidden band of PbSnTe seems to be capable of providing a reasonable
explanation to the high sensitivity of PbSnTe:In films to radiation emitted by weakly
heated bodies.
6. Dependence of photosensitivity spectrum in this spectral region on the occupation of
traps can be employed in the development of a THz radiation detector controlled by
bias voltage applied to the PbSnTe:In structure.

6. Oscillating transient currents in samples screened from background
radiation
6.1 Experimental results
Under conditions with screened background radiation at Т=4.2 K, we examined the
dynamics of injection currents in “dielectric” PbSnTe:In films of thickness 1÷1.5 μm grown
by molecular-beam epitaxy on (111) BaF2 substrates. The specific resistance of the films at
Т=4.2K was ρ=1010÷1012 Ohm·cm. A sample was cooled to Т=4.2 K at zero bias voltage, and
then a new voltage in the range U=2.5 to 6.0 V was applied to it to register the curve of
transient current. At each set value of bias voltage, measurements were repeated thrice.
After registration of the first curve (during 40-200 s), the applied voltage was removed from
the sample and, after the same time elapsed, the voltage was again applied to the sample to
register a second transient-current curve. Then, the sample was “warmed” to a temperature
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of 30 K to be again cooled to 4.2 K. Afterwards, the same bias voltage was applied to the
sample to register a third transient-current curve.
Figure 16 a, b shows the curves of transient current for bias-voltage values U=2.5 V and
U=4.0 V. It is seen that the current in the second measurement was roughly the same as the
current at the end of the first measurement; this observation proves that the transition
process was over. In the third measurement, the curve of transient current closely followed
the curve obtained in the first measurement; the former curve is therefore not shown in the
figure. A characteristic feature of the relaxation process was involvement of self-oscillations
in the relaxation. The current decay is not monotonic, displaying instead an oscillating
behavior. The frequency and amplitude of the oscillations depended on the applied voltage
value.

a)

b)

Fig. 16. The curves of transient current registered on application of a voltage step to the
sample. The bias voltages are U=2.5 V (a) and U=4.0 В (b). The inserts shows the curves of
transient current on an enlarged scale.
6.2 Discussion
It is a well-known fact that under certain conditions undamped oscillations can arise in
semiconductor structures whose current-voltage characteristics display curve portions with
negative differential resistance (NDR). Simultaneously, under certain combinations of
external parameters such as temperature, field strength, and illumination intensity, similar
self-oscillations were also observed in materials without NDR, for instance, in compensated
Si and Ge, and in PbSnTe:In (Akimov et al., 1993).
In applicable theories, the emergence of self-oscillations was related to the occurrence of
either trap recharging waves (Suris & Fuks, 1975) or recombination waves in the samples
(Bonch-Bruevich & Kalashnikov, 1965); however, in all cases a positive feedback, leading to
current growth, was necessary. Such a positive feedback can be ensured by an illumination
causing transitions of trapped electrons to the conduction band, collisional ionization of
excited electron traps, etc. For instance, according to (Bonch-Bruevich & Kalashnikov, 1965),
for emergence of self-oscillations in a unipolar semiconductor the concentration of free
charge carriers has to be controlled not only by trapping at one of the centers with a capture
cross-section dependent on field intensity, but also by optical generation of free carriers
from an impurity level of another type. In our experiments, measurements were carried out
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under conditions with background radiation screening, so that the feedback was ensured by
some other mechanism.
Previously, we showed (Akimov et al., 2005) that electron transport in semi-insulating
PbSnTe:In at helium temperatures cannot be treated without regard for monopolar injection of
electrons out of contacts and space-charge-controlled limitation of the current with capture of
electrons into localized centers in the forbidden band of PbSnTe. Such an approach has
allowed us to explain the shape of current-voltage curves, the high photosensitivity of PbSnTe
in the fundamental absorption band, and the emergence of photosignal during excitation of
the material in submillimeter band; additionally, an analysis of current-voltage characteristics
has allowed us to determine the energy spectrum of localized electron traps (Klimov &
Shumsky, 2009). The presence of electron traps and possible recharging of these traps may
have an influence on the transition processes. It should be noted that the experimentally
observed undamped current oscillations bear no relation to the self-oscillations considered in
(Suris & Fuks, 1975; Bonch-Bruevich & Kalashnikov, 1965); the former self-oscillations were
observed as an oscillating decay to a steady state after application of a voltage step to the
sample. This means that, here, the feedback mechanism, or the mechanism causing an increase
of electric current, gradually ceases its operation.
In (Klimov & Shumsky, 2001) we discussed the so-called “photodielectric effect”,
experimentally observed in PbSnTe:In, that consisted in a considerable (up to two orders)
increase of static dielectric permittivity in samples under illumination. This increase can be
related to a growth of electronic dielectric susceptibility observed in disordered
semiconductors with localization of electrons at discrete levels (Bonch-Bruevich, 1974).
The observed undamped current oscillations can be explained as follows. In the forbidden
band of a PbSnTe:In film, there is a quasi-continuous distribution of electron traps; in
subsequent discussion, we will treat this distribution by replacing it with a discrete-level set,
the levels within the set having different concentrations, energy positions, and electron
capture cross-sections. We assume that the steady-state Fermi level is located below the i-th
center, and the temperature is sufficiently low for those centers at equilibrium to be empty,
for the concentration of conduction-band electrons to be negligible, and for the current
through sample to be limited by the space charge and by the trapping of injected electrons at
those centers.
On application of a voltage step, injection of an electron concentration ninj=ε0εsU/(qL2) into
the sample takes place, where ε 0 is the dielectric constant, ε s is the static dielectric
permittivity of the sample, U is the bias voltage, q is the electron charge, and L is the spacing
between the contacts. Consider the variation of the electron concentration in the conduction
band and at localized centers starting from a moment t0 > τ M , where the latter time is the
Maxwell relaxation time. We use an approximation that disregards the diffusion currents
and the spatial distribution of electrons over the sample length. Under this assumption, a
system of continuity equations with given concentrations and energies of centers can be
solved numerically.
Here, a situation may emerge in which a predominant fraction of conduction-band electrons
will be first captured by a center with a large capture cross-section, and then the electrons
from this center will be emitted into the conduction band to subsequently become trapped at
a next center, and so on. Since at an arbitrary time we have n ( t ) = ninj −
mi ( t ) , then the

∑

time dependence of the current can be written as

i
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j ( t ) = qμ n ( t ) E =
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i

The above equation shows that the current will decrease in time exhibiting features
dependent on the effective time of electron capture into traps up to the establishment of a
steady state. Yet, as it follows from (Klimov & Shumsky, 2001), in PbSnTe:In there exist one
or several centers which, as they capture electrons, enhance the static dielectric permittivity
due to increased electronic dielectric susceptibility. In the latter case, the current is given by
j (t ) =

ε sε 0 μU 2
3

L

+ qμ

U ⎡ ε 0U
⎢
L ⎢ qL2
⎣

⎤

∑ β m (t ) − ∑ m (t )⎥⎥⎦ ,
i

i

i

i

(1)

i

where β i is the contribution to polarizability due to one electron captured at the i-th center.
An analysis of expression (1) shows that at the initial time (t=t0) the current is defined by the
first term; at subsequent times, an increase or a decrease of the current is defined by the sign
of the bracketed expression. Thus, after application of the voltage step the system can come
into a steady state experiencing damped current oscillations. For damped current
oscillations to emerge, it is required that the expression in squared brackets would be
changing its sign as the centers with a longer time τ CMi get filled with electrons.

Fig. 17. Calculated current self-oscillations on application of a voltage step U=0.02 V to the
sample. The parameter values of the centers are indicated in the text.
The data obtained in numerical calculations of the ratio j(t)/j(0) for the model with four
discrete levels belonging to centers making different contributions to dielectric susceptibility
on electron captures at those levels are shown in Figure 17. The values of trap parameters
were chosen rather arbitrarily; they were as follows: М1=1.8.1012 cm-3, ΔЕМ1=4 meV,
γ1=1.8.10-13 cm3/s, β1=0.5.10-9; М2=1.9.1012 cm-3, ΔЕМ2=5 meV, γ2=6.6.10-14 cm3/s, β2=0.8.10-9;
М3=3.0.1012 cm-3, ΔЕМ3=6 meV, γ3=6.3.10-15 cm3/s, β3=1.65.10-9; М4=5.8.1012 cm-3, ΔЕМ4=8 meV,
γ4=2.0.10-16 cm3/s, and β4=1.1.10-9. The numerical values of βi were chosen such that an
increase of current due to increased dielectric permittivity would occur when electrons were
getting trapped into the third center in terms of energy.
It is seen from Figure 17 that even involvement of a single such level can lead to damped
current oscillations in the trap charging and recharging process. Qualitatively, it is clear that,
with the injected electron concentration being much greater than the total concentration of
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traps, the charging processes of the various traps will proceed simultaneously without
emergence of notable current oscillations. The latter situation refers to the case of high
voltages at which a reduction of the current oscillation amplitude and, then, complete
vanishing of oscillations were observed in the experiment.
Thus, involvement of the mechanism of current decrease due to trapping-induced reduction
of free-electron concentration, on the one hand, and involvement of the mechanism of
current increase owing to recharging-induced change of trap polarizability, on the other
hand, can result in an oscillating dynamics of the current decay to a steady-state value of the
current.

7. Conclusions
The object under study being solid solution Pb-Sn-Te with a substantial (up to a few atomic
per cents) In content, this object has to be considered as a disordered system presenting a
solid without long-range ordering, with the potential energy of charge carriers no longer
being a periodic function of coordinates. The violation of long-range ordering is related to
the fact that any chosen site of the metal sublattice may contain, with certain probability,
any of the three components. Electronic processes in such systems, namely, in amorphous
germanium and silicon, and also in chalcogenide glasses, were considered in (Mott & Davis,
1979). Such properties of PbSnTe:In as the Fermi-level pinning, the absence of an EPR
signal, and deviations from linearity in the temperature dependence log σ = f ( 1 T ) are
similar to chalcogenide properties. J. Marshall and A.E. Owen (Marshall & Owen, 1976)
considered a state density model assuming that the forbidden band of PbSnTe contains deep
donors with energy levels below the acceptor energy (see Figure 18).

Fig. 18. Density of states in a non-crystalline semiconductor. VB – valence band; CB –
conduction band; EF - Fermi level; D – donors; A – acceptors; EV, EC – mobility edges; EB –
valence-band ceiling; EA – conduction-band bottom. Shaded are localized states.
The states in the forbidden band of PbSnTe pin the Fermi level at the middle of the energy
gap, thus leading to decreased conductivity. If the deep acceptor and donor states do not
overlap, then unpaired electrons, normally causing an EPR signal, are lacking, except for
those due to magnetic impurities. Without going into details, we can state that the model by
I.A. Drabkin and B.Ya. Moizhes ( Drabkin & Moizhes, 1981) mentioned in Section 1 closely
follows the theory by P.W. Anderson (Anderson, 1975).
The unique possibility of creating injecting contacts to PbSnTe:In has allowed researchers to
examine charge transport processes related to the recharging phenomena of localized states
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in PbSnTe:In both under conditions with screened background radiation and under sample
illumination in a broad spectral range, from IR to THz radiation.
The fact that PbSnTe:In is a ferroelectric has widened available possibilities in studying the
effect of magnetic field on the charge transport due to electrons.
Of course, the data described in the present publication present no final results; yet, we
believe that space-charge-controlled limitation of the electric current, and also capture of
electrons into localized traps and their emission from those traps, which affect sample
polarizability, are factors that need to be taken into account in developing theoretical
models.
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1. Introduction
It is well known that piezo-optic and electro-optic effects in crystals find wide ranging
applications in laser devices. The photoelastic behavior of crystals forms a necessary prelude
to study the electro-optical effect of ferroelectric crystals. Lithium heptagermanate Li2Ge7O15
(LGO) is regarded as a weak ferroelectric and its curie point Tc is 283.5K (Wada et al., 1981,
1983). Due to its intermediate behaviour between order-disorder and displacive types in a
conventional grouping of ferroelectric materials LGO remains a subject of interest from both
the theoretical and the application point of view. The paraelectric phase above Tc is
~ pbcn and below Tc the ferroelectric phase is C 52v ~ pbc21 with four
orthorhombic D 14
2h
formula units in a unit cell in both the phases. Below Tc LGO shows dielectric hysteresis
loop and the permittivity shows a sharp peak at Tc (Preu, 1982; Wada et al., 1981, 1983). The
Raman scattering spectrum shows a shoft mode whose frequency tends to zero as Tc is
approached from below (Wada & Ishibashi, 1983). Below Tc the spontaneous polarization
appears along the c-axis. The nature of the second order phase transition is not simple
because according to Raman spectra the transition is suggested to be a displacive phase
transition. But the temperature dependence of the permittivity ε is indicative of the order
disorder character of the phase transition (Preu, 1982; Wada et al., 1981, 1983) and does not
agree with the behaviour expected of a displacive phase transition.
Many interesting physical properties of LGO such as birefringence (Kaminsky & HaussÜhl,
1990), elastic (HaussÜhl et al., 1980), thermal expansion (Wada & Ishibashi, 1983), dielectric
susceptibility (Preu, 1982; Kudzin, 1994a, 1995b), electron paramagnetic resonance (EPR) of
doped ions Mn2+ and Cr+3 (Trubitsyn et al., 1992; Bain, 1994) and photoluminescence
(Bain, 1994) exhibit strong anomalies around Tc. However, the optical properties vary
only to such a small degree that the transition could not be detected with the aid of a
standard polarization microscope (Kaminsky & HaussÜhl, 1990). Interestingly with the
help of a high resolution polarization device, Kaminsky and HaussÜhl (Kaminsky &
HaussÜhl, 1990) studied the birefringence in LGO near Tc and observed anomalies at the
phase transition.
The study of piezo-optic dispersion of LGO (un-irradiated and irradiated) in the visible
region of the spectrum of light at room temperature (RT=298 K) shows an optical
zone/window in between 5400Å and 6200Å with an enhanced piezo-optical behavior (Bain
et al., 2008). The temperature dependence of the photoelastic coefficients of the ferroelectric
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crystals Li2Ge7O15 (both un-irradiated and x-irradiated) in a cooling and a heating cycle
between room temperature and 273K shows an interesting observation including the
lowering of the Tc under uniaxial stress contrary to the increase of Tc under hydrostatic
pressure and observation of thermal photoelastic hysteresis similar to dielectric behavior
(Bain et al., 2009). The study of a.c. electrical impedance (Z) along the c-axis of the crystals
LGO in the temperature range 283.5 K to 573 K at the frequency range 10kHz – 10,000 kHz
shows a sharply decrease of the magnitude of ǀZǀ with increasing frequency and tends to
zero value at about the frequency 10,000kHz.
This chapter will include basic properties of the ferroelectric Lithium heptagermanate
(Li2Ge7O15) crystals, related experimental studies on this crystal including growth of single
crystals, agreement and disagreement between the results of different experimental
investigations. The brief description on the theory of photoelasticity, fabrication process of
the ferroelectric Li2Ge7O15 crystals, experimental methods of the photoelastic coefficients of
LGO (un-irradiated and irradiated) at different wave length and temperatures around the
phase transition temperature Tc and also the practical applications of the LGO crystals in the
opto-electronic devices will be discussed.
1.1 Growth and structure of Li2Ge7O15 crystals
Single crystals of Li2Ge7O15 are grown in an ambient atmosphere by Czochralski method
from stoichiometric melt, employing a resistance heated furnace. Stoichiometric mixture of
powdered Li2CO3 and GeO2 in the ratio of 1.03 and 7.0 respectively was heated at 1100 K for
24 hours to complete the solid state reaction for the raw material for the crystal growth. The
crystals were grown by rotating the seed at the rate of 50 rpm with a pulling rate of 1.2
mm/hour. The cooling rate of temperature in the process of growth was 0.8-1.2 K/hour. The
crystals grown were colorless, fully transparent and of optical quality. The crystal axes were
determined by x-ray and optical methods.
The desired impurities such as Cr+3, Mn+2, Bi+2 and Eu+2 etc are also introduced in desired
concentration by mixing the appropriate amount of the desired anion salt in the growth
mixture. The crystal structure of LGO above Tc is orthorhombic (psedohexagonal) with the
(Pbcn). The cell parameters are a: 7.406 Å, b: 16.696 Å, c: 9.610 Å, Z = 4
space group D 14
2h
and b~√3c. Below Tc a small value of spontaneous polarization occurs along c-axis and the
ferro-phase belongs to C 52v (Pbc21) space group. The crystal structure contains strongly
packed layers of GeO4 tetrahedra linked by GeO8-octahedra to form a three dimensionally
bridged frame work in which Li atoms occupy the positions in the vacant channels
extending three dimensionally (HaussÜhl et al., 1980; Wada et al., 1984, 1988; Iwata et al.,
1987). The size of the unit cell (Z = 4) does not change at the phase transition and
ferroelectric phase transition is associated with a relaxational mode as well as the soft
phonon (Wada, 1988).
1.2 Theory of photoelasticity
If a rectangular parallelepiped with edges parallel to x[100], y[010] and z[001] axes is
stressed along z-axis and observation is made along y-axis, as shown in Fig.1, then the path
retardation δzy introduced per unit length due the stress introduced birefringence is given
by
δzy = (Δnz – Δnx) = CzyPzz

(1)
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where Δnz and Δnx are the changes in the corresponding refractive indices, (Δnz – Δnx) is
the corresponding stress induced birefringence, Pzz is the stress along z-axis and Czy is a
constant called the Brewster constant or the relative photoelastic coefficient. In general the
Brewster constant is related to the stress optical and strain optical tensors of forth rank
(Narasimhamurty, 1981) and is a measure of the stress induced (piezo-optic) birefringence.
It is conveniently expressed in the unit of 10-13 cm2/dyne per cm thickness along the
direction of observation is called a Brewster (Narasimhamurty, 1981).

Fig. 1. A solid under a linear stress of stress-optical measurements (Pzz is the applied stress
and LL is the direction of light propagation and observation).
1.3 Experimental method of determining the photoelastic constants
To study the piezo-optical birefringence the experimental set up consists of a source of light
(S), a lens (L) to render the rays parallel, a polarizer (P), an analyzer Polaroid (A), a Babinet
compensator (B) and a detector (D), as shown in Fig.2. The P and A combination are
adjusted for optimal rejection of light. The sample with stressing arrangement and a Babinet
compensator are placed between P and A. A monochromator and a gas flow temperature
controlling device are used to obtain the piezo-optic coefficients (Cλ) at different wavelengths
and temperature. The subscript λ in the symbol Cλ denotes that the piezo-optic coefficient
depends on the wavelength of light used to measure it. The experiments are carried out for
different wavelengths using white light and a monochromator and the monochromatic
sodium yellow light. An appropriate stress along a desired direction of the sample is applied
with the help of a stressing apparatus comprising a mechanical lever and load.

Fig. 2. A schematic diagram of the experimental setup for the measurement of photoelastic
constants of the crystals at room temperature. Source of light (S), Lense (L), Polarizer (P),
Crystals (C) under stress, Babinet Compensator (B), Analyzer (A) and Detector (D).
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To start with, the Babinet compensator is calibrated and the fringe width is determined for
different wavelengths of light in the visible region. The crystal specimen is placed on the
stressing system so that the stress could be applied along vertical axis and observation made
along horizontal axis. A load on the crystal shifts the fringe in the Babinet compensator and
this shift is a measure of the piezo-optic behavior. The piezo-optic coefficients (C) are now
calculated using the calibration of the Babinet compensator. The experiment is repeated for
other orientations of the crystals and the results are obtained.
1.4 Piezo-optic dispersion of Li2Ge7O15 crystals
The experimental procedure for the piezo-optic measurements is described in section 1.3. The
polished optical quality samples worked out to dimensions i) 5.9 mm, 9.4 mm and 5.0 mm; ii)
3.17 mm, 5.88 mm and 6.7 mm, along the crystallographic a, b and c axes respectively. The
stress was applied with an effective load of ~23 kg in each case (Bain et al., 2008).
The values of Cλ thus obtained at different wavelengths are given in Table 1 and the results
are plotted in Fig. 3. Here Cpq is the piezo-optic coefficient with the stress direction being p
and observation direction being q. The results show an interesting piezo-optic behavior. A
survey of literature indicates that the piezo-optic behavior of materials studied till now
shows a reduction of Cλ with increasing wavelength in the visible region (Narasimhamurty,
1981). In the present case, Cλ decreases with wavelength up to a certain wavelength as in
other normal materials and then suddenly shows a peak and later on the usual behavior of
reduction in the values of piezo-optic coefficients is observed.

Obs.
1
2
3
4
5
6

Cpq
Cxy
Cxz
Cyx
Cyz
Czy
Czx

4358Å
4.024
5.243
4.084
4.353
4.179
3.312

Wavelenghts
4880Å
5390Å
3.819
3.722
4.895
4.770
3.525
3.092
4.118
3.946
2.814
3.177
2.991
2.650

5890Å
4.328
5.552
3.562
4.261
3.713
4.190

6140Å
3.677
4.451
2.913
3.866
3.172
2.618

Table 1. Stress optical coefficients cpq (in Brewster) for Li2Ge7015 at different wave lenghts.
To the best knowledge of the authors this behavior is unique to the LGO crystals. For the
sake of convenience we denote Cλ measured at λ = 5890 Å as C5890 and so on. The results
show that sometimes the value of C5890 is even higher than that at C4400, the value of piezooptic coefficient obtained at the lowest wavelength studied here. This is the case with Cxy,
Czx and Cxz. For other orientations the value is lower than that at 4400 Å. Further, Cλ is
found to have increased to more than 50% in the case of stress along [001] and observation
along [100]. Also, it is interesting to note that the value of C6140, is less than that of C5390, in
tune with usual observation of piezo-optic dispersion. Thus one can see an “optical
window” in between 5400 Å and 6200 Å. The height of this optical window is different for
various orientations, though the width seems approximately the same. The maximum
height of about 1.5 Brewster was found for Czx followed by Cxz with about 0.9 Brewster. It
should be noted here that Z-axis is the ferroelectric axis for LGO. It is also interesting to note
that the change in height is more in the former while the actual value of Cλ, is less compared
to that of the latter. The percentage dispersion also is different for various orientations. It is
very high, as high as 25% for Czy, while it is just 10% for Cxy.

Piezo-optic and Dielectric Behavior of the Ferroelectric Lithium Heptagermanate Crystals

557

Fig. 3. Stress optical dispersion of Li2Ge7015 crystals with wavelength at room temperature
(298 K).
Figure 4 shows the variation of Czx(λ) at the temperatures ranging from 298K to 283K on
cooling process of the sample LGO. It is clear from the figure that the distinct peak of Czx(λ)
appears only at the sodium yellow wavelength of 5890 Å for the whole range of
temperatures (298 K–283 K) investigated. It is also interesting to note that a temperature
anomaly is also observed around 283 K. LGO undergoes a second order phase transition at
283.5 K from the high temperature paraelectric phase to the low temperature ferroelectric
phase. So this anomaly is related to this phase transition of the LGO crystal.
The observed peculiarity of piezo-optic behavior could be due to many factors, viz., i)
anomalous behavior of refractive index or birefringence ii) anomalous ferroelastic
transformation at some stage of loading iii) shift of absorption edge due to loading. The
following have been done to identify the reasons for this peculiar behaviour.
Birefringence dispersion has been investigated in the visible region and no anomalies in its
behavior has been observed. This rules out the first of the reasons mentioned. The reason
due to ferroelastic behavior also is ruled out since the effect would be uniform over all the
wavelengths investigated. It was not possible to investigate the effect of load on the
absorption edge. Hence an indirect experiment has been performed. If there is a shift in the
absorption edge due to loading the sample, the peak observed now at sodium yellow light
would shift with load. No clear shift of the peak could be observed within the experimental
limits. Another interesting experiment was done to identify the source of the anomaly. It is
well known that Tc of LGO changes under uniaxial stress. The measurements were made
near Tc under different stress (loads). Although Tc was found to shift a little with load the
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dispersion peak did not show any discernible shift. No particular reason could be
established as to why a dispersion peak appears around sodium yellow region. Another
interesting work in this direction is on Gd2(Mo04)3 — where an anomalous peak was
recorded in spontaneous birefringence at 334.7 nm (Saito et al., 1994), an observation made
for the first time.

Fig. 4. The variation of Czx(λ) at the temperatures ranging from 298 K to 283 K on cooling
process of the sample Li2Ge7015.
It is well known that the photoelasticity in crystals arises due to change in number of
oscillators, effective electric field due to strain and the polarisability of the ions. In the
present case, as the wavelength approaches around 5400 Å , the ionic polarisability seems to
be changing enormously. There is no optical dispersion data available on LGO. We
haveconducted an experiment on transmission spectra of LGO along x, y and z-axes, which
shows a strong absorption around 5400 Å . The observed anomaly in the piezo-optic
dispersion may be attributed to the absorption edge falling in this region. This explanation
needs further investigation in this direction. It is also known that the strain optical
dispersion arises due to the shift in absorption frequencies and a change in the oscillator
strength caused by the physical strain in the crystal.
1.5 Irradiation effect on Piezo-optic dispersion of Li2Ge7O15 crystals
The ferroelectric single crystals Li2Ge7O15 was irradiated by x-ray for one hour and the
experimental processes described in section 1.4 were repeated for the crystal (irradiated)
LGO in order to understand the radiation effect on piezo-optical birefringence
dispersion(Bain et al., 2008). The values of C of the crystal (irradiated) LGO thus obtained
at different wavelengths are given in Table 2 and the results are plotted in Fig. 5.
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Obs.
1
2
3
4
5
6

C/pq
C/xy
C/xz
C/yx
C/yz
C/zx
C/zy

4358Å
4.08
5.35
4.02
4.39
4.63
3.71

Wavelenghts
4880Å
5390Å
3.87
3.72
5.00
4.88
3.47
3.01
4.19
4.01
4.46
4.41
3.26
2.97

5890Å
4.33
5.59
3.50
4.26
4.66
3.43
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6140Å
3.73
4.55
2.83
3.90
4.29
2.72

Table 2. Stress Optical Coefficients Cpq (in Brewsters) for Li2Ge7015 (irradiated) at different
wavelenghts.
Some interesting results are obtained in the case of irradiated crystal LGO. The peak value
of C/zx has decreased about 18% and that of C/zy has increased about 25% at the wave length
λ= 5890 Å. Also, it is interesting to note that the value of C6140, is less than that of C5390 for the
un-irradiated and irradiated sample of LGO crystal, in tune with usual observation of piezooptic dispersion.

Fig. 5. Stress optical dispersion of Li2Ge7015 crystals (un-irradiated and irradiated) with
Wavelength at room temperature (298 K).
Irradiation of crystals can change physical properties of the crystals. Irradiation brings about
many effects in the crystal such as creating defects, internal stress and electric fields etc.
These irradiation effects in turn are supposed to affect the physical properties of the
irradiated crystal as compared to un-irradiated crystal. While there was no appreciable
change in the lattice parameters, a significant drop in the value of dielectric constant and
tan δ was observed upon x-irradiation of ferroelectric glycine phosphate. An appreciable
shift in the phase transition temperature towards the lower temperature was observed.
These changes are attributed to the defects produced in it by irradiation (Vanishi & Bhat,
2005). The studies of triglycine sulphate (TGS) showed that very small doses of x-irradiation
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can give large changes of the ferroelectric properties. The direct evidence of domain
clamping by defects was obtained from optical studies. With increasing dosage the dielectric
constant peak and polarization curve broaden and move to lower temperatures. In our
present studies, the x-irradiation is believed to produce internal stress and electric fields
inside the crystals LGO due to defects that can change the values of piezo-optic constants
(Lines & Glass, 2004).

2. Dielectric property of lithium heptagermanate crystals
Lithium heptagermanate Li2Ge7O15 (LGO) belongs to weak ferroelectric crystals and it has a
high nonlinearity of dielectric constant ε near Tc. The curie-Weiss law holds only within a
narrow temperature interval close to Tc with a small value of the Curie constant. This high
nonlinearity may be influenced by the external and internal electric field. The dielectric
permittivity has been shown (Wada & Ishibashi, 1983) to be sensitive to sample history, so
that reproducible results could be obtained only after a prolonged sample anneal at a
temperature substantially above Tc. The nature of such behavior of ε is not clear.
2.1 Space charge effect in Li2Ge7O15 crystals
An attempt is made to study the dielectric permittivity ε during the phase transition. The
plate-like specimens for the electrical measurements were polished and then silver
electrodes were deposited. The dielectric constants were measured along the c-axis at the
frequency of 1 MHz by means of a LCR meter (E7-12) in the temperature range from 298 K
to 273 K (Bain, 1994; Kudzin et. al., 1994, 1995).

Fig. 6. The temperature dependence of dielectric constant ε of Li2Ge7O15:0.7%Bi crystal at 1
MHz on cooling (▲) and heating (•) process.
Figure 6 shows the dielectric constant ε of Li2Ge7O15:0.7% Bi measured on cooling and
heating at 1 MHz as a function of temperature. It is found that the dielectric constant shows
a sharp peak around Tc. The values at the peak are about 87 at cooling and about 50 at
heating. The function ε (T) is represented after the sample heating up to 290 K during about
an hour.
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Sample
LGO
LGO: 0.2%Bi
LGO: 0.3%Bi
LGO: 0.5%Bi
LGO: 0.7%Bi
LGO: 0.6%Eu
LGO: 0.3%Cr

εmax
74.9
114.1
120.18
39.41
87.19
79.51
9.86

∆εmax
19.9
44.1
49.73
9.03
37.42
27.25
1.62
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∆εmax/ εmax, %
26
38
41
23
42.9
34
16

Table 3. The relative change of ∆εmax/ εmax for Li2Ge7O15 crystals and with different
percentage of impurity ions Bi, Eu and Cr.
The Curie-Wess plot of ε of Li2Ge7O15:0.7%Bi is shown in Figure 7, taking ε0 as 7.1. It is
found that the Curie-Wess law holds only within a narrow temperature region around Tc.
The Curie constant is about 2.6 K above the phase transition temperature and 1.3 K below
Tc. The characteristic behavior of ε appeared substantially different from the value εmax,
which is obtained under the sample heating and cooling. The relative change of Δ εmax/ εmax
for different percentage of impurity ions are shown in table. 3.

Fig. 7. The temperature dependence of reciprocal dielectric constant along the c-axis of
Li2Ge7O15:0.7%Bi on cooling. Solid line shows ε – ε0 = C(T – Tc)-1, where ε0 = 7.1, Tc = 283.9 K
and C = 2.6 K above Tc, while C = 1.3 K below Tc.
The dielectric constant ε is also measured at the frequency of 1 MHz at a constant electric
field. It is observed that the value of ε at Tc decreases with the increase of constant electric
field during cooling and heating the sample and it is also observed that the difference
between two values of ε decreases at Tc with the increase of constant electric field. Fig.8
shows the dielectric constant ε of Li2Ge7O15:0.7%Bi measured on cooling at 1 MHz as a
function of temperature for different values of constant electric field.
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Fig. 8. The temperature dependence of dielectric constant ε of Li2Ge7O15:0.7%Bi at 1 MHz on
cooling for different values of constant electric field.
The spontaneous polarization Ps and the coercive field Ec were studied at 50 Hz by the well
known Sawyer-Tower technique. Both Ps and Ec were found to be independent of the
Bismuth ion concentration in Li2Ge7O15 (within the concentration range investigated). The
temperature dependence of Ps for Li2Ge7O15:0.7%Bi crystals is shown in Fig.9.

Fig. 9. Temperature dependence of the spontaneous polarization Ps in Li2Ge7O15:0.7%Bi
crystals.
Under heating, spontaneous polarization first falls off slowly until ~280 K, then faster, and
vanishes at Tc, without revealing a noticeable discontinuity. Fig.10 displays the temperature
dependence of the coercive field for Li2Ge7O15:0.7%Bi crystals. It is seen to fall off linearly
under heating up to ~280 K, then faster, to vanish at Tc.

Fig. 10. Temperature dependence of the coercive field Ec in Li2Ge7O15:0.7%Bi crystals.
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Domain structure may influence on the dielectric permittivity by means of two mechanisms.
1) The crystals that contain many domains are mechanically (piezoelectric) stressed. The
relation between dielectric permittivity at the mechanically stressed and at the mechanically
free state is given by (Nye, 1957)
εε3 – εσ3 = d233cE33 (T = Constant)

(2)

is the dielectric permittivity at the mechanically stressed state and
is the
Here
dielectric permittivity at the mechanically free state, d33 is the piezoelectric modulus, and
cE33 is the modulus of elasticity at the constant electric field. This must cause the decrease of
ε in multi domain crystals. But the estimation shows that this mechanism does not allow to
explain the strong difference in εmax at Tc. 2) The contribution to the dielectric permittivity
may give displacements of 1800 domain boundary (Nakamura et al., 1984). Crystals of LGO
become multi domain near Tc during heating the sample. After heating the sample only at 12 K above Tc and by subsequent cooling through Tc, one obtains a very small value of Δεmax,
as crystals of LGO are multi domain. So, basically it does not connect the hysteresis of
dielectric permittivity with domain structure.
There is another mechanism of the change of ε. Crystals of LGO have a small spontaneous
polarization, which becomes apparent in the high dielectric nonlinearity. It is already known
that a comparatively weak external electric field leads to the substantial decrease of εmax
(Kholodenko, 1971). Experiments show (Volnyanskii et. al., 1992) that the crystals of LGO
are monodomain at the temperature Tc – 10 K. The compensation of the field Ep connected
with Ps may take place by the redistribution of charges inside the crystals. These space
charges create an electric field inside the crystals, which compensates the field Ep. It is
possible to assume that this field of space charges is comparatively stable (electret state). In
such a case, the decrement of εmax in the process of heating the sample may be connected
with the influence of internal field of electret. If we suppose that the effects of external and
internal electric field are the same, then the field of electret is ~ 160 V/cm.
Consecutive heating and cooling of a sample from the temperatures 293, 289.25, 285.5 and
284.5 K shows the value of εmax to decrease successively in the cooling runs while remaining
constant during heating. This supports the existence of an internal electric field in the
sample during the heating process.
εε3

εσ3

Fig. 11. Temperature dependence of EPR lines of Li2Ge7O15:Cr+3 crystals for |M|= ½ ↔3/2,
H║a, H┴c near Tc during cooling process.
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The EPR (Electron Paramagnetic Resonance) spectroscopy of the transition metal ion doped
crystals of LGO (Mn2+, Cr3+) has also been studied both in Paraelectric (PE) and ferroelectric
(FE) phases in the temperature interval from 298 K to 279 K during cooling and heating
cycles (Trubitsyn et. al., 1992; Bain, 1994). It is observed that on approaching Tc in a cooling
cycle, the EPR lines are slightly shifted to the high field direction and undergo substantial
broadening. At the temperature Tc ( ≈ 283.4 K), the EPR lines are splitted into two
components which are shifted to the higher and lower field directions progressively as a
result of cooling the sample below Tc as shown in Fig.11.
During heating cycle (i.e. approaching Tc from below), the phenomena occurred were just
opposite to the above processes observed in the cooling cycle. However, the EPR line width
(peak to peak ∆Hpp) for H║c, H┴a was found to decrease to about one third of its value at Tc
in a heating cycle as compared to its value in the cooling cycle. The shape of the EPR
resonance lines far from Tc has a dominant Lorentzian character (a Lorentzian line shape)
but very near to Tc, the line shape has been described mainly by Gaussian form of
distribution (a Gaussian line shape). All the peculiarities observed are attributed to the PE ↔
FE phase transition of the LGO crystals. The line width reduction near Tc is attributed to the
internal space charge (electret state) effects which produce an internal electric field inside
the crystals on heating process from the ferroelectric phase. This observation is similar to the
dielectric hysteresis behavior of the crystals LGO near Tc.
2.2 Study of impedance in Li2Ge7O15 crystals
The temperature dependence of a.c. electrical impedance (Z) was studied along the c-axis in
ferroelectric Li2Ge7O15 (LGO) single crystals in 10 kHz – 10,000 kHz frequency range by
means of impedance analyzer (Agilent HP4294A) in the temperature interval from 298 K
to 273 K during cooling and heating process including Tc = 283.5 K is shown in Fig 12 (Bain
et. al., “in print”). A rather temperature hysteresis of impedance is observed in a cooling and
heating cycle at Tc = 283.5 K. The relative change of Δ|Z|(min)/|Z|(min) at the frequencies 100
kHz – 10,000 kHz is shown in Table 4. The relative change of Δ|Z| (min)/|Z|(min) is about
26% and it remains almost constant at the frequencies 100 kHz – 10,000 kHz. Here the value
of |Z|(min) = |Z|room – [|Z|Tc (on cooling)] and Δ|Z|(min) = [|Z|Tc (on heating)] – [|Z|Tc (on
cooling)].
Frequency
(kHz)

|Z|(min) ( K-Ω)

Δ|Z|(min) (K-Ω)

Δ|Z|(min)/|Z|(min), %

100

3.895

0.97

25.0

200

2.275

0.6

26.4

500

0.374

0.1

26.5

1,000

0.229

0.06

26.2

10,000

0.0224

0.0056

25.0

Table 4. The relative change of Δ|Z|(min)/|Z|(min) for Li2Ge7O15 crystal at different
frequencies.
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Like Fig.12, a similar kind of hysteresis was observed in the dielectric behavior of LGO, as
described in section 2.1 and the appearance of the dielectric hysteresis is attributed to the
internal space charge (electret state) effects which produce an internal electric field in LGO
on heating from the ferroelectric phase. It was possible to compensate the internal electric
field effects in dielectric measurements by an external electric field (Kudzin et al., 1994, 1995;
Bain, 1994). It is suspected that the impedance (Z) hysteresis also occurs due to similar
effects.
The frequency dependence of |Z| of the crystal LGO was studied in the temperature range
283.5 K to 573 K, which covers the phase transition temperature (Tc) of 283.5 K as shown in
Fig.13. It is observed that the magnitude of |Z| decreases sharply with increasing of
frequency and tends to zero value at about the frequency of 10,000 kHz. This may be due
to the release of space charges. The curves also display single relaxation process and
indicate an increase in a.c. conductivity with frequency. So, in the application point of
view, LGO is suitable for conductivity even at the room temperature and frequency
controlled switch.

Fig. 12. The temperature dependence of a.c. impedance (ǀZǀ) of Li2Ge7O15 at 100 kHz, 500
kHz, 1,000 kHz and 10,000 kHz on cooling(▲) and heating(•) processes.
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Fig.14 shows the temperature dependence of impedance |Z| of the crystal LGO at
frequency range 100 kHz – 10,000 kHz. It is observed that the value of impedance |Z|
decreases gradually with increasing temperature. This may be related with the space charge
relaxation at low frequencies.
At low temperatures the conductivity is dominated by short range hopping of charge
carriers. Whereas at high temperatures, more space charges are accumulated at the electrode
interfaces and grain boundaries, thus resulting in a strong space charge relaxation (Kim et
al., 2002; James et al., 1999).

Fig. 13. The frequency dependence of impedance (ǀZǀ) of Li2Ge7O15 crystal at the temperature
range 283.5 K to 573 K.
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Fig. 14. Temperature dependence of impedance (ǀZǀ) of Li2Ge7O15 crystal at Frequency range
100 kHz – 10,000 kHz.

3. Piezo-optic birefringence in Li2Ge7O15 crystals
The temperature dependence of the photoelastic coefficients of the ferroelectric crystals
Li2Ge7O15 in a cooling and heating cycle between 298 K and 273 K was carried out with the
experimental procedure described in section 1.4 (Bain et. al., 2009). A special arrangement
was made to vary the temperature of the sample. The temperature was recorded with a
digital temperature indicator and a thermocouple sensor in contact with the sample.
The temperature dependence of piezo-optic coefficients Cpq of the crystals Li2Ge7O15
between 298 K and 273 K were determined and are shown in Fig. 15 and Fig. 16. The values
of Cpq at 291 K and 278 K were reported in paper (Bain et.al., 1998) and it was observed that
there were large changes in the values of Czy and Cyz at 278 K and 291 K as compared to
other components and Czy did not show a peak in its temperature dependence between
291K and 278 K.
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Fig. 15. Temperature dependence of the piezo-optic coefficients Cxy, Cxz, Cyz and Cyx of the
crystals LGO in a cooling (0) and heating (Δ) cycle.

Fig. 16. Anomalous temperature dependence of the piezo-optic coefficients Czx andCzy of the
crystals LGO in a cooling (0) and heating (Δ) cycle.

Piezo-optic and Dielectric Behavior of the Ferroelectric Lithium Heptagermanate Crystals

569

Here in contrast we observed a peak in the temperature dependence of both Czy and Czx at
279 K. The temperature dependence of Cpq are quite interesting, for example the piezo-optic
coefficients Cyz, Cyx and Cxz have negative temperature derivatives but Cxy has a positive
temperature derivative. In complete contrast both Czy and Czx have both positive and
negative temperature derivatives at different temperature intervals between 298 K and 273
K (Table: 5). Besides a clear thermal hysteresis is observed in Czy and Czx in a complete
cooling and heating cycle (Fig. 16) whereas no discernible hysteresis is observed in rest of
the piezo-optic coefficients (Fig. 15). The two distinct anomalies in the temperature
dependence of Czy and Czx are characterized by a valley at Tm (∼289 K) and a peak at Tc
(∼279 K). Anomalous temperature dependence of Czx at different wave lengths is also
shown in Fig. 17. The temperature dependence of the dielectric permittivity along the c-axis
of LGO shows a sharp peak at Tc (283.5 K) and the Curie-Weiss law holds only for a narrow
range of temperature (Tc ± 4 K) (Wada & Ishibashi, 1983; Kudzin et al., 1994, 1995) as shown
in Fig. 6 and Fig. 7. The peak for piezo-optic coefficient is attributed to the paraelectric to
ferroelectric phase transition of LGO at Tc. To check the curie-Weiss law like dependence
near Tc the following relation is used.
CTpq – C0pq = Kpq/(T – Tc)

(3)

Where CTpq and C0pq denote the value of the corresponding piezo-optic coefficients at
temperature T and 273 K respectively and Kpq is a constant. Figure 18 shows the (CTpq –
C0pq)−1 vs (T−Tc) curve for Czx and Czy. It is clear from these curves that like dielectric
constant the relation fits well only within a narrow range of temperature near Tc(Tc± 4 K).
The solid lines denote the theoretical curves with the following values.
Kzx = 1.05;

Kzy = 0.92

for T > Tc

Kzx = −0.40;

Kzy = −0.34

for T < Tc

Tc = 279 K
Further more the magnitudes of the ratio of the temperature derivatives below and above
Tm and Tc are given in Table 5 and we can see that the ratio near Tc comes out to be about 2.
Therefore it satisfies the law of two for the ratio of such derivatives of quantities which are
coupled with the spontaneous polarization in second order ferroelectric phase transition
such as in the case of triglycine sulphate (Haussuhl & Albers, 1977) and LGO. Therefore the
peak around Tc is (Kaminsky & HaussÜhl, 1990; Kudzin et al., 1994, 1995) attributed to the
paraelectric to ferroelectric phase transition of LGO. The smallness of Kpq and the
applicability of relation (3) above only in a narrow range of temperature suggest that LGO
may be an improper ferroelectric. The law of two does not hold for the ratio at Tm (Table 5).
Therefore this anomaly is not related to the spontaneous polarization.
From the behaviour that only Czx and Czy show anomalous it is obvious that birefringence
(Δnz–Δny) and (Δnz–Δnx) show steep increase around Tc and below Tc show a (T–Tc )1/2
behaviour correlated to the spontaneous polarization which is parallel to the z-axis
(crystallographic c-axis). From the behaviour of Cxy and Cyx which do not show any
temperature anomaly we may say that only nz is responsible for the anomaly in accordance
with the behaviour of the dielectric properties where only ε33 is strongly affected by the
phase transition. These observations are in accordance with the results of Faraday effect and
birefringence in LGO (Kaminsky & HaussÜhl, 1990).
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Cpq

Czx

Cxz

Czy

Cyz
Cxy
Cyz

Value of Derivative
(Brewster/K)
0.013
-0.022

Temperature Range

Ratio

296K-289K
289K-283K

-1.69

-0.090
0.181

282K-279K
279K-276K

-2.0

~0
-0.003
0.020
-0.015

276K-273K
293K-273K
296K-289K
289K-283K

-0.095
0.179

282K-279K
279K-276K

~0
-0.026
0.007
-0.023

276K-273K
293K-273K
293K-273K
293K-273K

-0.75

-1.9

Table 5. The temperature derivative [dlnCpq/dT] of the piezo-optic coefficients of Li2Ge7O15.

Fig. 17. Anomalous temperature dependence of piezo-optic coefficient Czx of the crystals
LGO at different wave lengths in a cooling (0) and heating (Δ) cycle.
As mentioned by Lines and Glass (Lines & Glass, 2004), under an external pressure Tc of a
ferroelectric phase transition may be shifted. This shift may be to the higher or the lower
side of normal Tc. Wada et al. (Wada et al., 1981) studied the pressure effect on the
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ferroelectric phase transition in LGO through the dielectric and Raman scattering
measurements and found a positive pressure coefficient dTc/dp = 14.6 K/kbar. Preu and
HaussÜhl (Preu and HaussÜhl, 1982) studied the dependences of dielectric constants on
hydrostatic and uniaxial pressure as well as temperature. They observed a shift of Tc at a
rate of 14.02 K/kbar for the hydrostatic pressure and ∼7 K/kbar for the uniaxial pressure. In
the present case the position of the peak of Czy is found to depend on the stress applied. If
the peak position is believed to represent the Tc, it appears to shift to the lower side under
the uniaxial stress. To see whether Tc shifts linearly with uniaxial stress similar to the earlier
observations (Preu and HaussÜhl, 1982; Wada et al., 1981), we used different stresses within
the elastic limits of LGO for Czx and found a linear relationship (Fig. 19). However, a
negative stress coefficient dTc/dp ∼−22 K/kbar is obtained in this case which agrees only in
magnitude with the hydrostatic pressure coefficient. The linear curve (Fig. 19) extrapolates
to a Tc = 281.5 K in the unstressed state instead of 283.5K as determined by dielectric
measurements (Wada & Ishibashi, 1983; Kudzin et al., 1994, 1995). This may be due to a non
linear dependence of shift of Tc under stress near 283.5 K.
Now we turn to the anomaly around Tm. Morioka et al. (Morioka et al., 1988) proposed that
there is an interaction between the soft phonon mode and a relaxational mode in the
paraelectric phase in the temperature interval 300 K to Tc. The critical slowing down of the
relaxational mode near Tc is expected to cause the increase of the fluctuation of the spatially
homogeneous polarization and thereby the increase of the fluctuation of the
hyperpolarizability with kc = 0. Wada et al. (Wada et al., 1991) measured the soft phonon
mode with the help of their newly designed FR-IR spectrometer and proposed that as Tc is
approached from above soft phonon mode becomes over damped and transforms to a
relaxational mode.

Fig. 18. Plots of (CTpq – Copq )-1 vs (T-Tc) curve for Czx and Czy.
On the other hand there may exist a relaxational mode with an independent degree of
freedom as well as the soft phonon mode and the character of the softening transfers from
the phonon to the relaxational mode. This is an important problem in determining the
dynamics of the peculiar ferroelectric phase transition of LGO, where both the dielectric
critical slowing down characteristic of the order-disorder phase transition and the soft
phonon mode characteristic of the displacive phase transition are observed (Wada &
Ishibashi, 1983; HaussÜhl et al., 1980). In the light of the above discussion we may say that
the change up to Tm is caused by the softening of mode and the softening character
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transforms to the relaxations mode near Tm causing a change in the trend below Tm and near
Tc the relaxational mode becomes dominant. The valley around Tm is perhaps caused by the
interplay between the competitive relaxational mode and the soft phonon mode. It has been
observed that softening of the velocity and rise of the damping of acoustic phonon occur in
the paraelectric phase of LGO even quite far from Tc, i.e.(T-Tc) ∼ 30 K and the effect is
attributed to the fluctuation induced contributions (Sinii et al., 1990).

Fig. 19. The stress dependence of the shift of Tc for Czx.
Another interesting aspect is the observation of a significant thermal photoelastic hysteresis
(Fig. 16). Although the peak position does not shift in the heating cycle the values of the
photoelastic constants get reduced significantly in the heating cycle as compared to the
corresponding values in a cooling cycle. A similar kind of hysteresis was observed in the
dielectric behaviour of LGO (Kudzin et al., 1994, 1995; Bain, 1994) and the appearance of the
dielectric hysteresis is attributed to the internal space charge (electrets state) effects which
produce an internal electric field in LGO on heating from the ferroelectric phase as
described in section 2.1. It was possible to compensate the internal electric field effects in
dielectric measurements by an external electric field (Kudzin et al., 1994, 1995; Bain, 1994). It
is suspected that the photoelastic hysteresis also occurs due to similar effects. Although it
was not possible to try to compensate the electric field effects in the present investigation, it
is possible to attempt experiment under the simultaneous application of a suitable electric
field and stress along z-direction.
Obs.

Cpq

1
2
3
4
5
6

Cxy
Cxz
Cyx
Cyz
Czy
Czx

Paraelectric
(PE)
4.38
5.55
3.60
4.26
3.71
4.19

At Tc = 279 K
phase (RT)
3.85
5.85
4.46
5.50
4.83
5.45

Table 6. Stress optical coefficients cpq (in brewsters) of Li2Ge7015 at RT=298 K and at
Tc = 279 K.
The Stress optical coefficients Cpq of the crystals Li2Ge7O15 at paraelectric phase (RT = 298 K)
and at Tc = 279 K are presented in Table 6. It is important to compare the values of Cpq for
Li2Ge7O15 with other ferroelectric crystals given in Table 7 particularly with Rochelle-salt
(RS) which belongs to the orthorhombic class like LGO (Bain et.al., 1998).
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Obs
1
2

Cpq
Cxz
Cyz

Rochelle Salt (RS)
3.74
4.29

KDP
0.28
0.28

ADP
1.25
1.25

3

Cyx

3.56

1.04

4.30

4

Czx

0.85

1.54

3.50

5
6

Czy
Cxy

2.61
3.04

1.54
1.04

3.50
4.30

573

Remarks
Ref. [9] for RS
a- polar axis
Ref. [26] for
KDP
Ref. [27] for
ADP

Table 7. Piezo-optic coefficients cpq (in Brewsters) for some ferroelectric crystals in their
paraelectric (PE) phases.
The values of Cpq are significantly higher for LGO as compared to these ferroelectric
systems. So, the large photoelastic coefficients and the other properties like good mechanical
strength, a transition temperature close to room temperature and stability in ambient
environment favour LGO as a potential candidate for photoelastic applications.

4. Irradiation effect on photoelastic coefficients in Li2Ge7O15 crystals
The photoelastic coefficients Cpq of the ferroelectric crystals Li2Ge7O15 (x-irradiated) in a
cooling and heating cycle between 298 K and 273 K was carried out with the experimental
procedure described in section 1.4 and are shown in Fig. 20 (Bain et.al., “in print”). The
results show an interesting photoelastic behaviour.

Fig. 20. Temperature dependence of photoelastic coefficients Cxy,Cxz, Cyz, Cyx, Czx and Czy of
the crystal (x-irradiated) LGO in a cooling (0) and heating (∆) cycle.
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Peaks are observed in the temperature dependence of the photoelastic coefficients Czy and
Czx at temperature ~ 279 K in a complete cooling and heating cycle whereas no discernible
hysteresis is observed in rest of the photoelastic coefficients. Anomalous temperature
dependence of Czx of the crystal (x-irradiated) LGO at different wave lengths are shown in
Fig.21.
It is observed that the peak value of Czy has increased about 25% and that of Czx has
decreased about 18% at the wave length λ=5890 Å during cooling process of the crystal
(Fig.16 and Fig.20). The peak value of Czx of the crystal (un-irradiated and x-irradiated) LGO
thus obtained at different wave lengths (Fig.17 and Fig.21) are given in Table 8 and the
results are plotted in Fig.22.

Fig. 21. Temperature dependence of photoelastic coefficient Czx of the crystal (x-irradiated)
LGO at different wave lengths in a cooling (0) and heating (∆) cycle.
It has been observed that the changes in the value of photoelastic coefficients Czy and Czx of
the crystal (x-irradiated) LGO in a cooling and heating cycle occur only if the crystal is
stressed along the polar axis (c-axis). It is known that the irradiation of crystals can change
physical properties of the crystals.
Irradiation brings about many effects in the crystal such as creating defects, internal stress
and electric fields etc (Lines & Glass, 2004). In our present studies, the x-irradiation is
believed to produce internal stress and electric fields inside the crystals Li2Ge7O15 due to
defects that can change the values of photoelastic coefficients.
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Wave lengths
(Å)
4880
5390
5890
6140

Czx (un-irradiated)
Cooling
Heating
4.8
4.0
4.7
3.9
5.6
4.8
4.5
3.6
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Czx (x-irradiated)
Cooling Heating
4.05
3.3
3.95
3.2
4.6
3.7
4.3
3.4

Table 8. The peak value of Czx (in Brewster) for the Crystal (un-irradiated and x-irradiated)
LGO at different wave lengths in the cooling and heating cycles.

Fig. 22. The peak value of Czx for the un-irradiated (black colour) and x-irradiated (ash
colour) crystal LGO at different wave lengths in a cooling (0) and heating (∆) cycle.

5. Summary
It is known that the high optical quality, good mechanical strength and stability in ambient
environment, large photoelastic coefficients in comparison with other ferroelectric crystals
like Rochelle-salt, KDP and ADP favors the crystals LGO as a potential candidate for
photoelastic applications.
The piezo-optic dispersion of the crystals (un-irradiated and x-irradiated) LGO in the visible
region of the spectrum of light at room temperature (298 K) have been described in section
1.4 and 1.5. It shows an “optical zone or optical window” in between 5400 Å and 6200 Å
with an enhanced piezo-optical behavior. This peculiar optical window can have a technical
importance. This window region can act as an optical switch for acousto-optical devices.
From the studies undertaken it may be concluded that LGO is an attractive acousto-optic
material which deserves further probe. It may be possible to understand the observed
behavior if extensive piezo-optic and refractive index data become available over an
extended range of wavelengths.
It has been observed in section 2.2 that the value of impedance of the crystals LGO decreases
sharply with increasing frequency and tends to zero value at about the frequency 10,000
kHz. So, in the application point of view, LGO is also suitable for conductivity even at room
temperature and frequency controlled switch.
The temperature dependence of the photoelastic coefficients of the crystals (un-irradiated
and x-irradiated) LGO in a cooling and heating cycle between room temperature (298 K) and
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273 K have been studied in section 3 and 4. It shows an interesting observation including the
lowering of the Tc under uniaxial stress contrary to the increase of Tc under hydrostatic
pressure and observation of thermal photoelastic hysteresis similar to dielectric hysteresis
behavior. In our studies, the x-irradiation is believed to produce internal stress and electric
fields inside the crystals LGO due to defects that can change the values of photoelastic
coefficients, as described in section 1.5 and 4.
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Compositional and Optical Gradient in
Films of PbZrxTi1-xO3 (PZT) Family
Ilze Aulika*

Center for Space Human Robotics, Italian Institute of Technology - IIT@PoliTO,
Italy
1. Introduction
Pb(ZrxTi1-x)O3 (PZT) (x = 0-1) films have attracted the attention of researchers for the past 30
years due to their excellent ferroelectric (FE) and electromechanical properties, which have
led to the commercialization of thin PZT films for ferroelectric random access memory
(FeRAM), forming a market of several millions USD annually. Ferroelectricity of perovskite
oxide thin films, especially PZT thin films, can be exploited in semiconductor devices to
achieve non-volatile random access memory (NVRAM) with high-speed access and long
endurance, which can overcome the barriers, encountered in current semiconductor
memory technologies. The ferroelectricity can be also exploited to voltage dependent and
thermally sensitive resistors, gas and humidity sensors. Besides, due to large pyroelectric
coefficient of PZT, it has drawn interest for use in pyroelectric devices (Izyumskaya et al.,
2007; Muralt, 2000; Whatmore et al., 2003).
PZT thin films have remarkable advantages over bulk materials:
•
Can be directly deposited on platinized silicon to allow direct integration with
electronics;
•
Have superior electromechanical properties compared to other ferroelectric ceramics.
Thanks to that, PZT films have formed an integral part of the microelectromechanical
systems (MEMS) in various applications such as sensors, actuated micromirrors for finetracking high-density optical data storage mechanisms (Yee et al., 2001), and tunable
capacitors for high-frequency microwave applications, microelectromechanical systems,
infrared detectors, applications in optical devices, for instance, rugate filters (Bovard, 1990),
anti-reflection coatings (Oulette et al., 1991), and electro-optic modulators, to name a few.
Low density embedded FE memories are being considered for implementation not only in
commercial devices, such as smart cards and cellular phones, but also for adaptive FE
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memories in space applications. FE oxides have demonstrated high resistance to
radioactivity (Philpy et al., 2003; Sternberg et al., 2003), what is important characteristic
for space applications. Radiation test results on a prototype 1 kbit FE memory
demonstrated that FE memory core using FE storage capacitors (Philpy et al., 2003),
combined with hardened-by-design (HBD) CMOS circuitry, can attain high levels of
tolerance to total ionizing dose and single event effects. Preliminary tests indicate that the
hardness of the prototype memory exceeds 2 Mrads total ionizing dose and 163
MeV⋅cm2/mg linear energy transfer (LET) latch-up without the need for shielding (Kamp
et al., 2004). FE memory can be designed to compete with any number of traditional
semiconductor memory architectures, including SRAM, SDRAM, EEPROM and Flash
memory (Kamp et al., 2004). This is accomplished by trading off internal write voltage
with retention and endurance and taking advantage of the very fast read/write times of
FE memory. FE memory can be designed to be exactly pin and function compatible with
the other memory types. It follows that the memory types, which much softer to radiation
exposure, can be replaced with FE memory without redesign of the circuit board (Kamp et
al., 2004).
Every application of MEMS requires a different thickness and high quality of the functional
film, leading to the challenge of manufacturing the film of the required thickness, epitaxy
and purity. Among many methods for the fabrication of PZT thin films, chemical solution
deposition (CSD), pulsed laser deposition (PLD), metal organic chemical vapor deposition
(MOCVD), and physical vapor deposition such as RF sputtering have been widely
employed. Among these techniques, chemical solution deposition methods like sol-gel
processing offer low-capital costs, large-scale coating capabilities and easy control of
chemical composition and homogeneity (Izyumskaya et al., 2007). However, the minimum
thickness limitation of around 100 nm per layer for a crack-free and dense film deposited via
CSD requires multiple coatings to reach the final thickness.
The broad applications of PZT films, and inter alia the growing interest in graded refractive
index films for applications in optical devices (Xi et al., 2007; Wang et al., 2001), and
applications in space environment, make it imperative to study the depth profile of
composition and optical properties of thin films throughout a single layer and an entire
coating. Moreover graded PZT thin films, e.g., with amplitude of ±20% at the 53/47
morphotropic phase boundary (MPB), have showed improved electrical performances
(Ledermann et al., 2003), raising importance of depth profile analyses and control.
Wherewith, information on the homogeneity of the films and the physical properties
resulting from different processing methods represents crucial knowledge.
Gradients in optical properties (refractive index n, extinction coefficient k, abortion
coefficient α, band gap etc) and chemical composition gradients have been reported, e.g., for
sputtered PZT films (Deineka et al., 1999 and 2001; Vidyarthi et al., 2007; Chang et al., 2005)
and for CSD-fabricated PZT films (Aulika et al., 2009; Calamea and Muralt, 2007; Etin et al.,
2006; Impey et al., 1998; Ledermann et al., 2003; Marcus and Schwartz, 2000; Watts et al.,
2005). Variation of chemical composition throughout the film thickness due to
inhomogeneity results in variation of physical properties such as optical properties of the
films, resistance to irradiation, and lowers or improves the performance of
electromechanical systems. The understanding of the compositional gradient and physical
properties resulting from different processing methods is crucial. Thus, the knowledge of
the optical gradient within a film allows identification and further optimization of the thin
film performance and applications in piezo- and ferro-devices.
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2. Depth profile detection methods
A challenging aspect of homogeneity studies lies in the development of an appropriate
characterization method, since the compositional variation must be determined on a small
scale, within 100 nm. Depth profile detection methods can be divided into two categories:
•
Destructive,
•
Non-destructive methods.
The 1st category typically allows local visualization of thin films and element concentration
analyses, what requires etching or cross section of the sample accompanied with
spectroscopy methods. For visualization of the films well established microscopy techniques
such as scanning electron microscopy (SEM), transmission electron microscopy (TEM), and
atomic force microcopy (AFM) are widely used in the practice. For compositional analyses
(qualitative and quantitative) energy-dispersive x-ray spectroscopy (EDXS, known also as
EDX or EDS), photoelectron spectroscopy (XPS), secondary ion mass spectrometry (SIMS),
Rutherford back scattering (RBS), electron energy loss spectroscopy (EELS) and other
spectroscopies are applied. For example, the approach can be thought of simply as the
analytical implementation of rf-sputter etching, where the atomized material is analyzed by
its characteristic optical emission. This method is known as radiofrequency glow discharge
atomic emission spectroscopy (rf-GD-AES) (Marcus and Schwartz, 2000): permits the depthresolved elemental analysis of metallic, semiconducting, and insulating materials over
depths of 20 nm–150 μm in a rapid fashion < 0.1–5 μm/min. The analytical data are reported
as elemental emission intensities as a function of sputtering time, termed a qualitative depth
profile. Qualitative depth profile can be also analyzed by the detection of concentration
gradients of the chemical elements of PZT thin films using Z contrast TEM with EDX
(Ledermann et al., 2003). In the work of Watts et al., 2005, the EDX was performed on
PbZr0.52Ti0.48O3 (PZT 52/48) thin films. Compositional profiles were determined along with
analysis of the state of oxidation of the lead. The data were compared with bulk
polycrystalline material as standard giving quantitative depth profile of the films.
Similar method to rf-GD-AES was presented in the work of Vidyarthi et al., 2007, where
chemical composition and depth profiling of PZT films was investigated by glow discharge
optical emission spectroscopy (GDOES). They used two samples, which chemical
composition was measured by RBS, to calibrate GDOES for PZT quantitative compositional
analysis.
SIMS was used to monitor the Pb, Zr, Ti, and C secondary ions in addition with the EDX to
determine the oxidation state of the elements (Etin et al., 2006). Pb4f, Zr3d, and Ti2p and O1s
spectra were used for calculation of film composition as a function of depth using
calibration equations (Sugiyama et al., 2003 and 2004) presenting quantitative depth profile
analyses.
Fascinating work have been done by Parish et al., 2008, where the use of multivariate
statistical analysis (MSA) of EDS spectrum images (SIs) in scanning TEM (STEM) was
extended to allow the two-dimensional (2D) quantitative analysis of cation segregation and
depletion in PLZT thin films. STEM-EDS SIs method allows high-resolution (≤ 10 nm)
quantification of cation distributions. Zr/Ti and La segregation are found to develop in a
decidedly nonplanar fashion during crystallization, highlighting the need for 2D analysis.
The drawback for TEM and STEM-EDS SIs investigations is tedious and time-consuming
sample preparation. Investigation using other methods such as RBS results in sample
modification or even destruction after analysis. Also all other methods mentioned before
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goes hand to hand with either sample distraction, compositional modification (e.g.,
impregnation of ions during milling with ion beam) or specific sample preparation needs.
To conclude, examples given above for depth profile detection suffer from being ‘‘local’’,
intrusive, destructive and unsuitable for real-time, inline monitoring of processes and
surface/interface modifications of thin films.
What about the 2nd category: non-destructive methods of depth profile detection? In this
category only sensitive, accurate, contactless optical techniques are giving this opportunity
to analyze thin films in non-destructive way. Well know optical methods are, for example,
reflectometry, interferometry and spectroscopic ellipsometry (SE). SE have several
advantages regarding other optical methods eliminating such disadvantages as dependence
on the intensity of the light source (reflectometry), vibrations and atmospheric disturbances
(interferometry). SE is nondestructive, nonintrusive, and noninvasive, contactless optical
technique, applied not only for the optical characterization of bulk materials and thin films,
but also for in situ real-time measurement of multilayered film structures, interfaces,
surfaces, and composites, during fabrication and processing.
SE has long been recognized as a powerful method for the characterization of thin films and
their inhomogeneity. It has already been applied to refractive index depth profile studies of
oxynitride SiO2Nx films (Callard et al., 1998; Nguyen et al., 1996; Snyder et al., 1992; Rivory,
1998;) (additionally confirmed by chemical etching (Callard et al., 1998)), lead silicate glass
(Trolier-McKinstry and Koh, 1998), oxidized copper layers (Nishizawa et al., 2004),
polymers (Guenther et al., 2002), semiconductor indium tin oxide (ITO) films (Losurdo,
2004; Morton et al., 2002), sol-gel PZT thin films (Aulika et al, 2009) confirmed by TEM and
EDX, and RF-sputtered self-polarized PZT thin films (Deineka et al., 2001), and was
confirmed by discharge optical emission spectroscopy (GD-OES) and pyroelectric profile
measurements by the laser intensity-modulation method (LIMM) (Deineka et al, January,
2001; Suchaneck et al., 2002). SE has also been applied to the study of ion implantation depth
profiles in silicon wafers and confirmed by RBS (Boher et al., 1996; Fried et al, 2004). The
sensitivity of SE was demonstrated on graded oxygen compositions in YBa2Cu3O7-δ (YBCO)
thin films, in which it was able to detect changes in the oxygen concentration to within one
unit cell (Gibbons, and Trolier-McKinstry, 1999).
SE cannot quantitatively examine cation distribution at a length scale comparable with the
feature sizes like in a case of STEM-EDS SIs method (Parish et al., 2008) since the measured
area depends on the diameter of the incident light spot of SE (typically ~ 3 mm, by using
focusing nuzzles it can be reduced till ~ 0.1 mm). As the result it is easy to perform relatively
large area scans of the sample using SE, and evaluate information (for example, depth
profile) in average across many features simultaneously. And thus SE studies gives an
opportunity in non-destructive, rather fast and easy way to analyze the inhomogeneity of
material and helps to understand how processing affects structure and thus properties in
this system. Now more in details about this method.
2.1 Spectroscopic ellipsometry
Not very long time ago the development of spectroscopic ellipsometry made it possible to
investigate the complex refractive index of thin films and bulks in a wide spectral range
(gives access to fundamental physical parameters; morphology, crystal quality, chemical
composition, or electrical conductivity), and detecting inhomogeneities of thin films,
eliminating such disadvantages of other non-destructive and contactless optical technique as
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dependence on the intensity of the light source (reflectometry), vibrations and atmospheric
disturbances (interferometry) (Tompkins and Irene, NY 2005).
Typical ellipsometers can accurately measure ψ and Δ better than 0.01°. Due to such a high
accuracy a change of the refractive index of 10-3 – 10-4, and film thickness changes down to
the sub-Å scale can easily be resolved with this technique (Tompkins and Irene, NY 2005). A
reflectometer system can not accurately measure intensity values better than 0.1%, and
therefore a reflectivity measurement is not sensitive enough for small changes of the
material`s optical properties and for thin film thicknesses.
With spectral ellipsometry one can measure the dispersion of the complex dielectric
constant of bulk materials and thin films with very high accuracy. This technique does not
require a large size of the sample; it is enough to have a size of ~ 5×5 mm. In situ spectral
ellipsometry studies allow detecting phase transition in thin films and surfaces (Dejneka et
al., 2009), as well as of the interface what is very important for thin film and crystal studies.
For advanced optoelectronics and bandgap engineering applications is important to
investigate the relationship between the microstructure, sample preparation conditions &
optical properties. SE gives opportunity to detect technologically and scientifically
important properties of thin films such as optical bang gap (Dejneka et al., 2010), thermooptical properties (Aulika et al., 2007 and 2009; Dejneka et al., 2009), and optical gradient
(Aulika et al., 2008 and 2009; Deineka et al., January, 2001).
2.2 What ellipsometry measures?
Ellipsometry measures the change of the polarization state of light upon reflection. It
overcomes two major problems of conventional spectroscopy or reflectivity: the phase
problem (in ellipsometry the phase is measured and does not have to be calculated by
Kramers-Kronig relation) and the reference problem (ellipsometry requires relative, not
absolute, intensities). Paul Drude was the first to study optical properties using the
ellipsometry technique. He published the equation of ellipsometry in 1887, and his
experimental results in 1888. Generally, after reflection on a sample the polarization state of
the light is elliptical (Fig. 1). The electrical field components parallel and perpendicular, Eip
and Eis, with respect to the plane of incidence change their amplitude and phases due to
reflection upon the sample. These total reflective coefficients are connected with the main
ellipsometric angles ψ and Δ (Tompkins and Irene, NY 2005)
tan ψ =

rp
rs

and

tg ψ e iΔ =

rp
rs

=

Eip
Eis

=γ,

where γ is the quantity of ellipticity, and Δ = δp − δs is the phase shift of the p and s-polarized
light (Fig. 1). Reflection and transmittance coefficients can be found from Fresnel formulas,
which on the other hand are containing information about the optical constants, thickness of
the thin film (or thin films in the case of multilayer) incident angle of the light, and phase
suspension of the light.
ψ = ψ (ε, σ, ω), and Δ = Δ (ε, σ, ω), where ε is the real part of dielectric function, σ is the real
part of conductivity, and ω is the frequency. There are two equivalent descriptions: the first
one operates with real and imaginary parts of the dielectric function ε1, ε2, the second one
operates with the real part of the dielectric function and the real part of the conductivity.
The ratio between conductivity and dielectric function σ ∝ ıωε makes these descriptions
equivalent.
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Fig. 1. Light reflecting from a sample at angle ϕ. The linearly polarized incident light has
two electric field components Eip and Eis in the directions parallel and perpendicular to the
propagation plane, respectively. The reflected light has elliptical polarization.
The main ellipsometric angles ψ and Δ are the functions of dielectric constants of the sample:
Consider the complex refractive index as n = n − ik , where n – refractive index, k – extinction
coefficient, it can be written in a form of dielectric permittivity n = n(1 − iα ) = ε (Born, and
Wolf, Cambridge University, 1999), where ε = ε1 − iε 2 - complex dielectric permittivity, and
α = 4 πk λ - absorption coefficient. First, the dielectric permittivity is a response function,
therefore ε ( −ω) = ε∗ ( ω) . Second, from the causality principle we have the Kramers-Kronig
(KK) relations (Tompkins and Irene, NY 2005)
+∞

ε1 (ω) − 1 =

2
xε 2 ( x )
P
dx
π ∫0 x 2 − ω2

+∞

and

ε 2 (ω) = −

2ω
ε1 ( x ) − 1
P
dx ,
π ∫0 x 2 − ω2

where P – is the symbol of the main quantity of the integral. For isotropic media n 2 = ε(ω) ,
n2 − k 2 = ε1 (ω) , 2 nk = ε 2 (ω) , then KK can be written in
n2 (ω) − k 2 (ω) − 1 =

+∞

+∞

4
xn( x )k( x )
ω
n2 ( x ) − k 2 ( x ) − 1
P∫ 2
dx and n( ω) k( ω) = P ∫
dx .
2
π 0 x −ω
π 0
x 2 − ω2

The combination of KK relations with physical arguments about the behavior of optical
conducts us to the sum-rule expression.
Optical properties of materials can be modeled also by considering the field re-radiated by
the induced dipoles of the classical oscillators. Such classical oscillators are Lorentz
oscillator, for example. In this model the dipole radiation field interferes with the incident
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field in such a way as to produce absorption or refraction. The Lorentz model assumed that
an electron bound with the nucleus as a harmonic oscillator. By solving the equation of
motions, distribution of the complex dielectric function can be found as ε (Tompkins and
Irene, NY 2005)
⎛
⎞
A2
⎟.
ε = ε∞ ⎜ 1 +
2
⎜
( Ec ) − E ( E − iB) ⎟⎠
⎝

The model fitting parameters ε∞, Ec,, E, B and A are in units of energy, and they are
respectively: the high-frequency lattice dielectric constant, the centre energy of the oscillator,
the photon energy, the vibration frequency (broadening) of the oscillator, and the amplitude
(strength) of the oscillator.
Unfortunately the Lorentz oscillator (LO) does not fit well the characteristics of the complex
dielectric function at the near ultraviolet and ultraviolet (UV) regions for ferroelectrics and
some semiconductors (Bungay and Tiwald, 2004; Jellison et al., 1997; Synowicki and Tiwald,
2004). LO functions were used to model molecular or lattice vibrations in the infrared
(Bungay and Tiwald, 2004), complex refractive index of conductive oxides (Synowicki,
1998), metals (Brevnov and Bungay, 2005), and ferroelectrics till the absorption edge
(Lappalainen et al., 2005). LO is symmetric in shape, and the high and low energy sides of
the function decrease at the same rate. It is because the low energy portions of the ε’ curves
are most strongly affected by the area under of the curve (area is proportional to A⋅B), and
the peak shifts to lower energies as broadening increases. As a result LO have long
asymptotic tails away from the absorption peaks and can cause unacceptable absorption
artifacts in transparent regions.
Tauc-Lorentz (Jellison and Modine, 1996) and Cody-Lorentz oscillator (TLO and CLO) are
more flexible functions at the fundamental band gap Eg and higher energies in the UV, since
these functions rapidly decrease to zero away from their center energy and do not have long
asymptotic tails as LO which can result in unwanted absorption through the band gap and
below. As the result the typical absorption of dielectrics due to the electrons transition from
the valence band to the conductive band at high photon energies can be very well described.
Depending on the material under the studies the most suitable oscillator hast to be chosen
for modeling its complex dielectric function.
2.3 Modeling of depth profile
For thin films the most interesting anomalies of the properties are related to their spatial
nonuniformity. The details of this nonuniformity depend on the conditions on the film
surfaces (substrates, electrodes). The most important characteristic of ferroelectric thin film
is their nonuniform polarization. Its calculation can be performed on the base of
phenomenological theory with polarization gradient in free energy density (Deineka et al.,
2001; Glinchuk et al., 2000; Tilley, Gordon and Breach, Amsterdam, 1996; Wang et al., 1995;,
2002). It was found (Glinchuk et al., 2000) that dielectric susceptibility is also
inhomogeneous and it can be calculated, for example, on the base of Lame equation. As a
matter of the fact obtained polarization P(z) profile is related to that of optical refraction
index: 1/n2 ~ (1/n02) (1 + P(z)2). Due to the proportionality of the refractive index to the
square of the spontaneous polarization, the inhomogeneity of the film can be detected as a
refractive index depth profile.
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Fig. 2. Comparison the theoretically calculated (solid lines) and experimentally determined
(symbols) refractive index depth profiles for PZT films of different thickness, and
polarization profiles (discontinuous line) for the films with different thickness (Deineka et
al., 2001).
Theoretically
calculated
and
experimentally
obtained
optical
profile
for
perovskite/pyrochlore double layer stacks of PZT (deposited using sputtering on platinized
silicon wafers by Siemens AG, Munich (Germany) are presented in Fig. 2. According to
theoretical prediction (Glinchuk et al., 2000), the behavior of polarization profile changes
considerable for very thin PZT films. This is illustrated in Fig. 2b: the film polarization
decreases monotonous with the thickness.
Polarization profile in ferroelectric thin films can be caused, e.g., during deposition, by
chemical element distribution, by strains etc , and “reflected” in other physical properties of
the film, for example, the refractive index profile. It should be noticed that any change in the
sample structure will affect the polarization and optical properties of the material,
irrespective of whether it is a result of the stoichiometry, compositional gradient, internal
stresses, etc. Using spectroscopic ellipsometry it can be detected and modeled.
The depth profile of the optical properties is modeled by dividing the single layer by slices,
and the shape of the grading profile is characterized using:
Simple graded model, e.g., exponential variation of the refractive index n versus film
•
thickness (n ~ abd);
Function based graded model, e.g., polynomial (n ~ A0 + A1d + A2d2 + …).
•
Some examples of the depth profile of n are represented in Fig.3.
If the film has no gradient of the refractive index, there is no change of n, and in case of the
simple graded model, exponent is equal to 1. Variation of the refractive index from the
substrate to the film surface is adjusted by exponent greater or smaller then 1. In this graded
model the fitting parameters are value of exponent and variation of n. Optical gradient
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typically is calculated in the wavelength region of 500 – 1000 nm, where ferroelectrics and
dielectrics are not absorbing the light, to minimize fitting parameters correlation caused
artifacts.

Fig. 3. The optical depth model examples applied to fit experimental SE data: exponential
variation of n trough the film, considering it as a one complete layer; discontinues liens exponential variation of n at the each layer of the film. The different shapes of exponent
were accomplished by changing the value of exponent and variation of the refractive index.

3. Optical gradient in PZT
3.1 Optical properties of PZT films
In the Fig. 4 refractive index n and extinction coefficient k as a function of photon energy for
PZT thin films with different composition are presented. These are typical dispersions of
optical constant for PZT thin films with no compositional gradient. With increase of Zr/Ti
ratio refractive index decreases, while optical band gap is practically not changing, suggesting
that the substitution of Ti by Zr does not change much the electronic band structure of PZT.
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Fig. 4. Refractive index n and extinction coefficient k of sol-gel PZT thin films of 3 different
compositions. Complex dielectric function of the PZT was evaluated by fitting experimental
data of spectroscopic ellipsometry. n and k was modeled using Tauc-Lorentz oscillator.
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Fig. 5. Schematic illustration of the film with thickness d with a) no change of refractive
index n and b) with change of n at wavelength λi from the bottom to the top of the film
presenting optical gradient in the film. Change of n with d can have different nature (see Fig.
2), depending on the chemical/physical processes involved.
The most sensitive parameter to the composition change in PZT is refractive index, and
compositional gradient can be detected as an optical gradient (e.g., refractive index change
in the depth of the film). Film with no compositional gradient has no change of n and k
within the film with the thickness d, while films with compositional gradient will have
depth profile of optical constants as schematically presented in Fig. 5.
3.2 Factors inducing the gradient
Structural and ferroelectric properties, growth rate, phase composition, and stoichiometry of
PZT films depend on a number of film deposition parameters, among which are:
Chemical solution deposition (CSD) or sol-gel technique: precursor solution (lead
•
content of the starting solution; thermal decomposition of raw components), a lowtemperature heat treatment at 300-400°C (pyrolysis) to remove organic components,
high-temperature annealing (600-700°C) to form a dense crystalline layer, substrate
(difference in thermal expansion coefficient between the film and the bottom electrode),
annealing atmosphere; how annealing was accomplished (furnace, hot plate, rapid
thermal annealing etc)
Hydrothermal method: Gas pressures, synthesis temperature;
•
•
Sputtering: substrate temperature, gas pressure and composition, sputter power,
target-to-substrate distance, and target composition;
Pulsed Laser Deposition (PLD): laser parameters (laser spot size, fluence, wavelength,
•
repetition rate, power), properties of the target material, ambient gas pressure and
composition, substrate type and temperature, substrate-to-target distance and targetsubstrate geometry;
Metal-Organic Chemical Vapor Deposition (MOCVD): substrate temperature,
•
chamber pressure, and oxygen partial pressure.
The gradient (either compositional and/or optical) can be induced by following factors (see
Fig. 6):
•
Thermodynamically driven diffusion and/or kinetic demixing (Cabrera, and Mott,
1948; Impey et al., 1998; Ohba et al., 1994; Okamura et al., 1999; Wagner, 1971; Watts et
al., 2001 and 2005);
•
Stress (e.g., lattice mismatch and misfit stress with the substrate; stress dependence of
film thickness), (Corkovic et al., 2008; Izyumskaya et al., 2007; Gkotsis et al., 2007);
Nucleation processes (Izyumskaya et al., 2007; Ohba et al., 1994; Okamura et al., 1999).
•
Depending on deposition processes involved, some or even all of these factors can be
incorporated and accountable for gradient formation in the films. For the same film
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deposition technique different kind of chemical gradient can be obtained depending on
deposition conditions.

Fig. 6. Optical gradient formation reasons in thin films.
3.3 Gradient in PZT thin films prepared by sputtering and hydrothermal techniques
Some examples of compositional gradient for sputtering and hydrothermal techniques are
summarized in Fig. 7. For sputtering methods it is quite common to obtain PZT films with
enriched Pb and/or Pb/(Zr+Ti) towards the surface of the film resulting in increase of
refractive index near the surface (Fig. 7, Case 1 and 2). It is due to the fact that sputtering
techniques have difficulty in composition control due to high volatility of Pb or PbO.
Special profile of refractive index in the perovskite PZT films is induced by a
selfpolarization formed during film deposition and cooling down (Deineka et al, 2001,
Suchaneck et al., 2002). For example, PZT thin films of about 1 μm thickness deposited by dc
and RF-sputtering on Si/SiO2/adhesion layer/(1 1 1)Pt substrates had the Ti/Ti+Zr ratio
nearly constant throughout the PZT film, while the surface was strongly lead enriched
(Pb/Ti+Zr ≈ 1.6) and the bottom electrode interface was lead depleted (34). Obtained optical
profile by SE was similar to that presented in Fig. 2.

Fig. 7. Common compositional profiles for PZT thin film fabricated by sputtering and
hydrothermal techniques. Case 1: based on the work of Vidyarthi et al., 2007; Case 2: Chang
and He, 2005; Suchaneck et al., 2002; Case 3: Morita et al., 1997; Ohba et al., 1994.
The situation is different with hydrothermal methods where, due to the low process
temperature and relatively high pressure, Pb and PbO evaporation does not take place and
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interdiffusion and chemical reaction between the film and the substrate is suppressed. For
example, Ohba et al., 1994, observed a steep gradient of chemical composition between a
substrate and a PZT layer: an interfacial Ti-rich PZT layer with low piezoelectric constant
near the substrate. Contrary to this result, Morita et al., 1997, reported that separated PTO
and PZO layers were deposited during the nucleation process; the PTO layer grew during
the first 2 h of the nucleation process, followed by the PZO film growth (Fig. 7, Case 3).
3.4 Gradient in sol-gel PZT thin films
A great number of sol-gel processing paramiters as temperature pyrolysis and final heattreatment, heat treatment atmosphere and duration, solution composition, and seeding layer
are strongly influencing the structural and, therefore, physical properties of PZT films.
Broad studies have been done on chemical depth profile of sol-gel PZT films depending on
the process conditions mention above. Some examples of chemical depth profile for sol-gel
PZT films on platinized Si (regarding solvents, pyrolysis and annealing) are given in Fig.8.
As can be seen it is not evident whether initial sol or annealing is responsible for the
gradient appearance. One of the major limitations of the sol-gel technique is that it does not
yield the desired perovskite phase directly. Thermodynamically driven diffusion and/or
kinetic demixing for sol-gel films are strongly determine by how the annealing is
accomplished (furnace, hot plate, rapid thermal annealing, temperature, duration etc), lead
content of the starting solution, and also thermal decomposition of raw components. Quite
often some of these factors are not mentioned in the publications and it makes difficult or
even impossible to do comparisons and reasonable conclusions of these studies.
The formation of perovskite phase upon final annealing is preceded by an undesirable
nonferroelectric pyrochlore phase. Pyrochlore inclusions are often observed in sol-gel
derived perovskite films. An intermediate annealing step (pyrolysis) plays a pivotal role in
determining the crystal orientation as well as ferroelectric and piezoelectric properties of the
resultant PZT films (Izyumskaya et al., 2007). There are some studies done for this
intermediate stage.

Fig. 8. Common compositional profiles for PZT thin film fabricated by sol-gel. Stage 1: Initial
gel; Stage 2: Initial crystallization; Stage 3: Full crystallization. Case 1 and 2: based on work
of Etin et al., 2006; Case 3: Ledermann et al., 2004; Case 4 and 5: Aulika et al., 2009.
The paper of Etin et al., 2006, proved that variation in Zr/Ti ratio in PZT films originates
early in the crystallization process. These variations are caused by a mismatch in the thermal
decomposition of the individual Zr/Ti components in the PZT precursor. Once created, the
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compositional gradients cannot be eradicated by prolonged heat treatments. In the Cases 1
and 2, presented in Fig, 8, PZT films were prepared by two sol-gel precursor formulations.
The difference between the two formulations is the stabilization of the zirconium precursor:
a) Zr precursor is chemically stabilized with AcOH, or b) Zr is stabilized with
acetylacetonate (AcAc). Formulation (a) led to opposite concentration gradients of Zr
(increasing) and Ti (decreasing) towards surface, while formulation (b) gave rise to constant
Zr and Ti concentrations towards the substrate throughout the films. The elemental depth
distributions are governed by the thermal decomposition pattern of the individual metal
compounds in the sol–gel precursor (Etin et al., 2006). In formulation (a) Zr precursor
stabilized with AcOH showed faster pyrolysis and lower decomposition temperature than
the Ti precursor. Thus, in formulation (a) Zr-rich phase can form in the bulk before the Ti
precursor enters the reaction. After the Ti precursor decomposes, growth of Ti-rich PZT film
proceeds from the interface with the Pt electrode leading to opposing concentrations
gradients of Zr and Ti in the film. In formulation (b) the decomposition of Ti and Zr
precursors occurs simultaneously and therefore a uniform depth profile is obtained.
Distribution of the nearest neighbor and next nearest neighbor ions in the pyrochlore phase
was demonstrated to be similar to those in the amorphous phase (Reaney et al., 1998).
Therefore, although perovskite is the thermodynamically stable phase in the temperature
range used in sol-gel fabrication, the transformation from amorphous to pyrochlore phase is
kinetically more favorable than a straight transformation to the perovskite phase. The
kinetics of transformation from the amorphous to perovskite phase as well as film
orientation was shown to depend strongly on the pyrolysis conditions (Brooks et al., 1994;
Reaney et al., 1998).
In the work of Ledermann et al., 2003, it is shown that sol-gel PZT thin films are Ti-rich
closer to the substrate and Zr-rich closer to the surface for each layer of the film, as well as
that the concentration of Pb increases directionally from the substrate to the surface (Fig. 8,
Case 3). This is special case of controlled compositional gradient of sol-gel PZT thin films:
the gradient has amplitude of ±20% at the 53/47 morphotropic phase boundary (MPB),
showing improved electrical performances. Thanks to the high development of film
deposition techniques, in our days it is possible to fabricate controlled compositions,
textures and structures of the films with dedicated properties.
These gradient studies show that selection of precursors (chemical solvents) and processing
parameters (drying temperatures and time, crystallization temperature and time, etc.) for
the deposition of sol-gel films is influential in controlling the homogeneity of the films.
Recently detailed studies of sol-gel PZT 52/48 thin and thick films were presented (Aulika
et al., 2009), which were made by using two different solvent systems: a mixture of acetic
acid and methanol (AcOH/MeOH) or 2-Methoxyethanol (2-MEO) (Fig. 8, Case 4 and 5). To
crystallize the films, two different thermal profiles were applied: all layers crystallized
together (LCT) at the same time, and each layer crystallized individually (LCI). The first
profile employed the deposition of one layer followed by drying at 300°C for 1 min. When
the final layer was deposited, the sample was placed on a hotplate at 550°C for 35 min to
crystallize. The second thermal profile involved individual crystallization of each layer by
holding the sample at 300°C for 1 min followed by 550°C for 5 min before the next layer was
coated. The annealing time was sufficient for all films to crystallize.
Among all analyzed samples, the refractive index gradient was found only for two groups
of films, which were made by crystallizing each layer before another layer was deposited
(LCI) (Aulika et al., 2009): 1) One group of films was made using the AcOH/MeOH sol
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(Fig. 9a) and 2) the other group was made with the 2-MEO sol (Fig. 9b). The gradient is
different for all films of different thickness (Fig. 9). This is most likely due to recurrent
annealing of already crystallized layers. The trend of n with depth presented in Fig. 9b can
be caused by several reasons such as 1) residual stress in the film, 2) concentration gradients
of Ti or Zr with the layer, 3) an increase in excess Pb (Aulika et al., 2009; Deineka et al., 2001;
Ledermann et al., 2003; Watts et al., 2005), 4) polarization profile that is strongly dependent
on film thickness (polarization is homogeneous in the greater part of the thick film except in
small regions at the film boundaries, while it is completely inhomogeneous in thin films).
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Fig. 9. Depth profile of refractive index n at the 700 nm of wavelength for the samples with
different number of layers made using a) AcOH/MeOH, and b) 2-MEO sol. All figures taken
from (Aulika et al., 2009). © The Electrochemical Society, Inc. [2009]. All rights reserved.
No optical gradient is found for films with different numbers of layers when all layers are
crystallized at the same time, regardless of the sol used. This was also confirmed for the tick
films (Aulika et al., 2009). The groups of films made with AcOH/MeOH sol and by the LCT
routine show strong (111) orientation with some low intensity peaks of other orientations,
such as (110), (112) or (001)/(100) (Fig. 10 cd). While films with optical gradient revealed
(001)/(100) and (002)/(200) orientations (Fig. 10 ab).
Based on the XRD results (Aulika et al., 2009) of LCI films, a picture of how the orientation
of the film changes when more layers are added was obtained. Thus, when processing the
films using the LCI method, only the first layer crystallizes directly on the Pt substrate and
all subsequently deposited layers crystallize on top of PZT 52/48. Since the thermal profile
used assures (100) orientation of the film, we would expect the first layer to be (100)
oriented, as well as all subsequently deposited layers, since the last layer also is crystallize
on (100) PZT. Nevertheless, both groups of PZT 52/48 films processed with the LCI method
in fact exhibit some (111) orientation for films having more than three layers. The
appearance of (111) orientation can only be explained if some excess of PbO after
crystallization is assumed, located close to the surface, as recently reported by Brennecka et
al., 2008. Indeed, some pyrochlore was found for all LCI films made with AcOH/MeOH sol.
It is thus possible that after the deposition of the next layer, the residual pyrochlore induced
nucleation and growth in the (111) direction, consuming the uncrystallized matrix and
accounting for the appearance of the (111) orientation at later stages within the first layer.
Considering the work of Brennecka et al., 2008 and results of Aulika et al., 2009, the
uncrystallized pyrochlore phase was most likely the lead deficient fluorite phase, which was
also accompanied by a compositional gradient of Pb/Zr through the layer thickness.
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Fig. 10. The XRD of the LCI samples for a) AcOH/MeOH films, b) 2-MEO films, and LCT
samples for c) ACOH/MeOH films, and d) 2-MEO films. All figures taken from (Aulika et
al., 2009). © The Electrochemical Society, Inc. [2009]. All rights reserved.
In pinpointing the cause of the detected optical gradient, any change in orientation with
number of layers can be eliminated based on the consideration that the films made with the
LCT method showed more mixed orientation among the samples, and yet no optical
gradient was found for these films. Moreover, the optical gradient was found in films made
with the LCI route, where a strong variation in lattice parameter with increasing thickness
was found, even though the type of gradient was dependent on the sol used.
On the other hand, it was reported that the n increases with increasing Ti/Zr concentration
(Tang et al., 2007; Yang et al., 2006). It is likely that the appearance of the depth profile for
the LCI films is connected with the fact that PbTiO3 (PTO) crystallizes before PbZrO3 (PZO)
(Impey et al., 1998), while crystallizing layers together may avoid preferential PTO and PZO
crystallization. Better quality PZT 52/48 composition thin films can be made by annealing
the films at higher temperatures using rapid thermal annealing (RTA) or oven, or to have a
different Zr/Ti concentration ratio in each layer with the goal to anticipate the selection and
diffusion processes (Calamea and Muralt, 2007). RTA usually needs fully crystallizing at >
650ºC, but in the study of Aulika et al., 2009, annealing temperature at 550ºC on a hotplate
was chosen so that the crystallization of the films started at the interface of Pt/ PZT and
grew up to the top rather than crystallizing the films in a oven/RTA which would lead to
the crystallization from everywhere and smeared the possible formation of gradient in
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composition. This use of low annealing temperature led to the formation of pyrochlore
(Fig. 10a, c).
To summarize, there are three possible origins of the refractive index gradient n(d): 1) the
above-mentioned polarization inhomogeneity close to the film surface, and 2) the varying
Zr/Ti ratio and 3) varying Pb throughout the layer. The latter two can be attributed to the
separate crystallization of each layer, causing the diffusion of Pb, Ti and Zr ions in the film.
If we extrapolate this to the optical properties according to the fact that n increases with
decreasing Zr/Ti ratio (Fig.3), then we can say from Fig. 8b that the Zr/Ti ratio decreases
directionally from the substrate to the surface, which is opposite to the observations, e.g., of
Ledermann by TEM. However, it is known that sol-gel thin films may have higher
concentrations of Pb at the surface (Impey et al., 1998; Ledermann et al., 2003; Watts et al., 2005).
3.4.1 Surface enrichment in ferroelectric thin films
Surface enrichment of some elements has been reported by many authors (Impey et al., 1998,
Watts et al., 2001, 2003 and 2005; Gusmano et al., 2002), and there are just few explanations
for this phenomenon. An analogy may be drawn with the oxidation of metals such as Cu
and Sn where the metals dif-fuse towards the reacting surface (Wagner, 1971; Cabrera and
Mott, 1948).
The data presented by Watts et al indicates that the pyrolysis and crystallization steps for
sol-gel films result in incomplete oxidation (Watts et al., 2005). The diffusion is driven by the
oxidation of Pb at the PZT/oxygen interface. The second mechanism is kinetic demixing
(Martin, 2003): diffusion of metallic species at different rates, usually in the direction of
higher oxygen potential (even though the phase is thermodynamically stable under all these
oxygen pressures). This mechanism is often applied for kinetics of solid solutions, but it was
shown that a single phase can decompose under a chemical potential gradient (Wang and
Akbar, 1992). Most likely that both processed (thermodynamically driven diffusion or
kinetic demixing, (Fig. 6) are taking place since it is difficult to separate them due to the fact
that the low oxygen content in the film promotes both processes.

Fig. 11. Self-poling mechanism in ferroelectric thin films.
An electrical potential that polarizes the ferroelectric at high temperatures as it cools
through the Curie temperature is created by the migration of cations in the film (Fig. 11).
The spontaneous polarization allows the cations to diffuse faster and is the reason why
surface enrichment is so significant in ferroelectric films (Watts et al., 2005). The ferroelectric
(FE) polarization induced electrochemically by this mechanism is in the direction observed
experimentally by Impey et al., 1998, and by Okamura et al., 1999. Pb2+ diffusion may also
lead to self-polarization, which causes the polarization inhomogeneity discussed above.

595

Compositional and Optical Gradient in Films of PbZrxTi1-xO3 (PZT) Family

3.4.2 Confirmation of optically detected gradient by TEM and EDX
Fine grains of pyrochlore phase between perovskite crystallites throughout the film
thickness were observed for films made by LCI (Fig. 12a). A pyrochlore layer about 50 nm
thick was found at the surface of the film. These results are in accordance with the XRD
analysis (Fig. 10). The EDX results showed a strong variation in Pb and Zr concentrations
throughout the thickness of the film (Fig. 12b), and this film had a strong optical gradient.
Close to the surface where the pyrochlore layer was observed, a strong reduction in lead
concentration and an increase in zirconium concentration were detected.The titanium
concentration was not much affected by the phase separation. It can be conclude that these
samples show the same two-phase structure reported by Brennecka et al within each layer,
whereby the lead-deficient upper layer causes a compositional gradient.
For PZT 52/48 (LCT) film the columnar grains and additional ~10 nm thin pyrochlore layer
on the surface was found (Fig. 12c). This film had no optical gradient. No Py was detected
by XRD analysis due to its low amount (see Fig. 10). As shown in Fig. 12d, a more uniform
EDX concentration profile was obtained in comparison to Fig. 12b.
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Fig. 12. TEM micrograph (dark field (a) and bright field (c)) of a cross-section of LCI film (a)
and LCT film (c) showing pyrochlore phase (Py) between and on the surface of the PZT
grains; EDX profile from substrate to the film surface (b, d) in comparison with the optical
depth profile n(d) established by SE (b). All figures taken from (Aulika et al., 2009). © The
Electrochemical Society, Inc. [2009]. All rights reserved.
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The results obtained by EDX are in good agreement with the optical data evaluated by SE
(Fig. 12b). There are almost no changes in variation of Pb, Zr, and Ti near the substrate of the
film, which is “reflected” in optical analyses as no optical gradient n(d). A significant
decrease in Pb and increase in Zr can be seen in the optical data as a decrease in n(d). Near
the surface n(d) starts to increase, which is in good agreement with other results (Deineka et
al., 1999, 2001, and January 2001; Suchaneck et al., 2002).

4. Conclusion
The brief introduction into the composition problems and composition control of
Pb(ZrxTi1-x)O3 (PZT) films were laid out in this chapter. Structural and ferroelectric
properties, growth rate, phase composition, and stoichiometry of PZT films depend on a
number of film deposition parameters. Understanding the chemistry and physics behind the
formation of PZT films are of basic and technological importance. The gradient (either
compositional and/or optical) can be induced by such factors as thermodynamically driven
diffusion and/or kinetic demixing, stress, and nucleation processes. Depending on
deposition processes involved, some or even all of these factors can be incorporated and
accountable for compositional and/or optical gradient formation in the films. For the same
film deposition technique different kind of chemical gradient can be obtained depending on
deposition parameters. Any change in the sample structure will affect the polarization and
optical properties of the material, irrespective of whether it is a result of the stoichiometry,
compositional gradient, internal stresses, etc.
Examples on the characterization methods both intrusive and nondestructive were given,
underlining the advantages of optical methods, especially spectroscopic ellipsometry, for
gradient detection in films.
The depth profile of the refractive index and composition was presented in details for solgel PZT 52/48 thin films made using different chemical solvents and annealing procedures.
Thanks to the high development of film deposition techniques, in our days it is possible to
fabricate controlled compositions, textures and structures of the films with dedicated and
improved electrical properties.
It was also demonstrated that separate crystallization of the layers determines the gradient
appearance, irrespective of the chemical solvents as AcOH/MeOH and 2-MEO. The analysis
of the XRD results of PZT 52/48 films made with LCI has shown that these films have a
preferred orientation of (001)/(100) in contrast to the films made with LCT, which have
shown a predominant (111) orientation and no gradient in optical properties. A more
refined analysis has shown that a refractive index gradient was apparent in the samples in
which lattice parameters strongly change with thickness. For these films, EDX analysis
showed significant variation in Pb and Zr. In addition, these qualitative spectroscopic
ellipsometry analyses are in accordance with results obtained with other methods, like EDX
and ERD. Thus, the spectroscopic ellipsometry method offers the opportunity to accomplish
quality analysis of thin films in a relatively simple, fast, and non-destructive way.
To improve spectroscopic ellipsometry calculation for PZT films with complex optical
gradients, the films should be considered as a media of two materials – PZT 52/48 and Py,
where the PbTiO3 and PbZrO3 concentrations change within a PZT film. Such complex
calculations can be obtained from SE experimental data if additional SE measurements are
made on samples of pure Py, PbTiO3 and PbZrO3 films to extract their optical properties.
Nevertheless, by applying a simple exponential gradient model to experimental SE data
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analysis, reasonable qualitative data can be obtained which gives an idea of the quality of
the sample, its optical properties, optical gradient and homogeneity. Moreover, these
qualitative SE analyses are in accordance with results obtained with other methods, e.g.,
SIMS, EDX and XRD. Thus, the SE method offers the opportunity to accomplish optical
analyses of thin films in a simple, fast, precise and non-destructive way, as well as acquire
reasonable results and obtain justified information about the quality of thin films. SE is
perfect also for real time monitoring of film growth, thickness, optical constants, interface,
roughness, optical gradient detection.
Advantages of SE like speed and accuracy, nondestructiveness, no specific sample
preparation requirements, compatible with liquid & solid samples, characterization on both
absorbing & transparent substrates, thermo-optics (e.g., phase transition analyses), and
inhomogeneities detection (porosity, surface roughness, interfaces, optical gradient etc) is of
great significance not only from a fundamental, but also from a technological point of view
due to intense developments in micro & nano-electronics for nanostructures engineering,
where changes in interfaces, within the films and surfaces, and a requirement to detect it,
plays very important role. And in this spectroscopic ellipsometry is unique as metrology
instrumentation.
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1. Introduction
Strontium titanate SrTiO3 is known as a quantum paraelectric material, and its lattice
dynamics and unusual dielectric character have been studied extensively. The cubic (Oh)
structure above the structural phase transition temperature (TC = 105 K) changes into the
tetragonal (D4h) structure below TC. At low temperatures, dielectric constant increases up to
about 3x104, where the paraelectric phase is stabilized by quantum fluctuations even below
the classical Curie temperature 37 K (Muller & Burkard, 1979).
Photo-induced effect in dielectric materials is an attractive topic. Some kind of ferroelectric
materials such as SbSI (Ueda et al., 1967) and BaTiO3 (Volk et al., 1973; Godefroy et al., 1976)
are known to show photo-induced effects. In this decade, much interest has been paid on
the giant enhancement in dielectric constants under ultraviolet (UV) illumination and DC
electric field in quantum paraelectrics, strontium titanate SrTiO3 and potassium tantalate
KTaO3 (Takesada et al., 2003; Hasegawa et al., 2003; Katayama et al., 2003), because weak
light illumination gives rise to an intense response in dielectricity.
The two models shown Fig. 1, the ferroelectric cluster model (Takesada et al., 2003;
Hasegawa et al., 2003; Katayama et al., 2003) and the conductive-region model (Homes et al.,
2001; Katayama et al., 2003), have been proposed to explain the origin of the giant dielectric
constants. At present, however, it is still not clear which model is better. In the ferroelectric
cluster model, the photo-induced ferroelectric region has a huge dipole moment, where it is
expected that a photo-induced polar domain generates spatial lattice distortion. In the
conductive-region model, on the other hand, the superposition of insulative and photoinduced conductive regions, which is characterized by the boundaries between the two
regions, makes the apparent dielectric constants to be enormous.
Giant dielectric response has been observed in some types of nonferroelectric materials
(Homes et al., 2001; Wu et al., 2002; Dwivedi et al., 2010). The enormous increase in
dielectric constants is attributed to the formation of barrier layer capacitors and the resultant
Maxwell-Wagner polarization or interfacial polarization. This giant dielectric response often
occurs in materials with grains surrounded by the insulating grain boundary and is
explained by the conductive-region model.
According to the measurement of dielectric constants, a doped crystal Sr1-xCaxTiO3
undergoes a ferroelectric transition above the critical Ca concentration xc = 0.0018 (Bednorz
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& Muller, 1984; Bianchi et al., 1994). Doped Ca ions are substituted for the Sr ions. The cubic
structure above the structural phase transition temperature (TC1) changes into the tetragonal
structure below TC1 and into the rombohedral structure below the ferroelectric transition
temperature TC2. Off-centered impurity ions, which are assumed in the case of impurity
systems such as Li-doped KTiO3 and Nb-doped KTiO3 (Vugmeister & Glinchuk, 1990), are
supposed also in the case of Ca-doped SrTiO3. Their polarized dipole moments show a
ferroelectric instability below the ferroelectric transition temperature. In the case of Cadoped SrTiO3, a spontaneous polarization occurs along [110] directions within the c plane,
where the tetragonal (D4h) symmetry is lowered to C2v.

Fig. 1. Schematic pictures of (a) ferroelectric cluster model and (b) conductive-region model.
In Ca-doped SrTiO3, a UV illumination causes a shift of the ferroelectric phase transition
temperature toward the lower side (Yamada & Tanaka, 2008). The TC2 reduction under the
UV illumination is considered to be caused by disequilibrium carriers which are captured by
traps and screen the polarization field.
In the present study, we performed three types of experiment in pure and Ca-doped SrTiO3;
(i) stationary birefringence measurement in UV light and DC electric fields, (ii) transient
birefringence measurement in UV light and pulsed electric fields, and (iii) transient
absorption and birefringence measurements after the optical pulse excitation using the
pump-probe technique. The photo-induced dynamics of the lattice distortion, the dielectric
polarization, and the relaxed excited state in SrTiO3 is studied in comparison with the lattice
distortion in the doping-induced ferroelectric phase of Ca-doped SrTiO3. We discuss which
model explains the experimental results better.
The experiments are performed on single crystals of pure and Ca-doped SrTiO3 with the Ca
concentration of x = 0.011. SrTiO3 was obtained commercially and Ca-doped SrTiO3 was
grown by the floating zone method. The thickness of the samples is 0.2 mm. The structural
phase-transition temperature, TC1=180K, of the Ca-doped SrTiO3 was obtained from the
temperature dependence of the birefringence (Koyama et al., 2010), and the ferroelectric
phase-transition temperature, TC2 = 28K, was determined by the measurement of dielectric
constants (Yamada & Tanaka, 2008).

2. Lattice distortion in the UV and DC fields in Ca-doped SrTiO3
The stationary birefringence is studied to investigate the static properties of the lattice
distortion generated by the UV illumination in comparison with that generated by the
ferroelectric deformation.
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2.1 Birefringence measurement in the UV light and DC electric fields
The schematic diagram of the birefringence measurement in the UV light and DC electric
fields is shown in Fig. 2. The change in birefringence is detected as the change in the
polarization of a linearly polarized probe light provided by a Nd:YAG laser (532 nm). The
source of UV illumination is provided by the second harmonics (380 nm, 3.3 eV) of the
output from a mode-locked Ti-sapphire laser, whose energy is larger than the optical band
gap of SrTiO3 (3.2 eV). The intensity of UV illumination is 1.6 mW/mm2. Since the repetition
rate of the UV pulses is 80 MHz, this UV illumination can be considered to be continuous in
the present experiment. The UV beam is illuminated on the gap between two Au electrodes.
The electrodes with a gap of 0.8 mm are deposited on a (100) surface of the samples by
spattering. A DC electric field, whose amplitude is 375 V/mm, is applied between the two
electrodes. The DC electric field is applied parallel to [100] direction of the crystal.

Fig. 2. Schematic diagram of the birefringence measurement in the UV light and DC electric
fields.
The change in the polarization of the probe light is detected by a polarimeter. The
construction of the polarimeter is shown in Fig. 3. The polarimeter (Kohmoto et al., 2000;
Jones, 1976) detects the rotation of polarization plane of a light beam. A linearly-polarized
beam is split by a polarized beam splitter (PBS) and incident on the two photodiodes (PD)
whose photocurrents are subtracted at a resistor (R). When the polarized beam splitter is
mounted at an angle of 45o to the plane of polarization of the light beam, the two
photocurrents cancel. If the plane of polarization rotates, the two currents do not cancel and
the voltage appears at the resistor.
In the present experiment, the birefringence generated by the lattice deformation is detected
as the change in polarization of the probe beam using a quarterwave plate and a
polarimeter. The birefringence generated in the sample changes the linear polarization
before transmission to an elliptical polarization after transmission. The linearly-polarized
probe beam is considered to be a superposition of two circularly-polarized components
which have the opposite polarizations and the same intensities. The generated birefringence
destroys the intensity balance between the two components. The two circularly-polarized
beams are transformed by the quaterwave plate to two linearly-polarized beams whose
polarizations are crossed each other, and the unbalance of circular polarization is

606

Ferroelectrics – Physical Effects

transformed to the unbalance of linear polarization or the rotation of polarization plane.
This rotation is detected by the polarimeter as the signal of the lattice deformation.

Fig. 3. Construction of the polarimeter.
2.2 UV intensity dependence of the birefringence
The ultraviolet intensity dependence of the change in birefringence in Ca-doped SrTiO3 is
shown in Fig. 4, where the temperature is 6 K and the polarization plane of the probe light is
along the [110] and [100] axes, with which the lattice distortion along the [100] and [110]
axes are detected, respectively. The birefringence increases nonlinearly as the UV intensity is
increased. As is shown in Fig. 4(a), the change in birefringence appears at very weak UV
intensity in the polarization plane only along the [110] axis, rises rapidly, and holds almost a
constant value above 0.5 mW/mm2. Figure 4(b), where the horizontal axis is in a logarithmic
scale, indicates that the structural deformation begins at the UV intensity of 10-3 mW/mm2.
The change in birefringence for the probe polarization along the [110] axis is much larger
than that along the [100] axis. These facts imply that the UV illumination causes Ca-doped
SrTiO3 to undergo a first-order-like structural deformation and generates a lattice distortion
along the [100] axis as a result of the competition between the UV-induced and ferroelectric
deformations, and its threshold value is very small.
Figure 5 schematically shows the direction of the local lattice distortion in pure and Cadoped SrTiO3. The observed direction of the lattice distortion in Ca-doped SrTiO3 generated
by the UV illumination is the same as that in the case of pure SrTiO3 (Nasu, 2003).
2.3 Temperature dependence of the birefringence in the UV and DC fields
We investigated the temperature dependence of the change in birefringence for Ca-doped
SrTiO3 in the combination of two external fields, UV light (UV) and DC electric (DC) fields.
The experimental result is shown in Fig. 6 where the polarization plane of the probe light is
along the [110] and [100] axes. The sample is in the four types of fields; neither UV nor DC
(no field), only DC (DC), only UV (UV), and both UV and DC (UV+DC). The changes in
birefringence for the probe polarization along the [110] axis are much larger than those
along the [100] axis. This means that the optical anisotropy is generated along the [100] axis.
For the probe polarization along the [110] axis without the DC electric field, the change in
birefringence for no field is similar to that for UV, as is seen in Fig. 6, while under the DC
1
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Fig. 4. UV intensity dependence of the change Δn in birefringence in Ca-doped SrTiO3 at 6 K,
where the probe-light polarization is along the [110] and [100] axes. The horizontal axis is (a)
in a linear scale and (b) in a logarithmic scale.

Fig. 5. Direction of the local lattice distortion (a) in SrTiO3 and (b) in Ca-doped SrTiO3. The
direction of local lattice distortion generated by the UV illumination is axial along the [100]
axis both for pure and Ca-doped SrTiO3. The direction of the local lattice distortion in the
ferroelectric phase of Ca-doped SrTiO3 is diagonal along the [110] axis.
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Fig. 6. Temperature dependence of the change in birefringence for Ca-doped SrTiO3 in the
combination of two external fields, UV light (UV) and DC electric (DC) fields, where the
polarization plane of the probe light is along the [110] and [100] axes. The sample is in the
four types of fields; neither UV nor DC (no field), only DC (DC), only UV (UV), and both
UV and DC (UV+DC).
electric field the change for DC is different from that for UV+DC. The difference arises from
that of the macroscopic optical anisotropy generated along the [100] axis by the UV
illumination.
In the ferroelectric phase of Ca-doped SrTiO3, the direction of the local lattice distortion is
diagonal along the [110] axis (Bednorz & Muller, 1984) as shown in Fig. 5(b). There are six
equivalent diagonal sites where the distortion directions are [110], [1-10], [011], [01-1], [101],
and [10-1]. In no field, it is expected that the six local sites distribute randomly as shown in
Fig. 7(a), and no optical anisotropy is generated. The observed birefringence change ΔnNO
for no field, however, shows that the optical anisotropy grows along the [100] axis at low
temperatures. This may be because that the domain structure due to the structural phase
transition violates the equivalency among the six sites.
In the DC electric field along the [100] axis, on the other hand, the six local diagonal sites in
the ferroelectric phase are not equivalent as shown in Fig. 7(b). The two diagonal sites, [011]
and [01-1] which are perpendicular to the [100] axis, are more unstable in the DC elected
field along the [100] axis than the other four diagonal sites, [110], [1-10], [101], and [10-1].
The random distribution of the four diagonal sites generate a macroscopic optical
anisotropy along the [100] axis. This explains the observed large increase of the
birefringence change ΔnDC for the [110] probe and small change for the [100] probe.
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As discussed in section 2.2, the lattice distortion generated by the UV illumination is axial
along the [100] axis. In no DC electric field, its direction distributes randomly among the three
equivalent directions, [100], [010], and [001] as shown in Fig. 7(c), where no macroscopic
optical anisotropy is expected. The observed similar behavior between the birefringence
changes ΔnNO for no field and ΔnUV for UV can be explained by the fact that the UV
illumination changes the local distortion but does not add any macroscopic optical anisotropy.

Fig. 7. Directions of the local lattice distortion in the ferroelectric phase of Ca-doped SrTiO3.
(a) In no field, the six equivalent diagonal sites distribute randomly. (b) In the DC electric
field along the [100] axis , the two diagonal sites perpendicular to the [100] axis are more
unstable than the other four diagonal sites. (c) The three equivalent axial sites generated by
the UV illumination distribute randomly in no DC electric field. (d) In the DC electric field,
the two UV-generated axial sites perpendicular to the DC field direction are more unstable
than the parallel UV-generated axial site. Macroscopic optical anisotropies are expected to
be generated in the DC electric field (b) for DC and (d) for UV+DC, but are not expected (a)
for no field and (c) for UV.
In the DC electric field along the [100] axis, the three axial sites generated by the UV
illumination are not equivalent as shown in Fig. 7(d). The two axial sites [010] and [001],
which are perpendicular to the [100] axis, are more unstable than the other axial site [100].
This axial site can also contribute to generate a macroscopic optical anisotropy along the
[100] axis. The UV illumination changes some part of the local distortion from the diagonal
site along the [110] axis to the axial site along the [100] axis. The UV illumination decreases
the birefringence change in the DC electric field; ΔnUV+DC<ΔnDC, as is seen in Fig. 6. This
result suggests that the sign of the optical anisotropy generated by the UV illumination is
opposite to that by the diagonal distortion in the ferroelectric phase. It should be noted that
the optical anisotropy due to the structural deformation generated by the UV illumination is
of the same order of magnitude as that generated by the ferroelectric deformation.
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3. Lattice distortion in the UV and pulsed electric fields in pure and
Ca-doped SrTiO3
3.1 Transient birefringence measurement in the UV light and pulsed electric fields
The transient birefringence in a pulsed electric field is studied to probe whether or not the
lattice distortion generated by the UV illumination is affected by the electric field. In the
experiment of transient birefringence, the change in birefringence is monitored by the probe
light of 532 nm from the Nd:YAG laser, and its time evolution is obtained from the
waveform digitized on an oscilloscope. A pulsed electric field, whose amplitude is 150
V/mm and pulse width is 1.2 ms, is applied between the two Au electrodes.
3.2 Transient birefringence in SrTiO3
Figure 8(a) shows the change Δn(t) in birefringence in pure SrTiO3 after the application of
the electric-field pulse at t = 0 between 4.5 K and 50 K, where the UV illumination is off and
the polarization plane of the probe light is along the [110] axis. The signal of the
birefringence change rises rapidly at the start of the electric–field pulse and holds a constant
value during the pulse. As the temperature is decreased, the birefringence change induced
by the electric-field pulse is increased. This means that the polarization, which is related to
the dielectric constants, is increased at lower temperatures.

Fig. 8. Temperature dependence of the transient birefringence signal Δn(t) in SrTiO3 in a
pulsed electric field under the (a) dark and (b) UV illumination. The polarization plane of
the probe light is along the [110] axis. The electric field of 150 V/mm is turned on at t = 0.
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Figure 8(b) shows the change in birefringence in SrTiO3 under the UV illumination. The
dielectric response of relaxation type is observed at all temperatures. As the temperature is
decreased, the relaxation rate becomes increased.
3.3 Transient birefringence in Ca-doped SrTiO3
The change Δn(t) in birefringence in Ca-doped SrTiO3 is shown in Fig. 9(a), where some
oscillating components appear. As the temperature is decreased, the amplitudes of these
oscillating components are increased. These oscillations are considered to be caused by the
doped Ca ions because they are not observed in pure SrTiO3 but only in Ca-doped SrTiO3.
The change in birefringence induced by the electric-field pulse is increased as the
temperature is decreased, as well as in SrTiO3, which means that the dielectric polarization
is increased at low temperatures. Figure 9(b) shows the change in birefringence in Ca-doped
SrTiO3 under the UV illumination. In Ca-doped SrTiO3, the dielectric response of relaxation
type appears only above the ferroelectric phase transition temperature Tc2, and the
oscillating components also disappear above Tc2.

Fig. 9. Temperature dependence of the transient birefringence signal Δn(t) in Ca-SrTiO3
in a pulsed electric field under the (a) dark and (b) UV illumination. The polarization
plane of the probe light is along the [110] axis. The electric field of 150 V/mm is turned on
at t = 0.
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3.4 Temperature dependence of the transient birefringence amplitude
The temperature dependences of the transient birefringence amplitude ΔnS for pure and Cadoped SrTiO3 are shown in Fig. 10, where ΔnS is obtained from the value of Δn(t) at large
enough time t in Figs. 8 and 9.

Fig. 10. Temperature dependence of the transient birefringence amplitude ΔnS induced by
the electric-field pulse under the dark and UV illumination (a) in SrTiO3 and (b) in Cadoped SrTiO3.
For both samples, it is clear that the transient birefringence amplitude for the probe
polarization along the [110] axis is reduced by the UV illumination, which indicates that the
lattice deformation is reduced by the UV illumination and that the lattice distortion
generated by the UV illumination is not affected by the electric field. This result is not
consistent with the ferroelectric cluster model, where a large change in birefringence is
expected in the pulsed electric field.
In Ca-doped SrTiO3, judging from the rising temperature of the transient birefringence
amplitude, the ferroelectric phase transition temperature is shifted toward the lower
temperature side under the UV illumination. This is consistent with the dielectric
measurement (Yamada & Tanaka, 2008) and the coherent phonon experiment (Koyama et
al., 2010). The doped Ca ions behave as permanent dipoles, and ferroelectric clusters are
formed around the Ca dipoles with the high polarizability of the host crystal. The
ferroelectric transition is caused by the ordering of the randomly distributed Ca dipoles. The
ordering is prevented by the photo-excited carriers generated by the UV illumination.

4. Dynamics of the relaxed excited state after the optical pulse
excitation in SrTiO3
Figure 11 illustrates the electronic states in SrTiO3. The UV illumination, whose photon energy
is larger than the band-gap energy of SrTiO3 (3.2 eV), excites the electrons from the ground
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state to the excited state. The excited electrons are self-trapped in the relaxed excited state
where the optically induced lattice distortion is created (Nasu, 2003). In the relaxed excited
state, a broad absorption band appears (Hasegawa & Tanaka, 2001; Okamura et al., 2006).

Fig. 11. Schematic diagram of the electronic states in SrTiO3.
Figure 12 shows the emission spectra observed under two types of optical excitation; the pulse
excitation of 790 nm and the UV illumination of 380 nm. As is seen, the two spectra are almost
the same as each other. This result indicates that the same relaxed excited state is generated by
the pulse excitation through a multi-photon absorption process. We observed the dynamics of
the optically induced lattice distortion in the relaxed excited state generated by ultrashort
pump pulses. The transient absorption and birefringence after the optical pulse excitation,
which is originated in the generation of the relaxed excited state, is studied by the pump-probe
technique to investigate the dynamical properties of the optically induced lattice distortion.

Fig. 12. Emission spectra observed (a) for the pulse excitation of 790 nm and (b) for the UV
illumination of 380 nm.
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4.1 Pump-probe measurement after the optical pulse excitation
The dynamics of the optically induced lattice distortion was observed by transient
absorption and birefringence with the pump-probe technique. The lattice distortion is
generated in the relaxed excited state by a linearly polarized pump pulse through a multiphoton absorption process. Induced time-dependent absorption or anisotropy of refractive
index after the pulse excitation is detected as the change of the transmission or polarization
of a linearly polarized probe pulse. The time evolution of the signal was observed by
changing the optical delay between the pump and probe pulse.
The pump pulse is provided by a Ti:sapphire regenerative amplifier whose wavelength,
pulse energy, and pulse width at the sample are 790 nm, 2 μJ, and 0.2 ps, respectively. In the
experiment in the picosecond region, the probe pulse is provided by an optical parametric
amplifier whose wavelength, pulse energy, and pulse width are 700 nm, 0.1 μJ, and 0.2 ps,
respectively. The repetition rate of the pulses is 1 kHz. The time evolution of the signal is
observed by changing the optical delay between the pump and probe pulses. The pump
pulse is switched on and off shot by shot by using a photoelastic modulator, a quarter-wave
plate, and a polarizer, and the output from the polarimeter is lock-in detected to improve
the signal-to-noise ratio. In the experiment in the millisecond region, a continuous-wave
probe light provided by a laserdiode, whose wavelength is 660 nm, is used. The linearly
polarized pump and probe beams are nearly collinear and perpendicular to the (001) surface
of the sample, and are focused on the sample in a temperature-controlled refrigerator.
The transmission intensity is detected by a photodiode. The induced anisotropy of refractive
index is detected by the polarimeter with a quarter-wave plate as the polarization change of
the probe pulse. The plane of polarization of the probe pulse is tilted by 45o from that of the
pump pulse. The two different wavelengths for the pump and probe lights and pump-cut
filters are used to eliminate the leak of the pump light from the input of the photodiode or
polarimeter.
4.2 Transient absorption in the picosecond region
It is found that the transmission is decreased after the optical pulse excitation. The transient
absorption signal in SrTiO3 have the component rising in the picosecond region as shown in
Fig. 13. This rise time, which is of the order of 100 ps, corresponds to the generation time of
the relaxed excited state.

Fig. 13. Transient absorption signal in the picosecond region in SrTiO3 at 6 K.
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4.3 Transient absorption in the millisecond region
The temperature dependence of the transient absorption in the millisecond region in SrTiO3
is shown in Fig. 14. The transient absorption signals have the decay time in the millisecond
region. As the temperature is decreased, the signal amplitude is increased. The averaged
occupation probability in the relaxed excited state strongly depends on the temperature and
is large at low temperatures, where the photo-induced giant dielectricity is observed.

Fig. 14. Temperature dependence of the transient absorption in the millisecond region
in SrTiO3.
4.4 Transient birefringence in the millisecond region
The time evolution of the lattice distortion is observed by transient birefringence
measurement with the pump-probe technique. The temperature dependence of the transient
birefringence in the millisecond region in SrTiO3 is shown in Fig. 15. The observed signal
curves of the transient birefringence and their temperature dependence show similar
behavior to those of the transient absorption.

Fig. 15. Temperature dependence of the transient birefringence in the millisecond region
in SrTiO3.
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The photo-induced conductivity in SrTiO3, where the resistivity drops rapidly at low
temperatures, has also been reported (Katsu et al., 2000). The photo-induced lattice
distortion, absorption, and conductivity can be interpreted to have the same origin in the
relaxed excited state. The experimental results suggest that the photo-induced effect in
SrTiO3 is consistent with the conductive-region model.
Giant dielectric response in nonferroelectric materials has been reported for grains
surrounded by the insulating grain boundary and is explained by the Maxwell-Wagner
model, namely the conductive-region model (Homes et al., 2001; Wu et al., 2002; Dwivedi et
al., 2010). SrTiO3 crystal is a stoichiometric material and has no grain structure. It may have
a superposition of insulative and conductive regions under the UV illumination at low
temperatures, whose structure may be related to the quantum paraelectricity under the dark
illumination. However, the detail of the microscopic structure is unknown at present.

5. Conclusion
We observed the temperature dependences of the stationary birefringence, the transient
birefringence in the pulsed electric field, and the transient absorption and birefringence after
the optical pulse excitation to investigate the photo-induced effect in pure and Ca-doped
SrTiO3.
The first-order-like structural deformation is found in the UV intensity dependence in Cadoped SrTiO3, which begins at a very weak UV intensity of 10-3 mW/mm2. The generated
lattice distortion is along the [100] axis as in the case of pure SrTiO3. The shift of the
ferroelectric phase transition temperature toward the lower temperature side is observed
under the UV illumination.
From the temperature dependence of the change in birefringence in Ca-doped SrTiO3 in the
four types of fields, where a UV light field is on or off and a DC electric field is on or off, it is
found that a structural deformation is generated along the [100] axis under the UV
illumination and its magnitude is of the same order as that of the ferroelectric deformation
along the [110] axis.
It is found that the photo-induced lattice distotion is not affected by the electric field. The
photo-induced lattice distotion, absoption, and conductivity are generated in the relaxed
excited state, whose lifetime is in the millisecond region. These facts suggest that the photoinduced giant electricity in SrTiO3 is consistent with the conductive-region model rather
than the ferroelectric cluster model.
SrTiO3 is a very peculiar material in which the dielectricity of the Maxwell-Wagner type
appears in a stoichiometric material only under UV illumination at low temperatures. The
origin of the enormous dielectric constants under UV illumination is considered to be
different from that under dark illumination, although the latter is still not made clear.
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1. Introduction
The photoluminescence (PL) it is a non thermal origin process, in that a chemical compound
absorbs the photons (of the electromagnetic radiation), jumping to an electronic state of
more energy, the inverse process happens and so call recombination (when passing to
inferior energy level) and the materials radiating photons. The period between absorption
and emission occur is in order to 10 nanoseconds. But under special circumstances, this
period can extend in minutes or hours. The transition energy is determined by quantum
mechanics rules. Different imperfection presents in the materials study will alter the
recombination time or frequency.
Simpler PL processes are resonant radiations, in that a photon of a particular longitude
wave is absorbed and an equivalent photon is emitted immediately. This process doesn't
involve any transition in forbidden energy band and it is extremely quick (10 ns). The most
interesting processes happen when the desexcitation energy transition is not direct at the
basic level. The most common effect is the fluorescence that is also typically a quick process,
but in that the original energy it is dissipated so that the slight photons emitted are of the
lower energy that those absorbed. This phenomenon can happen for the isolated atoms,
molecules or atoms and molecules in interaction excitement.
1.1 Atomic, molecular and atoms and molecules in interaction luminescence
The isolated atom excitement (making notice that a very rarefied gas can be considered as a
group of isolated atoms) it drives to a spectrum of lines. The atom only absorb the frequency
of the incident ray that corresponds to the allowed transitions (Figure 1). So all the isolated
atoms can be luminescent.
That happens for the isolated atoms is also valid for the isolated molecules, but the laws are
more complicated due to the vibrations and rotations molecular than they introduce
supplementary energy levels as the sample the following diagram of figure 2.
The pressure of a gas it increases and a new transitions of excitement energy appear by
collision, for the appearance of kinetic energy and metastable states. The return to the basic
state is with a reduction of the yield of the luminescence and an expansion of the spectrum
of the transmission. Then appears spectrum of band. The return to the fundamental state it
doesn't always happen with light emission (transitions without radiation).
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Fig. 1. Three possible luminiscence types of an isolated atom:
1) direct transition, this is a resonance phenomenon;
2) indirect transition, distributing the energy in several photons hν1 and hν2 ,
3) indirect transition by a metastable state (M) following by interatomic collision (not very
probable).
1.2 Crystalline luminescence
The luminescence of the crystalline bodies is due to the transmission centers (the activators).
These centers are:
physical imperfections in crystalline structure (vacancies, interstitial atoms,
dislocations), this is intrinsic luminiscence.
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Fig. 2. Energy levels that appear in a molecule.
-

chemical imperfections (impurity atoms) in interstitial or substitution position, this is
extrinsic luminiscence.
The mechanism of crystalline luminiscence it is explained with the help of energy bands
diagram (Figure 3).
Considering that in the perfect crystal any level doesn't exist in forbidden band, the presence
of imperfection in the cystal introduces some levels allowed in the forbidden or in the
allowed bands. These energy levels they can be:
recombinations levels (h/e -)
metastable levels: the traps of e- (Pe) or h (Pt)
fundamental (F) and excited levels (E) of isolated centers
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The spectra of crystalline luminiscence differ notably of the atomic spectra for two
fundamental aspects. 1): bands are observed and 2) the emitted radiation appears toward
the longitude of big waves, this can made a mistake with the absorbed radiation. These two
aspects are due to the interaction between the emission center and the crystalline lattice.
According to the type of imperfections there are the transitions way and therefore the
energy of the transition.
A first transition consists on an electron that leaves a donor level and go toward the valency
band. The energy of this transition is given for: E=Egap-Ed
Also, can be observed where an electron leaves to the conduction band to pass at aceptor
level. In this case, the energy of the transition is given for: E=Egap-EA
Transition: donor-valence
band

Transition: conduction bandaceptor

Fig. 3. Types of transitions among bands.
It is known that the energy ED and EA differ according to the chemical nature of the
impurity. For this reason is allows to use the photoluminiscence experiments to confirm the
presence of a specific type of impurity in a material.
In many cases, the theory of the effective mass is a first valid approach, it predicts the value
of the energy ED and EA for a given semiconductor.
and

(1)

In general m*h >>m*e, it is explained, why the bond energy of aceptor levels is bigger than
that donors levels.
Broad bands are observed for many optical transitions in the partly filled d-shell of
transition metal ions (d - d transitions), but also for transitions between the 5d shell and the
4f shell of rare-earth ions (d - f transitions) and for emission on s2 ions (these ions possess a
‘‘lone pair’’ of s electrons), like Tl+, Pb2+, or Sb3+. Sharp emission bands are characteristic of
optical transitions between electronic states with chemical bonding character (almost) the
same for ground and excited state, and for the same reason also of optical transitions
between electronic states that hardly participate in the chemical bonding (e.g., f - f
transitions on rare-earth ions).
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In the case of optical processes involving electronic states which participate in the chemical
bonding, the nature of the bonding (covalent, ionic) and the symmetry of the site at which
the emitting ion is incorporated play a very important role. This is generally described by
the ligand field theory, which we do not treat here.
The emission generated reflects how the optical properties of the ion depend on its chemical
environment. This luminescent material can be applied as green phosphor in very highquality fluorescent lamps and also in plasma display (Ronda, 2008).

2. Luminescence in PZT
The width of luminescent band usually observed at room temperatures in crystals of
perovskite type it is associated with the presence of imperfections or defects (Haertling,
1999; Anicete-Santosaet al., 2007), be already oxygen or lead vacancies. But other author
explain apparition of PL to order-disorder presence in the structure (Chen et al., 1989;
Suárez-Gómez et al., 2009; Shannigrahi, 2007) distortion of oxygen octahedral
fundamentally.
Undoped PZT ceramics are seldom used. They are usually substituted in the A or B-sites of the
perovskite structure ABO3 in order to improve dielectric, piezoelectric and mechanical
properties. For example La3+ and Nb5+ are used satisfactorily (Durruthy et al., 1999, 2002;
Bharadwaja et al., 2002). The excess of positive charge in (La/Nb) doped PZT is compensated
by lead vacancies and the typical Kröger-Vink notation to describe the electroneutrality, have
been reported in many papers previously (Eyraud et al, 2006; Jaffe et al., 1954).
The defects caused by the small dopant concentrations in A or B places of the structure could
generate a combination of blue, green and red emission of light which is of great importance
for optical devices applied in optoelectronics includes flat-screen, full-colour displays and
compact laser devices operating in the blue region (Nakajima et al., 2004; Yang et al., 2008).
Recently M.S. Silva et. al., 2005, reported a theoretical and experimental result, and presents
an alternative method to process PL in PZT and aim to explain why this phenomenon
depends on the crystalline structure of the material. The wide bands at 2.1 and 2.67 eV
respectively in PL emission in perovskite ceramics are associated to the oxygen vacancies
provoked during the sintering process (Lines & Glass, 2001) or related to ensure
electroneutrality process.
What happens with luminescence effect with A, B or A+B doped PZT?
We will try to respond this question with several examples.
All samples that show were prepared by a conventional processing method using mixed
oxide powders. The photoluminescence (PL) spectra were obtained using a Jobin Yvon
Horiba Fluoromax-3 spectrometer using the excitation band at 373 nm. The absorption
spectra were acquired with an UV-vis Ocean Optics Spectrometer QE650000 using diffuse
reflectance measurements the data was processed by using the Kubelka-Munk function:

F(R´∞ ) =
R´∞ =

( 1 − R´∞ )2 α
=
2R´∞
S

R∞ ( sample )
R∞ ( standard )

(2)

(3)
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R∞ = (I/I0) is diffuse reflectance at one wavelength from an opaque sample with infinite
thickness (> 2 μm), 0< R∞ <1, α is the absorbance in cm-1 and S is the scattering factor which
is assumed to be independent of the wavelength for grain sizes greater than the wavelength
of the light (Wendlandt & Hecht, 1966; Kottim, 1969).
Crystalline structure (Figure 4), like we will see later, influences in the shift energy of PL in
the samples. For this reason it is advisable to carry out this study previously to PL analysis.
All samples firth were identify by X-ray diffraction (XRD). The XRD patterns of the
polycrystalline samples show the tetragonal (Zr/Ti = 20/80, 40/60) and rhombohedral
(Zr/Ti = 60/40, 80/20) PZT phases, and both phase together for Zr/Ti = 53/47. This is a
classical behavior for this material and has been reported by some authors (Jaffe et al., 1971;
Noheda, 2000, 2001).

Fig. 4. Phases diagram of PZT, appear the existence range of each phase (tetragonal and
rhombohedral), the morfotrópica phase boundary (MPB) according to Jaffe et al. (1971).
In our samples doped the compensation of charge provokes in all cases oxygen vacancies
that should increase with the dopant concentration or saturates in a composition that
denotes a limit of solubility. However, oxygen vacancies are easily induced during the
sintering process because the PbO has low volatile temperature of about 880ºC. This
phenomenon takes place in all samples and also promotes lead and oxygen vacancies, which
are quenched defects at low temperatures. Lead vacancies can only become mobile at high
temperatures with high activation energy greater than oxygen mechanism values.
According to Eyraud et. al. (2006) singly and doubly ionized lead and oxygen vacancies
coexist in the PZT ceramic, then they may constitute donor and acceptor sites which are able
to exchange electrons according to the following reactions:
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'
VPb → VPb
+e
'
''
VPb
→ VPb
+e

VO → VOi + e

(4)

VOi → VOii + e
'
"
in our case at least three types of defects coexist VPb
,VPb
and VOi , whose contribution to PL
depends on the levels in the band gap.
The results of first-principle calculation reported by Ghasemifard et al., (2009) show that the
PZT polycrystalline has a direct band gap between the X and Γ points of 3.03 eV (Baedi et
al., 2008), then by assuming a direct band gap we can calculate the values of the energy gap
(Eg) for all the samples. In general calculating the absorption coefficients of the synthesized
powder in the strong absorption region needs both, the transmission and reflection spectra.
In our case, we obtained the absorption spectra by diffuse reflectance measurements, and by
using the Kubelka-Munk equation for all samples the band gap energy Eg was determined.

2.1 Substitution in A site
The substitution for La3+ in the A site of perovskite structure it’s traditional. It is one of the
classic sustituyentes in this system.
The emission spectra (PL) at 273, 325, 373, 413 and 457 nm were characterized to present
different bands for PLZT 1-x/x/y (Figure 5), prevailing blue-violet band presence (2.4-2.75
eV), it’s appears at bigger intensity for 413 nm. This evidences that PL effect has the same
origin in all cases.
As it has been expressed previously, the energy of the spectra of PL demonstrates the
presence of levels in the forbidden band. The calculations of first principles (Longo et al.,
2005) have been demonstrated that disorder in perovskite structure and the defects in the
same one, they cause states in the forbidden band. On the other hand the experimental
evidence of the presence of defects exists (oxygen vacancies) (Mansimenko et al., 1998)
starting from mensurations of resonance electronic paramagnética (RPE) in the system
PLZT.
If we consider to our materials as semiconductors of big gap, the presence of states in the
forbidden band, what causes a contraction of the gap, is the causing of a well-known
Burstein-Moss shift of emission spectrum (Yu & Cardona, 1996). It can associate to presence
of picks around 2.65 eV to the presence of bands inside of forbiden band in the material,
being more intensity when it’s excited with λ= 413 nm.
Analyzing the results associating them with the colors corresponding of the wave
longitudes, we see that emissions exist (although of different intensity) in almost the whole
visible spectrum, from the red one until the ultra violet, but the bands of very high intensity
correspond to the bands of the blue-violet and ultraviolet.
The motive that causes this effect are similar when you doped these materials in B site, this
will be explained in the next section.
2.2 Substitution in B site
In perovskita structure (ABO3) N5+ substitute B site, occupied by Zr4+ and Ti4+ ion. The high
volatility of lead oxide at elevated temperatures during the powder calcinations and the
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Fig. 5. PL spectra at room temperature, fixing the excitation band at 273, 325, 373, 413 and
457 nm in PLZT ferroelectric ceramics. Appear result for two point of PZT phase diagram
doped at different La3+ concentration.
sintering stages in the PZT system is known, which provides both fully-ionized cationic lead
"
VPb
vacancies and anionic oxygen vacancies VOii . On the other hand, following Eyraud’s
model (Sivasubramanian et al., 2007; Chang et al., 2001) the valence of the Niobium is
assumed as donor doping in the PZT has a strong influence in the ionization state of
extrinsic lead and oxygen vacancies.
Figure 6 shows the PL spectra of PZTN samples for compositions 80/20, 60/40, 53/47,
40/60 and 20/80 which have diverse dopant concentrations. The emission bands (PL
response) when fixing the excitation bands (EB) at 373, 457 and 325 nm were observed in
three regions: one is at around 1.72 eV (lowest energy region); the second is at around 2.56 –
2.61 eV which shows a higher intensity, and the third is at around 3.35 – 3.45 eV (highest
energy region) respectively. The band at 2.56 eV is the most intense and narrow, and the
band at 3.35 eV shows greater broadening. The band at 1.72 eV did not show any notable
shift in the maximum position peaks for different compositions or dopant concentrations.
Nevertheless, the bands at 2.56 and 3.35 eV show a shift in the maximum peak position
which depending if the phase is rhombohedral or tetragonal will shift to 2.61 and 3.45 eV,
respectively.
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Fig. 6. Room temperature PL for PZTN note the dispersion for non doped materials. For
PLZT 1-x/x/1.0 practically all the curves coincide for the same energy 1.72 and 3.36 for λ=
373 and 325 respectively.
Note that in the PZT polycrystalline samples without Nb, the three well resolved emission
bands were also shown, in contrast with other reports (Longo et al., 2008; Chang et al., 2001)
where the emission for polycrystalline PZT is very low and broad or absent. For these
materials (PZTN) the emission is bigger in 1 or 2 order than PLZT. The PLE spectra for
samples doped and without doped they present same character, appearing the same line, for
what they have the same origin in both cases (Figure 7).
The Eg (in PZTN) values for tetragonal samples 20/80 and 40/60 are between 2.80 to 2.98
eV, the composition 53/47 are near the morphotropic phase boundary which shows a higher
variation in Eg, values as a function of the dopant concentration from 2.70 to 3.19 eV. For this
composition and rhombohedral phases 60/40 and 80/20 the behavior of Eg values as a
function of Nb concentration shows a minimum at 0.8% with values of approximately 2.67
to 2.70 eV. In our case, experimentally it is observed a transition (EPL) at 2.56 eV for samples
PZTN 80/20/0.0.
Sintering stages in the PZT system is known, which provides both fully-ionized cationic
"
vacancies and anionic oxygen vacancies VOii . On the other hand, following
lead VPb
Eyraud’s model (Sivasubramanian et al., 2007; Chang et al., 2001) the valence of the
Niobium is assumed as donor doping in the PZT has a strong influence in the ionization
state of extrinsic lead and oxygen vacancies.
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Fig. 7. Room temperature excitation spectra PLE for PZTN for an emission at 475 and 715
nm respectively.
The ED values reported in Table 2 were calculated using Eg and EPL obtained by excitation at
EB=457 nm. Even the origins of these luminescence bands are not clearly understood. Figure
8 shows a schematic diagram to represent the recombination process for the three emission
bands. The PL at a high energy region of approximately 3.35-3.45 eV, that overcomes the Eg,
which is obtained when the excitation is at 3.81 eV.

% Nb
0.0
0.2
0.4
0.6
0.8
1.0

20/80
Eg
2.80
2.84
2.84
2.82
2.87
2.90

ED
0.19
0.23
0.23
0.21
0.26
0.29

40/60
Eg
2.92
2.86
2.84
2.86
2.80
2.98

ED
0.31
0.25
0.23
0.25
0.19
0.37

Egap (Zr/Ti)
53/47
Eg
ED
3.19
0.63
2.93
0.37
2.90
0.34
2.85
0.29
2.70
0.14
3.00
0.44

60/40
Eg
ED
3.04
0.48
3.04
0.48
2.92
0.36
2.85
0.29
2.67
0.11
2.95
0.39

80/20
Eg
ED
3.09
0.53
3.04
0.48
2.96
0.40
2.85
0.29
2.67
0.11
2.94
0.38

Table 1. Band gap energy (Eg) for PZTN, determined using the diffuse reflectance principle
(Kubelka-Munk expression). Error Eg= ± 0.003 eV. ED values obtained with the Eg and
more intense emission band at around 2.56 eV.
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This corresponds to transitions between higher energy states in the conduction band to the
valence band (hot luminescence), and the emission intensity shows a strong dependence on
the Nb concentration.
The PL at 1.73 eV, the lowest energy region which is obtained with excitation energy of 3.32
eV, it could be follows a recombination mechanism:
1. from the localized states due to oxygen vacancies below the conduction band ( VOi ) to
'
) and/or
the localized states above the valence band due to lead vacancies ( VPb
2. by recombination from band conduction to the localized states above the valence band
''
due to lead vacancies ( VPb
).
The intensity emission of this band also shows a strong dependence on Nb concentration,
and is present in all compositions indicating common defect types related to a deep level
inside the band gap. In general, the incorporation of Nb5+ increases the PL intensity in this
'
''
region due to the compensation of charge and induced defects ( VPb
and VPb
), as it was
already seen previously.
In this case the simultaneous disorder of lead and oxygen vacancies should be created
during the sintering process. The PL at 2.56 eV, which shows the highest intensity in all
PZTN compositions and is associated to a transition between a shallow defect in the band
gap and the valence band, see Figure 8. These levels are associated to oxygen vacancies,
with simple or double ionization which is in accordance with the classification of Longo et
al., (2008), vacancies bonded to clusters of TiO5 in disordered regions. In principle, the
incorporation of Nb5+ in PZT samples would be producing more lead vacancies than oxygen
vacancies. However, the higher intensities observed for peaks at 2.56 eV rather than peaks at
around 1.73 eV is an indication that the oxygen vacancy concentration is higher than lead
vacancies.

Fig. 8. Schematic diagram of recombination process associated with the emission bands in
PZTN ceramics, for excitation energy 3.79, 3.31 and 2.71 eV.
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2.3 Substitution in A + B site
We will present results of double substitution in place A and B for “hard” and “soft” wellknown ceramic. For “hard” ceramics present Sr2+ + Cr3+ doped PZT ceramics and for “soft”
ceramics present La3+ + Nb5+ doped PZT ceramic.
We will only present the behavior in the PZT morphotropic phase boundary region of phase
diagram (Zr/Ti=53/47).
In both type of samples (hard and soft) only appear two regions of emission bands, one at
around 1.86 eV and other with higher intensity at around 3.00 eV when fixing the excitation
band at 373 nm (3.4 eV) (Figure 9). Also, it is possible to observe emission band around 2.52.7, to a lot of smaller intensity. When fixing the excitation band at 412 nm (3.01 eV) only
appear one signal wide at 3.28-3.31 eV (Figure 10).
PL show in the high energy region, the maximum position is around 3.00 eV for all
composition, but the emission band is a broad band composed by two bands, at 2.98eV
(414nm) and 3.03eV (408 nm) (Figure 9). PL lower energy region for PSZTC and PLZTN
samples show the band at 1.87 eV (659 nm), additionally is observed that band at 1.74 eV is
not present in all compositions and its intensity is reduced appreciably with the
incorporation of Cr (Durruthy et al, 2010a, , 2011).
The general effect of the Cr doping is a decrement the PL intensity in both region bands with
the increase of dopant. It is noted that the PL of doped La3+ and Nb5+ is larger than of
undoped samples and increased with the composition of both ions at least one order of
magnitude for PSZTC, but is two and three order to PZTN and PLZT respectively.
It was of waiting that doped La3+ and Nb5+ increase PL intensity in 1.87 eV (659 nm) in PL, it
is well known that is associated with lead vacancies, due to the compensation of charge, in
this case the disorder or lead vacancy should be associated to the substitution of La3+ by Pb2+
in the host structure and the typical presence of lead vacancy due to the sintering route
(Calderón-Piñar et al, 2007; Silva et al., 2005). The presence of the peak at 1.87 eV, in PSZTC
0.2-0.5 mol % and PLZTN 1 mol% indicates a common defect related with a deep level
inside the band gap. As we saw in the region of high energy (3.00 eV) results are similar to
showed above previously.
The peaks that appear in zone (2.65) was associated with oxygen vacancies, simple or
double ionized. In the sample PLZTN evidently that ED will be ≥ 0.54 eV, and EPL is lower
2.43-2.74. This is because ED is not exactly one unique value because there are a distribution
defects in the structure.
The analysis of the peak at 1.86 eV could be associated to the simultaneous presence of
oxygen and lead vacancies (Guiffard et al, 2005; Durruthy et al, 2010a, b, 2011). The PL
response in the donor-acceptor mechanism in this case between the levels associated to the
oxygen near and below conduction band and the level of lead vacancies above the valence
band. Analogously the theoretical quantum mechanical calculation reported by de Lazaro
et al. (2007) justify that the presence of disorder associated to the substitution of Zr/Ti or
displacement of the ions in the B sites produce an amorphous zone in the ceramic with a
direct band gap with a separation near to 1.87eV. Beside this, we are detecting some small
peaks whose energy is around of 2.00-2.80 eV which belong to the visible energy spectra
too (Figure 9).
The calculated results of the band gap values for the PSZTC samples sintered at 1250 ºC are
summarized in Table 2. The figure 11 allows us to affirm that the dependence with Zr/Ti
ratio is very strong, and has a maximum in the morphotropic phase boundary and the
lowest values are for the composition 80/20, this behavior coincides with the calculations
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carried out by J. Baedi et al. (2008). Figure 12 shows the way that would be materialize
recombination in the PSZTC and PLZTN samples. We supposed that the main way was 1, 5
and 6 for the experimental results obtained, in this work.

Fig. 9. Room temperature PL emission spectra for PSZTC and PLZTN ceramics at different
dopant concentration, fixing exited band at 373 nm.

Fig. 10. PL emission spectra at room temperature for PSZTC fixing exciting at 412 nm.
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PSZTC
mole %
Egap
0.0
3.25
0.1
3.33
0.2
3.35
0.3
3.36
0.4
3.36
0.5
3.32

PLZTN
mole %
Egap
0.0
3.15
0.2
0.4
2.88
0.6
2.91
0.8
3.07
1.0
2.50

Table 2. Band gap energy (Eg) for PZT soft and hard, determined using the diffuse
reflectance principle (Kubelka-Munk expression). Error Eg= ± 0.003 eV. For EPL supposed
ED=0.54.

Fig. 11. Behavior of the forbidden band energy for PSZTC and PZTN ceramics, which agrees
with the results obtained for J. Baedi et al. (2008)

0.5 eV

Fig. 12. Possible energetic process that will be happen in PZT ceramics. 3.4 eV is excitation
energy (373 nm), 1-6 there are the possible recombination way (PL). We consider that
occurred the way 1, 5 and 6 mainly.
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3. Dielectric characteristic
Another characteristics of these materials that they are very affected by the presence of
oxygen vacancies there are dielectric (ε) and loss (tan δ), for this we present some results in
different substitution type in ABO3 perovskite structure.
The dielectric curves reveal anomalies in the neighbor at transition temperatures
corresponding to FR(HT) – PC (TC) and FT – PC (TF-P) phase transitions. Strong influence of
dopant La, Nb and La+Nb on the phase transition temperature (TC) is confirmed. The
comparison of ε(T) curves, obtained for the ceramic samples is shown in Figure 13, dielectric
measurement shows a decreasing TC and TF-P when increasing the dopant concentration.
The dielectric permittivity decreases for dopant concentration larger than 0.8 mol% (Figure
13), in particularity in Nb-doped ceramics permittivity decreases for concentrations up to
about 0.8 mol %, and then it increases slightly, as the grain size behaves. The same as in PL,
the permittivity is more intense for substitutions in B and A+B, in this case it is 4 times.
There is good agreement between the transition temperatures obtained from ε and tgδ,
respectively, considering the range of measurement error (δt ~ 5 °C), for almost every
sample. Those compositions with 0.6 and 1.0 % La have T tgδmax at 50 kHz differing 7.3-8.2
oC from the value obtained at 1 kHz. A possible cause of such differs is the presence of
inhomogeneities as a result of compositional fluctuations (Gupta & Viehland, 1998; Garcia et
al., 2001).
In those samples doped with La+Nb, there is not a sum of the separate effects of La and Nb.
Note that temperatures are not as low as those for Nb, but compared to those for La they are
50 °C below.

Fig. 13. Permitivity as a function of temperature, measured at various frequencies, for PZT
53/47 ceramics showing La2O3 , Nb2O5, and Nb2O5+La2O3 content.
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Grain size decrement implies domain size decrement (Figure 14). Thus, the domain walls
become more movable, so the mechanical friction is small, and then the samples doped with
Nb and La+Nb are more compositionally homogenous (the evidence is given by narrow
plots of dielectric permittivity vs. temperature, that is, increasing permittivity). On the other
hand, grain size increment contributes to higher values of the dielectric constant, as a
measurement of the number of polarized unitary cells. The amount of polarization of such
cells is related to the presence of Nb5+ and La3+ inside the cristalline structure and
contributes to the orientation of the domain walls. An increasing dopant concentration
produces the increment of the number of lead vacancies and so the dielectric permittivity
grows. The values of ε for PZTN samples are higher and attributed to the higher
compositional homogeneity and the existence of only one phase in this composition. But is
not the same for PLZTN and PLZT, XRD patterns of samples show the tetragonal and
rhombohedral PZT phases together. (Figure 15) in all doped samples, with concentration
near to MPB (53/47).
Decrements of Tc might be attributed to the integration of dopants into the cristalline
structure.

Fig. 14. SEM results for 0.6, 0.8 and 1.0 mol % dopant in study for samples near to MPB.
In every case, the decrement of grain size as the dopant concentration increases is
observed.
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Fig. 15. Room temperature DRX patterns for PZT, PLZT, PZTN and PLZTN 53/47/1.0
sinter ceramics. Note for PZTN there are more tetragonal phase, observe better resolution of
002/200 plane.
To determine the factor most influential in dielectric permittivity behaviour with the dopant
concentration, the influence of porosity was analyzed. As it was seen in Table 3 it varies in
an appreciable way (~ 14%) in the studied composition interval.
Among the models proposed to evaluate the properties of porous materials, applicable to
systems with inferior porosity values at 0.6, it (the model) stands out the Bruggeman model.
This model offers a satisfactory description of the properties of piezoelectric porous ceramic,
in particular those based on PZT. A detailed explanation can it turns in works from Wersing
et al (1986).
The model establishes a peculiar relationship between experimental permittivity [ε(p0)] and
the theoretical [εpo=0], through of porosity fraction (p0) given by the equation (5),
considering connectivity (3-0).
ε(po)= ε po=0*(1- po2/3)

(5)

Table 3 shows the results for the dielectric permittivity theoretical and experimental at room
temperature. A marked difference exists among both, being bigger for the Nb and the
La+Nb, what indicates the influence of this impurity in the evolution of the porosity, also
Δε to diminish with the frequency
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Niobio
Frecuencia
kHz
0,5
1
5
10
25

0,2
ε(Po)
830
635
587
482
251

1,0
εPo=0
1249
955
883
725
378

Δε
419
320
296
243
127

ε(Po)
1373
1335
1307
1297
1269

εPo=0
1669
1646
1589
1577
1543

Δε
296
292
282
280
274

395
329
180
148
126

52
43
25
20
17

1,0
566
549
425
304
160

658
638
494
354
186

92
89
69
50
26

588
491
204
220
187

245
205
49
92
78

1,0
784
768
734
710
654

1035
1015
970
934
864

251
247
236
224
210

Lantano
0,5
1
5
10
25

0,6
343
286
155
128
109

Lantano+Niobio
0,5
1
5
10
25

0,4
343
286
155
128
109

Table 3. Theoretical and experimental permittivity and their difference at room temperature
for 5 frequencies, for PZTN, PLZT and PLZTN 53/47/y ceramic, based on the Bruggeman
model.
It is important to make notice that this model considers a materials as a not homogeneous
médium and it start with two components: material and pores. In the material component
there are all that is not pore, that doesn't have to be necessarily homogeneous, due to the
procedure method.
The porosity is not the only factor that determines the permittivity variation with dopant
concentration. The analysis for dopant type shows that to smaller concentration bigger
porosity, but also bigger grain size, therefore is this last one the most influential in the
variations of the dielectric parameter. For example, 0.6% of Nb, the smallest difference exists
among the theoretical and experimental results, and the porosity has the fundamental rol,
for this concentration "po" it is minimized; in the other concentrations exists a cooperative
effect of the porosity and the grain size (Sundar et al. 1996), noted how for 1.0% "po" slightly
increases the grain size and Δε (Table 3). In La3+ case, Δε diminishes with the frequency and
increases with dopant concentration (Table 3), but ε is increasing with grain size decrement,
therefore both factors will contribute in a cooperative way in the relative permittivity
(Figure 16). The samples doped with La+Nb have a grain size between 1 and 2 microns, in
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addition the contribution of the porosity is strong in the behavior of dielectric permittivity,
being greater even for the composition 0.8. The factors that determined the variation of the
permittivity with increasing dopant concentration are the grain size (Cancarevic et al., 2006)
and porosity, fundamentally.
1

10

100

po Nb
po La
po La+Nb

2000

0,30

0,25

1600

ε

0,20
1200

po

0,15
800

ε Nb
ε La
ε La+Nb

400

0,10

0,05
1

10

100

Grain size, μm
Fig. 16. Behavior at room temperature of dielectric constant () and porosity (po) as
function of the grain size.

4. Conclusion
The used of PL and diffuse reflectance measurement in polycrystalline ceramics to
determine the band gap and the mechanism of the recombination in samples is possible. The
experimental results agree with those calculated.
All system present show mainly two region of emission bands around 1.8 and 3 eV, the
presence of broad band (1.8 eV) at the band gap can be associated to the vacancy defect
common in all (containing lead) ceramics sintered at high temperatures, the emission at
around 3eV correspond to direct recombination from CB to VB .
The emission at 2.56 eV, this present but it is not very intense in all the analyzed materials.
Shows the highest intensity and a shift to higher energies in the tetragonal phases. The Nb
concentration produces appreciably intensity changes and is associated to a transition from
oxygen vacancy levels to valence band. PZTN presents the biggest intensity in this band,
what indicates that the oxygen vacancy concentration is higher than lead vacancies.
But not all the dopant has same behavior, in all zone of PL spectra Cr diminish PL intensity
with increase concentration, while La3+, Nb5+ and La3++Nb5+ increase PL intensity with the
increase dopant concentration.
Another interesting aspect is that A+B doped produces an increment to 2-3 order in PL
intensity, principally for “soft” doped.

Photoluminescence in Doped PZTFerroelectric Ceramic System

637

On the other hand, a strong influence of dopants on the decrement of grain size as
concentration grows is observed. The substitution in the A place and the simultaneous
substitutions in the A and B places provokes mixture of (tetragonal and rombohedral)
phases, while substitution in the B place the structure is tetragonal at least in 95 %. A texture
effect is also noticed, as it grows with the dopant concentration.
XRD results are confirmed by the obtained dielectric characteristics. In the PLZT, PLZTN
and PSZTC samples which present phase mixture, two peaks in the 1/ε curves are observed
and associated to Ferro-Ferro (rombohedral-tetragonal) and Ferro-Para (tetragonal-cubic)
phase transitions. Substitutions in the B place contribute more significantly to the Curie
temperature drop, with a minimum for PZTN 0.8 %.
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1. Introduction
Lithium niobate (LiNbO3) is a human-made dielectric material and was first discovered to
be ferroelectric in 1949. Properties and applications of LiNbO3 have been widely studied,
resulted in several thousands of papers on this material, since the crystal was successfully
grown using the Czochralski method by Ballman in 1965 (Kong et al., 2005). It has been
extensively researched for its excellent ferroelectric, piezoelectric, dielectric, pyroelectric,
electric-optical and nonlinear optical properties (Wang et al., 2008; Chen et al., 2007; Sarkisov
et al., 2000). Now LiNbO3 is a very significant material for optical applications, such as acoustic
wave transducers, acoustic delay lines, acoustic filters, optical amplitude modulators, optical
phase modulators, second-harmonic generators, Q-switches, beam deflectors, dielectric
waveguides, memory elements, holographic data processing devices, and others (Kim et al.,
2001; Zhen et al., 2003; Pham et al., 2005; Liu et al., 2002; Zhou et al., 2006).
LiNbO3 is a ferroelectric material which has the highest Curie temperature of about 1210 °C
up to now and the largest spontaneous polarization of about 0.70 C/m2 at room
temperature. LiNbO3 single crystals exhibit paraelectric phases above the Curie temperature
and ferroelectric phases below the Curie temperature (Karapetyan et al., 2006; Bermúdez et
al., 1996). Ferroelectric LiNbO3 crystal is a member of the trigonal crystal system, exhibiting
three-fold rotation symmetry about its c axis. Its structure consists of planar sheets of
oxygen atoms in a distorted hexagonal close-packed configuration. The octahedral
interstices in this structure are one-third filled by lithium atoms, one-third by niobium
atoms, and one-third vacant. In the paraelectric phase the Li atoms and the Nb atoms are
centered in an oxygen layer and an oxygen octahedral, making the paralelctric phase nonpolar. But in ferroelectric phase the Li atoms and the Nb atoms shifted into new positions
along the c axis by the elastric forces of the crystal, making the LiNbO3 crystal exhibiting
spontaneous polarization (Bergman et al., 1968).
Many methods were reported to determine the +c axis of ferroelectric LiNbO3 single crystal.
A standard method is to compress the crystal in the c axis direction. The +c axis is defined as
being directed out of the c face that becomes negative upon compression. This can be
understood that the Li and Nb ions move closer to their centered positions upon
compression, leaving excess negative compensation charges on the +c face, causing the +c
face to become negative. Anther method to identify the +c face and –c face of the crystal is
an etching technique with HF solution. The etching speed on the –c face is faster than on the
+c face (Beghoul et al., 2008; Bourim et al., 2006). Other methods to determine the +c axis
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were also reported such as to cool the crystal, observation of the terraces on a cleavage
plane, x-ray diffraction techniques (Boyd et al.,1964; Kaminow et al., 1980).
In the past few years, various types of photodetectors were proposed, such as
photoconductor, Schottky barrier detector, p-i-n junction photodiode, and heterogeneity
junction (Wang et al., 2007; Jin et al., 2007). Photovoltaic effect plays an important role in the
investigation of these photodetectors. Photovoltaic effects in LiNbO3 crystals were observed
by Chen in 1969 (Chen, 1969). Then LiNbO3 was found to be in response to ultraviolet,
visible, and infrared radiation of laser (Dai et al., 2005). LiNbO3 is a promising material for
photodetector because of its high responsibility, good dielectric properties, and low cost. For
example, ultraviolet photodetectors have attracted a strong interest owing to their broad
potential applications in the fields of automatization, short-range communications security,
biological researches, and military services. The band gap of LiNbO3 single crystal is ~ 4 eV,
which can be suggested as a promising material for UV photodetector since the present
ultraviolet photodetectors based on various wide band gap semiconductors, such as III–V
nitrides, silicon carbide, zincoxide, and diamond, require a complicated fabrication process
and high-cost manufacturing (Razeghi & Rogalski, 1996; Topic et al., 2001; Tomm
et al., 2000; Spaziani et al., 2003). In this chapter, photovoltaic effect in pure congruent
LiNbO3 single crystals will be introduced, including vertical photovoltaic effect, lateral
photovoltaic effect and photovoltaic effects in miscut LiNbO3 single crystals (Lu et al., 2009;
Li et al.,2010).

2. Photovoltaic effects in LiNbO3 single crystal
2.1 Vertical photovoltaic effects
Commercial optical grade z-cut LiNbO3 single crystal was used in the experiment, which
was double polished with a dimension of 5×5×0.5 (mm) in the a, b, and c directions,
respectively. The two silver paste electrodes were placed on the opposite two surfaces of the
crystal respectively. An actively/passively mode locked Nd:yttrium-aluminum-garnet
(Nd:YAG) laser (with pulse duration of 25 ps, repetition rate of 10 Hz) was used to irradiate
the sample at the wavelengths of 1064, 532, and 355 nm at room temperature. The laser
beam was directed onto the sample near to the electrode and passed through the crystal
along the c axis, as shown in the inset in Fig.1. The diameter of the spot was 2 mm. The open
circuit photovoltage were measured and recorded by a digital storage oscilloscope. Figure 1
presents the typical ultrafast photovoltaic signals observed under the pulsed laser of three
different wavelengths. The laser pulse energy of 355, 532 and 1064 nm is 0.56, 0.60 and 0.58
mJ respectively .We can see that the response time is about 2 ns and the full width at half
maximum (FWHM) is about 1.8 ns.
All the photovoltages measured by the oscilloscope were negative whether the laser pulse
irradiated on the top surface or on the bottom surface of the crystal, shown in Fig.1. It has
been known that the ferroelectric LiNbO3 exhibits spontaneous polarization below its Curie
temperatures, which direction is from –c face to +c face of the crystal (Wemple et al., 1968).
So there is a built-in electric field in LiNbO3 crystal in the direction from the positive end of
spontaneous polarization to the negative end, antiparallel to the spontaneous polarization.
Here we identified the –c face and +c face using an etching technique with HF solution of
40%. When the laser spot directed on the crystal, photo-excited electrons drifted toward the
positive end of spontaneous polarization under the influence of the internal electric field,
undergoing the course of excited-captured-reexcited-recaptured before they eventually
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drifted to the +c face. So we always get a negative signal on the oscilloscope whether the
laser irradiated on the +c face or on the –c face.

Fig. 1. Typical ultrafast photovoltage with time when the sample irradiated by pulsed laser
of three different wavelengths. The solid line is the signal when irradiated on the +c face of
the crystal and the short dash line is on the –c face. All the signals measured are negative.
The peak voltage values of open circuit verse the pulse energy has been also measured
under the irradiation of the three different wavelengths. The results are summarized in
Fig.2. We can see that the photovoltages under the three wavelengths increased linearly
with the incident energy of each laser pulse.
The photovoltage V that appears in the crystal is (Feng et al., 1990)
V=

J

σ d + σ ph

l

(1)

where J is the photovoltaic current, σd and σph are dark conductivity and photoconductivity
of the crystal, respectively, and l is the distance between the electrodes. Since σd (<10-15Ω1cm-1) is much smaller than σph, we can neglect it.
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Fig. 2. The peak open-circuit photovoltage as a function of the energy of pulsed laser. The
photovoltage is proportional to the intensity of incident laser of 355, 532 and 1064 nm,
respectively.
The photovoltaic current of LiNbO3 crystal is given by (Glass et al., 1974)
dn
(2)
dz
where κ is the glass coefficient, α is the absorption coefficient, I is the intensity of the
irradiated laser beam, E is the total electric field in the crystal, D is the diffusion coefficient,
and n is the carrier concentration. The first term represents the photovoltaic current, the
second term represents the drift current, and the third term represents the non-uniform laser
irradiation in the sample.
The photoconductivity is given by (Nakamura et al., 2008)
J = κα I + σ ph E + eD

αI
(3)
τ eμ
hν
where τ is the lifetime of an excited carrier in the conduction band, μ is the mobility, and hν
is the photon energy.
The carrier concentration n should be proportional to the intensity of the laser due to the
photoelectric effect. So the photovoltage V is proportional to the intensity of incident laser I,
as shown in Fig.2.
Continuous-wave (CW) laser of 532 and 1064 nm were also used to irradiate on the sample.
Negative photovoltage signal was also observed in the experiment, as shown in Fig.3. This is
in agreement with the results of the experiments above using pulsed lasers in Fig.1. The
reason is the existence of the spontaneous polarization and the internal electric field in the
crystal. When the power of the incident laser was changed from 0.6 to 60.4 mW, we found
that the peak photovoltages also increased linearly, as shown in Fig.4.
σ ph =
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Fig. 3. The negative photovoltages under the irradiation of continuous-wave laser of 532 and
1064 nm.

Fig. 4. The open-circuit photovoltages increased linearly with the intensity of the CW laser.
Defects in LiNbO3 crystal are the main reason of the photovoltaic effect and the charge
transport. There is at least about 1 mol % of intrinsic defects such as bipolarons and small

646

Ferroelectrics – Physical Effects

polarons in pure congruent LiNbO3 crystal (Schirmer et al., 2005). The absorption spectra of
LiNbO3 (Fig.5) shows that the absorption peak of the sample is about at 310 nm, and there is
a common absorption peak of bipolarons and small polarons at 628 nm. So the transition
and migration of the electrons in LiNbO3 crystal is mainly between the defects and the
conduction band.

Fig. 5. The absorption spectra of LiNbO3 which shows two absorption peaks of the sample
that one is for band to band absorption and another is the common absorption peak of
bipolarons and small polarons.
On the basis of two-center model, for pure LiNbO3, the deep center is dominated by
bipolarons and the shallow center is governed by the small polarons. By laser pulses these
bipolarons can be dissociated at room temperature and released photo-excited electrons to
the conduction band. But the amount of the shallow center is very small in pure LiNbO3.
The energy between the deep center and the conduction band is about 2.0~2.5 eV. The
photon energy of 355 nm is 3.5 eV. So when the sample was irradiated by the laser of 355
nm, a large amount of electrons in deep center can be excited into the conduction band. The
photon energy of 532 nm is 2.3 eV, which is near to the energy between the deep center and
the conduction band, so it can excited part of electrons in deep center. Therefore, the peak
value of photovoltage of 355 nm is larger than that of 532 nm, as shown in Fig.2. The photon
energy of 1064 nm is 1.2 eV, which can not excite the electrons in deep center. But the deep
center can be dissociated not only by illumination but also heating. The temperature of the
crystal increased during the irradiation of 1064 nm laser in the experiment, and the deep
center is dissociated and released electrons. With the increase of the intensity of the incident
laser, the transition between the deep center and the shallow center should be taken into
account, for the dissociated energy of bipolarons is about 0.27 eV (Kong et al., 2005) .
2.2 Lateral photovoltaic effects
To investigate the lateral photovoltage in LiNbO3 single crystal, two silver paste electrodes
were separated about 1.5 mm on the surface perpendicular to the c axis. The laser beam
passed through the crystal along the c axis and irradiated normally at the back of one
electrode, as shown in Fig. 6.
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Fig. 6. Schematic of measurement for sample irradiated by laser through (a) −c face (mode 1)
and (b) +c face (mode 2).
Typical ultrafast signals can be observed as shown in Fig. 7, with the rise time of about 1.5
ns and the FWHM of 1−2 ns. For mode 1, the signals were negative and positive when the
laser pulse irradiated the positive and negative electrodes, respectively (Fig. 6(a)). While the
reverse signals were recorded for mode 2 (Fig. 6(b)).
Due to inhomogeneous illumination in LiNbO3 crystal, the concentration of photoelectrons
is larger in the illumination region than in the dark region. And the photoelectrons will drift
toward the +c face of the crystal because of the existence of a permanent electric field in the
direction from −c to +c faces, then diffuse toward another electrode. Thus we can get the
negative (positive) signals when the sample is irradiated at the back of positive electrode for
mode 1 (mode 2). The same results can be also obtained when the CW laser is used to
irradiate the crystal, as shown in Fig. 8. The dependence of the peak open-circuit
photovoltages on the incident light intensity is studied experimentally. The results are
summarized in Fig. 9. We can see that the photovoltages increase linearly with the laser
intensity, which can be well explained by the photovoltaic effects in LiNbO3 crystal.

Fig. 7. Typical ultrafast photovoltages recorded for (a) mode 1 and (b) mode 2. Solid and
short dot lines are for the signals when the laser pulse irradiates the positive and negative
electrodes, respectively.
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Fig. 8. Photovoltages for (a) mode 1 and (b) mode 2 under the irradiation of CW laser of 532
and 1064 nm. Solid line and open circle point are for the signals when the laser pulse
irradiates the positive and negative electrodes, respectively.

Fig. 9. Peak open-circuit photovoltages as functions of pulsed laser energy (solid point) and
CW laser power densities (open point) for (a) mode 1 and (b) mode 2.
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2.3 Photovoltaic effects in miscut LiNbO3 single crystals
A single polished commercial LiNbO3 single crystal with c-axis oriented is used for the
photovoltaic studies. The sample geometry is 5×5 mm2 with the thickness of 0.5 mm. The
crystalline orientation is 10° miscut from the exact (001) orientation, which is
characterized by x-ray diffraction with the usual θ-2θ scan using Cu Κα1 and Κα2
radiations. As shown in Fig. 10, the offset point is set as ω=α or 45°-α to satisfy Braggs
diffraction, where α is the miscut angle. The two peaks arise from the (006) and (0012)
plane of LiNbO3 and are clearly apart for Κα1 and Κα2 radiations. The inset of Fig. 10
shows the UV–visible absorption spectrum of LiNbO3 crystals as a function of the
wavelength. The sharp absorption edge is about 310 nm, corresponding to the optical
band gap of LiNbO3 and indicating that UV light, e.g. 248 nm laser, can generate electron–
hole carriers in LiNbO3 crystals.

Fig. 10. The x-ray diffraction pattern of a miscut LiNbO3 single crystal. The left inset shows
the absorption spectrum of LiNbO3 single crystal. The right inset shows the configuration of
θ-2θ scan, where α is the miscut angle and ω the offset point.
The photovoltaic properties are investigated under the illuminations of a KrF pulsed laser
with the wavelength of 248 nm with 20 ns duration at a 10 Hz repetition. In order to study
the influence of the thickness on the photovoltaic effect, the samples are polished
mechanically into seven different thicknesses, which are 0.49, 0.45, 0.38, 0.28, 0.22, 0.17 and
0.09 mm, respectively. Before the photovoltaic measurements, the sample is cleaned by
using an ultrasonic cleaner in alcohol and acetone under routine cleaning process. Two
colloidal silver electrodes of about 1×5 mm2 area, separated by 3 mm, are prepared on the
mirror polished surface of the LiNbO3 single crystal and the opposite surface is exposed
wholly to the laser irradiation, as shown in the inset of Fig. 11. The photovoltaic signals are
recorded by using a sampling oscilloscope terminating into 50 Ω at room temperature. All
the measurements are carried out in the room temperature without any applied bias.
Typical voltage transients of the LiNbO3 single crystal of different thicknesses to a pulsed
laser illumination are presented in Fig. 11. The peak photovoltage as a function of the
sample thicknesses is shown in Fig. 12, and the energies on the sample are 15.2 and 19.4 mJ,
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respectively. With the decrease of the crystal thickness from 0.49 to 0.09 mm, the peak
photovoltage increases rapidly at first and then descendes. The maximum peak
photovoltage occurs at the thickness of 0.38 mm and reaches 35.6 and 31.1 mV for 19.4 and
15.2 mJ, with the corresponding photovoltaic sensitivities of 1.83 and 2.04 mV/mJ, which is
several times larger than that at 0.49 and 0.09 mm. In addition, the peak photovoltage is
found to depend linearly on the on-sample energy from 13.5 to 20.9 mJ for selected crystal
thicknesses of 0.22 and 0.09 mm, respectively, as shown in Fig. 13.

Fig. 11. The photovoltaic pulses for miscut LiNbO3 single crystal under the illumination of a
248 nm laser for seven different thicknesses recorded by an oscilloscope with an input
impedance of 50 Ω at room temperature without any applied bias. The on-sample energy
was 15.2 mJ. The inset displays the schematic circuit of the measurement.

Fig. 12. The peak photovoltage dependence of the miscut LiNbO3 single crystal thickness.
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Fig. 13. The peak photovoltage of the miscut LiNbO3 single crystal as a function of onsample energy.
Figure 14 shows the 10%–90% rise time and FWHM as functions of the sample thickness for
the on sample-energy of 15.2 and 19.4 mJ, respectively. With the decrease of sample
thickness, the carriers reaches the two colloidal electrodes faster for thinner sample so that
faster photovoltaic response can be observed. The rise time descends obviously from 11.83
ns at 0.49 mm to 3.946 ns at 0.09 mm, suggesting that decreasing the sample thickness is a
useful way to obtain faster response detection. Since the miscut LiNbO3 single crystal

Fig. 14. The rise time and FWHM as functions of the sample thickness.
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Fig. 15. The schematic diagram of the transporting photogenerated carriers, indicating that
the carriers were separated and assembled at the two Ag electrodes by the SPEF.
exhibits an optical response time of ~ns, it can be applied to detect the present laser pulse,
which is further confirmed in Fig. 14, where the FWHM is independent of crystal thickness
and almost keeps a constant of ~20 ns in accord with the 248 nm laser duration.
It is well known that pure congruent LiNbO3 is a spontaneous polarisation crystal and there
exists a spontaneous polarisation electric field (SPEF) along the c axis. In the experiment, the
crystalline orientation is 10° miscut from the exact (001) orientation, so is SPEF as shown in
Fig. 15 Under the 248 nm laser irradiation, photo-induced carriers are separated and
assembled at the two electrodes by the SPEF. Only those carriers reaching to the electrodes
in the back can be collected and give rise to photovoltaic signals. With decrease of crystal
thickness the amount of carriers collected by electrodes in the back increases due to lower
loss, which is resulted from the shorter transport distances as well as less traps and
recombination in thinner samples. Thus the signals for thinner samples are much larger than
that for thicker samples. On the other hand, the decrease of thickness also leads to decrease
of autologous carriers in LiNbO3 single crystals, which limits the amount of carriers
collected by electrodes. The competition between the two above factors results into a
maximum photovoltaic signal at an optimum thickness at 0.38 mm.

3. Conclusion
The characteristics of the photovoltaic effect in LiNbO3 single crystals were presented in
detail in this chapter. Vertical and lateral photovoltaic effects in pure congruent LiNbO3
crystals were observed by using pulsed and continuous wave lasers with inhomogeneous
irradiation, respectively. The typical ultrafast response time and FWHM were about 2ns for
the open-circuit photovoltaic pulse, indicating the potential applications of LiNbO3 single
crystal as photoelectronic detector. The thickness dependence of the photovoltaic effect in
miscut LiNbO3 single crystal was also investigated. With the decrease of the crystal
thickness, the photovoltaic response time decreased monotonically, the photovoltaic
sensitivity is improved rapidly at first, and then decreases. The experimental results show
that decreasing the crystal thickness is an effective method for obtaining faster response
time and improving the photovoltaic sensitivity in single crystals.
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