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In 2000, Dietl et al. [1] were the first to predict the�
oretically that oxides (e.g., ZnO) doped with the
“magnetic” atoms (e.g., Co, Mn, or Fe) might have
ferromagnetic properties with the Curie temperature
above room temperature. That study initiated many
experimental works whose authors tried to reveal the
predicted ferromagnetism. Some teams of researchers
have found well reproducible ferromagnetism in ZnO,
while other teams reliably proved its absence. In [2], it
was demonstrated that the crucial point is the grain
boundaries between the ZnO crystallites. Ferromag�
netism is observed only if the grain boundary area in
the unit volume of the material is greater than a certain
critical value (sth = (2 ± 4) × 105 m2/m3 for the Mn�
doped ZnO and sth = (7 ± 3) × 107 m2/m3 for pure
ZnO). In other words, the grain boundaries form a
kind of “grain boundary foam” in the ZnO polycrys�
tals, which becomes ferromagnetic above a certain
percolation threshold. Therefore, it would be interest�
ing to determine the structure of the grain boundaries
inducing ferromagnetism in ZnO.

The transparent oxide semiconductors with ferro�
magnetic properties are of interest for possible appli�
cations in spintronics. Of all the 3d elements, the Mn
ions have the highest magnetic moment. The satura�
tion magnetization in Mn�doped ZnO has a peculiar

nonmonotonic dependence on the Mn concentration
[3–18]. These facts can be attributed to a strong segre�
gation of Mn on the grain boundaries in ZnO. It could
even be expected that rather thick layers may appear
on the grain boundary like the amorphous grain
boundary phases in Bi�doped ZnO [19–24]. For this
reason, the objective of this work is to investigate the
grain boundary structures in nanocrystalline Mn�
doped ZnO.

The thin nonporous nanocrystalline Mn�doped
ZnO films were synthesized by the so�called “liquid
ceramic” method [25]. The precursor was zinc
butanoate (II) dissolved in an organic solvent to a zinc
concentration of 1 to 4 kg/m3. To prepare the doped
films with the Mn concentration from 0.1 to 47 at %,
zinc butanoate (II) and manganese butanoate (III)
were mixed in the proper proportion. The precursor
was deposited on the pure polycrystalline aluminum
foil or on the sapphire single crystals with the (102)
surface orientation. After 30 min of drying in air at
100°C, thermal pyrolysis at 550°C was performed in a
resistance furnace in air. The Zn and Mn concentra�
tions in the resulting films were measured using atomic
adsorption spectroscopy in a Perkin–Elmer instru�
ment and using the electron probe X�ray microanaly�
sis (EPMA) on a Tescan Vega TS5130 MM scanning
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The complete solubility of an impurity in a polycrystal increases with decreasing grain size, because the impu�
rity dissolves not only in the crystallite bulk but also on the grain boundaries. This effect is especially strong
when the adsorption layers (or the grain boundary phases) are multilayer. For example, the Mn solubility in
the nanocrystalline films (where the size of grains is ~20 nm) is more than three times greater than that in the
ZnO single crystals. The thin nanocrystalline Mn�doped ZnO films in the Mn concentration range 0.1–47 at %
have been obtained from organic precursors (butanoates) by the “liquid ceramic” method. They have ferro�
magnetic properties, because the specific area of the grain boundaries in them is greater than the critical value
[B.B. Straumal et al., Phys. Rev. B 79, 205206 (2009)]. The high�resolution electron transmission microscopy
studies show that the ZnO nanocrystalline grains with the wurtzite lattice are separated by amorphous layers
whose thickness increases with the Mn concentration. The morphology of these layers differs greatly from the
structure of the amorphous prewetting films on the grain boundaries in the ZnO:Bi2O3 system.
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microscope with an Oxford Instruments LINK energy
dispersive spectrometer. The concentrations of the
residual ferromagnetic impurities (Fe, Co, and Ni) did
not exceed 0.001 at %. The films were transparent,
occasionally with a greenish shade, from 50 to 900 nm
thick. The film thickness was determined by EPMA
and transmission electron microscopy (TEM) (on the
transversal cuts). The TEM measurements were per�
formed on a Joel JEM�4000FX electron microscope at
an accelerating voltage of 400 kV. The X�ray diffrac�
tion was studied on a Siemens diffractometer using Fe
Kα radiation. The grain size D was estimated in terms
of the broadening of the X�ray diffraction peaks by the
Scherrer formula β = 0.9λ/Dcosθ, where λ is the
X�ray wavelength, θ is the diffraction angle, and β is
the FWHM of the diffraction line [26]. The magnetic
properties of the films were measured on Quantum
Design MPMS�7 and MPMS�XL SQUID magne�
tometers.

All the ZnO films studied had ferromagnetic prop�
erties. Figure 1 presents the magnetization curve for
the ZnO film with 13 at % Mn on the sapphire sub�
strate. Its shape is typical of a ferromagnetic material:
the saturation at the applied fields higher than ~2 T
and the coercive force of about 0.03 T. The saturation
magnetization of the films is a nonmonotonic func�
tion of the Mn concentration in the range of 0.01–
0.16 emu/g [18].

Figure 2 presents the period of the ZnO wurtzite
lattice as a function of the Mn concentration for dif�
ferent grain sizes. The lattice period increases as man�
ganese is added. When the limit of Mn solubility in the
matrix is reached, the ZnO lattice period ceases to
increase, and the lines of cubic manganese oxide,
Mn3O4, appear in the X�ray [27] and electron diffrac�
tion patterns (see Fig. 3). In the single crystals, the sol�
ubility limit is reached at 10 at % Mn. In the polycrys�
tals, the added Mn atoms are arranged both in the bulk

being substituted for the Zn atoms in the wurtzite lat�
tice and in the (looser packed) grain boundaries. The
adsorption capacity of the grain boundaries is rather
high [28], and thus the total Mn solubility increases as

Fig. 1. Field dependence of the magnetization for the ZnO
film with 13 at % Mn on the sapphire substrate.

Fig. 2. Wurtzite lattice parameter c of ZnO versus the Mn
concentration for different grain sizes. The triangles are
the data for single crystals taken from [29]. The open
squares and diamonds are the data for the polycrystals with
a grain size of 1000 and 100 nm, respectively, taken from
[30–32]. The closed circles and squares are the data for the
lattice parameter in the ZnO films with a grain size of
20 nm taken from [33] and the measurements in this work
and in [27], respectively.

Fig. 3. Electron diffraction pattern for the ZnO sample
with 30 at % Mn. The indices for the strong lines of the
ZnO wurtzite lattice are given in the column on the left.
The indices of the weak lines of the manganese oxide par�
ticles are given in the upper line.
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compared to that in the single crystal. The finer the
grains (or more boundaries in the unit volume), the
greater the increase in the total solubility (see Fig. 2).
For example, it is 20 and 30 at % Mn for at a grain size
of 100 and 20 nm, respectively. The maximum solubil�
ity in the bulk does not depend on the grain size and,
therefore, at a grain size of 20 nm, only one third of the
Mn atoms are dissolved in the bulk, while two thirds of
the Mn atoms are dissolved at the intergrain bound�
aries.

What is the structure of these boundaries, and
where are two thirds of manganese atoms dissolved in
the polycrystal hidden? Figure 4 presents the bright
field micrographs of the Mn�doped ZnO films with (a)
10 and (b) 15 at % Mn obtained using high�resolution
transmission electron microscopy (HRTEM). The
direct resolution of the lattice makes it possible to see
the crystalline ZnO grains with the wurtzite lattice. It
is clearly seen in Fig. 4a that the amorphous phase lay�
ers are at the boundaries between these grains. As the
Mn concentration increases from 10 to 15 at %, the
amorphous phase fraction increases. It is readily illus�
trated by the comparison of the structures shown in
Figs. 4a and 4b. For example, one of the ZnO grains
with the wurtzite lattice (at the center) in Fig. 4b is
surrounded by the Mn�enriched amorphous region.
Since the amorphous layers in the sample with 15 at %
Mn are already rather large, it is possible to obtain the
patterns of the Fourier transforms for the amorphous
and crystalline regions. In Fig. 4b, letters A, B, and C
denote the relevant crystalline grains (on the left and
right) and the amorphous layer (in the middle).

Figure 4 illustrates the situation occurring when
manganese is gradually added to nanocrystalline ZnO.
In the doping process, some Mn atoms come into the
crystal lattice of the grains and contribute to the dis�
placements of X�ray diffraction peaks from the coher�
ent scattering regions (the wurtzite lattice grains). The
remaining Mn atoms (about two thirds) come to the
amorphous layers, which surround and separate the
grains. These amorphous layers become thicker with
an increase in the Mn concentration. Our earlier
quantitative estimate demonstrates that at 30 at % Mn,
when the solubility limit is reached for the 20�nm
grains, the thickness of the grain boundary layers is 6–
10 ML of MnO, while it is 2 ML on the outer surface
[27]. This situation differs radically from the mono�
layer McLean adsorption (on the surface or on the
grain boundary) [34]. The amorphous layers of the
grain boundary phase of a constant thickness of several
nanometers were first observed and theoretically
described in the force balance model in the pioneering
works concerning silicon nitride [35, 36]. Later on,
noncrystalline layers of a constant (or equilibrium)
thickness of several nanometers were repeatedly
observed in ceramic materials [19–24] or at the
metal/oxide interfaces [37, 38]. The thin equilibrium
layers appearing in the single�phase region of the
phase diagram on the grain boundaries or outer sur�
faces were analyzed by Cahn [39]. He suggested that
the transition from incomplete wetting of the outer
surface to its complete wetting is a phase transforma�
tion. Then, this idea was successfully applied to the
grain boundaries, and the data then existed on the

Fig. 4. Bright�field high�resolution transmission electron micrographs of the doped ZnO films (a) with 10 at % Mn, amorphous
layers between ZnO nanocrystalline grains are seen; and (b) with 15 at % Mn, ZnO nanocrystalline grains are surrounded by
amorphous layers. The insets show the Fourier transform patterns for the amorphous and crystalline regions.
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grain boundary wetting were revised in the light of
these new considerations [40–42]. The grain bound�
ary wetting phase transition occurs at a certain tem�
perature TwGB at which the grain boundary energy σGB

becomes equal to the double energy of the interface
between the solid and liquid phases 2σSL. Above TwGB,
the grain boundary is replaced by a liquid phase layer.
As a result, the conode of the grain boundary wetting
phase transition appears at TwGB in the two�phase
“solid phase + melt” region of the phase diagram. This
conode continues in the single�phase “solid solution”
region of the phase diagram as the grain boundary soli�
dus line (or the prewetting transition line). The grain
boundary contains a layer of the quasiliquid grain
boundary phase between the bulk and grain boundary
solidus lines. Above the temperature TwGB, the energy
gain from complete wetting (σGB – 2σSL) makes it pos�
sible to stabilize this quasi�liquid layer of the grain
boundary phase. The formation of the metastable liq�
uid phase layer of thickness l on the grain boundary
requires the energy lΔg. The finite thickness l of the
grain boundary phase is determined by the equality of
the energy gain (σGB – 2σSL) from complete wetting
and the energy loss lΔg from the metastable liquid
phase formation. In this simplest model, the liquid�
like phase layer of thickness l appears on the grain
boundary at the intersection of the prewetting line
(the grain boundary solidus) cbt(T). The thickness l
increases as a logarithmic function as the bulk solidus
line is approached. This is because the “true” bulk liq�
uid phase appears behind the bulk solidus line, and its
thickness becomes thermodynamically infinite. In the
two�phase “solid phase + melt” region of the phase
diagram, the thickness of the liquid phase on the grain
boundary is solely determined by its amount. Grain
boundary layers with a thickness of several monolayers
having anomalously high diffusion penetrability for
solids were observed in the systems Cu–Bi [43], Al–
Zn [44, 45], Fe–Si–Zn [46], and W–Ni [47].

However, the morphology of the Mn�enriched
amorphous regions between the ZnO grains differs
greatly from that of very homogeneous and uniformly
thin amorphous layers of the prewetting grain bound�
ary phases in the ZnO:Bi2O3 samples prepared by liq�
uid�phase sintering [19–24]. For example, in a sample
with 15 at % Mn (see Fig. 4b), the amorphous regions
completely enclose some ZnO grains and only par�
tially penetrate between the others. This microstruc�
ture is similar to the morphology of the two�phase
polycrystals, where the second phase completely wets
some boundaries and only partially wets other bound�
aries [40–42, 48, 49]. We have recently shown that the
second (wetting) phase can be not only liquid but also
solid [50–52]. At first sight, the structures revealed in
Mn�doped ZnO (see Fig. 4) indicate that the second,
amorphous phase can also wet the grain boundaries.
However, this is not the case. In the conventional case,
the wetting of the grain boundary in one phase by the

other phase layers occurs in the two�phase region of
the bulk phase diagram. Here, the composition of
every phase is fixed and does not change with the com�
ponent concentrations. In our case, as the Mn con�
centration increases, it does not remain constant in
the matrix crystallites but also increases (see Fig. 2). At
the Mn concentration above 30 at %, the second bulk
phase of Mn3O4 appears (see Fig. 3). This means that
the amorphous layers in Fig. 4 are not the true bulk
phase but the grain boundary phase whose morphol�
ogy has not been earlier observed.

To summarize, we have experimentally investigated
the structures of the grain boundaries in doped ZnO,
which form the grain boundary foam and are respon�
sible for the magnetic properties arising in ZnO. The
amorphous layers, which do not contribute to the dis�
placement of the X�ray diffraction peaks from the
coherent scattering regions (the wurtzite lattice
grains), have been observed on the boundaries. As a
result, at a grain size of 20 nm, only a third of the dop�
ing Mn atoms are built into the crystallite wurtzite lat�
tice, while about two thirds of them come into the
amorphous layers surrounding the grains.
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the experiments and to Prof. A.M. Gusak and P. van
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by the Russian Foundation for Basic Research (project
nos. 10�02�00086 and 09�08�90406), the National
University of Science and Technology MISIS (pro�
gram of creation and development), and the State
Foundation for Basic Research of Ukraine (project
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