FERROMAGNETIC
RESONANCE

THEQRY AND APPLICATIONS

ditid bry Orduini Yalgin




Chapter 1

Ferromagnetic Resonance

Orhan Yalgin
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/56134

1. Introduction

Ferromagnetism is used to characterize magnetic behavior of a material, such as the strong
attraction to a permanent magnet. The origin of this strong magnetism is the presence of a
spontaneous magnetization which is produced by a parallel alignment of spins. Instead of a
parallel alignment of all the spins, there can be an anti-parallel alignment of unequal spins.
This results in a spontaneous magnetization which is called ferrimagnetism.

The resonance arises when the energy levels of a quantized system of electronic or nuclear
moments are Zeeman split by a uniform magnetic field and the system absorbs energy from
an oscillating magnetic field at sharply defined frequencies corresponding to the transitions
between the levels. Classically, the resonance event occurs when a transverse ac field is
applied at the Larmor frequency.

The resonance behaviour usually called magnetic resonance (MR) and nuclear magnetic
resonance (NMR). Main types of resonance phenomenon can be listed as nuclear magnetic
resonance (NMR), nuclear quadrupole resonance (NQR), electron paramagnetic/spin
resonance (EPR, ESR), spin wave resonance (SWR), ferromagnetic resonance (FMR),
antiferromagnetic resonance (AFMR) and conductor electron spin resonance (CESR). The
resonant may be an isolated ionic spin as in electron paramagnetic resonance (EPR) or a
nuclear magnetic resonance (NMR). Also, resonance effects are associated with the spin
waves and the domain walls. The resonance methods are important for investigating the
structure and magnetic properties of solids and other materials. These methods are used for
imaging and other applications.

The following information can be accessed with the help of such resonance experiments. (i)
Electrical structure of point defects by looking at the absorption in a thin structure. (ii) The
line width with the movement of spin or surroundings isn’t changed. (iii) The distribution of
the magnetic field in solid by looking at the of the resonance line position (chemical shift
and etc.). (iv) Collective spin excitations.
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The atoms of ferromagnetic coupling originate from the spins of d-electrons. The size of u
permanent atomic dipoles create spontaneously magnetized. According to the shape of
dipoles materials can be ferromagnetic, antiferromagnetic, diamagnetic, paramagnetic and
etc.

Ferromagnetic resonance (FMR) technique was initially applied to ferromagnetic materials,
all magnetic materials and unpaired electron systems. Basically, it is analogous to the
electron paramagnetic resonance (EPR). The EPR technique gives better results at unpaired
electron systems. The FMR technique depends on the geometry of the sample at hand. The
demagnetization field is observed where the sample geometry is active. The resonance area
of the sample depends on the properties of material. The FMR technique is advantageous
because it does not cause damage to materials. Also, it allows a three dimensional analysis
of samples. The FMR occurs at high field values while EPR occurs at low magnetic field
values. Also, line-width of ferromagnetic materials is large according to paramagnetic
materials. Exchange interaction energy between unpaired electron spins that contribute to
the ferromagnetism causes the line narrowing. So, ferromagnetic resonance lines appear
sharper than expected.

The FMR studies have been increased since the EPR was discovered in 1945 (Zavosky, 1945;
Kittel, 1946, 1947, 1949, 1953, 1958; Kip, 1949; Bloembergen, 1950, 1954; Crittenden, 1953;
Van Vleck, 1950; Herring, 1950; Anderson, 1953; Damon, 1953; Young, 1953; Ament, 1955;
Ruderman, 1954; Reich, 1955; Kasuya, 1956; White, 1956; Macdonald, 1956; Mercereau, 1956;
Walker, 1957; Yosida, 1957; Tannenwald, 1957; Jarrett, 1958; Rado, 1958; Brown, 1962; Frait,
1965; Sparks, 1969). The beginnings of theoretical and experimental studies of spectroscopic
investigations of basic sciences are used such as physics, chemistry, especially nanosciences
and nanostructures (Rodbell, 1964; Kooi, 1964; Bhagat, 1967, 1974; Sparks, 1970(a), 1970(b),
1970(c), 1970(d); Rachford, 1981; Dillon, 1981; Schultz, 1983; Artman, 1957, 1979; Ramesh,
1988(a), 1988(b); Fraitova, 1983(a), 1983(b), 1984; Teale, 1986; Speriosu, 1987; Vounyuk, 1991;
Roy, 1992; Puszkarski, 1992; Weiss, 1955). The FMR technique can provide information on
the magnetization, magnetic anisotropy, dynamic exchange/dipolar energies and relaxation
times, as well as the damping in the magnetization dynamics (Wigen, 1962, 1984, 1998; De
Wames, 1970; Wolfram, 1971; Yu, 1975; Frait, 1985, 1998; Rook, 1991; Bland, 1994; Patton,
1995, 1996; Skomski, 2008; Coey, 2009). This spectroscopic method/FMR have been used to
magnetic properties (Celinski, 1991; Farle, 1998, 2000; Fermin, 1999; Buschow, 2004;
Heinrich, 2005(a), 2005(b)), films (Ozdemir, 1996, 1997), monolayers (Zakeri, 2006), ultrathin
and multilayers films (Layadi, 1990(a), 1990(b), 2002, 2004; Wigen, 1993; Zhang, 1994(a),
1994(b); Farle, 2000; Platow, 1998; Anisimov, 1999; Yildiz, 2004; Heinrich, 2005(a);
Lacheisserie, 2005; de Cos, 2006; Liua, 2012; Schéifer, 2012), the angular, the frequency
(Celinski, 1997; Farle, 1998), the temperature dependence (Platow, 1998), interlayer exchange
coupling (Frait, 1965, 1998; Parkin, 1990, 1991(a), 1991(b), 1994; Schreiber, 1996; Rook, 1991;
Wigen, 1993; Layadi, 1990(a); Heinrich, 2005; Paul, 2005), Brillouin light scattering (BLS)
(Griinberg, 1982; Cochran, 1995; Hillebrands, 2000) and sample inhomogeneities (Artman,
1957, 1979; Damon, 1963; McMichael, 1990; Arias, 1999; Wigen, 1998; Chappert, 1986;
Gnatzig, 1987; Fermin, 1999) of samples. Besides using FMR to characterize magnetic
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properties, it also allows one to study the fundamental excitations and technological
applications of a magnetic system (Schmool, 1998; Voges, 1998; Zianni, 1998; Griinberg,
2000, 2001; Vlasko-Vlasov, 2001; Zhai, 2003; Aktas, 2004; Birkhduser Verlag, 2007; Seib,
2009). The various thickness, disk array, half-metallic ferromagnetic electrodes, magnon
scattering and other of some properties of samples have been studied using the FMR
tehniques (Mazur, 1982; da Silva, 1993; Chikazumi, 1997; Song, 2003; Mills, 2003; Rameev,
2003(a), 2003(b), 2004(a), 2004(b); An, 2004; Ramprasad, 2004; Xu, 2004; Wojtowicz, 2005;
Zakeri, 2007; Tsai, 2009; Chen, 2009). The magnetic properties of single-crystalline (Kambe,
2005; Brustolon, 2009), polycrystalline (Singh, 2006; Fan, 2010), alloy films (Sihues, 2007),
temperature dependence and similar qualities have been studied electromagnetic
spectroscopy techniques (Ozdemir, 1998; Birlikseven, 1999(a), 1999(b); Fermin, 1999;
Rameev, 2000; Aktas, 2001; Budak, 2003; Khaibullin, 2004). The magnetic resonance
techniques (EPR, FMR) have been applied to the iron oxides, permalloy nanostructure
(Kuanr, 2005), clustered, thermocouple connected to the ferromagnet, thin permalloy layer
and et al. (Guimaraes, 1998; Spoddig, 2005; Can, 2012; Rousseau, 2012; Valenzuela, 2012;
Bakker, 2012; Macia, 2012; Dreher, 2012; Kind, 2012; Li, 2012; Estévez, 2012; Sun, 2012(a),
2012(b), 2012(c); Richard, 2012). Magneto-optic (Paz, 2012), dipolar energy contributions
(Bose, 2012), nanocrystalline (Maklakov, 2012; Raita, 2012), Lao7SrosMnO:s films (Golosovsky,
2012), Laoe7BaosMni-yAyOs, A - Fe, Cr (Osthover, 1998), voltage-controlled magnetic
anisotropy (VCMA) and spin transfer torque (Zhu, 2012) and the typical properties of the
inertial resonance are investigated (Olive, 2012). The exchange bias (Backes, 2012), Q cavities
for magnetic material (Beguhn, 2012), MgO/CoFeB/Ta structure (Chen, 2012), the interfacial
origin of the giant magnetoresistive effect (GMR) phenomenon (Prieto, 2012), self-
demagnetization field (Hinata, 2012), FesOs/InAs(100) hybrid spintronic structures (Huang,
2012), granular films (Kakazei, 1999, 2001; Sarmiento, 2007; Krone, 2011; Kobayashi, 2012),
nano-sized powdered barium (BaFe12019) and strontium (Sr Fei2O19) hexaferrites (Korolev,
2012), NiozMnosx CoxFe20s ferrites (NiMnCo: x = 0.00, 0.04, 0.06, and 0.10) (Lee, 2012), thin
films (Demokritov, 1996,1997; Nakai, 2002; Lindner, 2004; Aswal, 2005; Jalali-Roudsar, 2005;
Cochran, 2006; Mizukami, 2007; Seemann, 2010), Ni2MnGa films (Huang, 2004),
magnetic/electronic order of films (Shames, 2012), Fei«Gd(Tb)x films (Sun, 2012), in e-
AloocFe1.940s (Yoshikiyo, 2012). 10 nm thick Fe/GaAs(110) film (Romer, 2012), triangular
shaped permalloy rings (Ding, 2012) and Coz-Y hexagonal ferrite single rod (Bai, 2012)
structures and properties have been studied by FMR tecniques (Spaldin, 2010). Biological
applications (Berliner, 1981; Wallis, 2005; Gatteschi, 2006; Kopp, 2006; Fischer, 2008;
Mastrogiacomo, 2010), giant magneto-impedance (Valenzuela, 2007; Park, 2007), dynamics
of feromagnets (Vilasi, 2001; Rusek, 2004; Limmer, 2006; Sellmyer, 2006; Spinu, 2006;
Azzerboni, 2006; Krivoruchko, 2012), magneto-optic kerr effect (Suzuki, 1997; Neudecker,
2006), Heusler alloy (HA) films (Kudryavtsev, 2007), ferrites (Kohmoto, 2007), spin
polarized electrons (Rahman, 2008) and quantum mechanics (Weil, 2007) have been studied
by FMR technique in generally (Hillebrands, 2002, 2003, 2006). In additional, electric and
magnetic properties of pure, Cu?* ions doped hydrogels have been studied by ESR
techniques (Coskun, 2012).



4 Ferromagnetic Resonance — Theory and Applications

The FMR measurements were performed in single crystals of silicon- iron, nickel-iron, nickel
and hcp cobalt (Frait, 1965), thin films (Knorr, 1959; Davis, 1965; Hsia, 1981; Krebs, 1982;
Maksymowich, 1983, 1985, 1992; Platow, 1998; Durusoy, 2000; Baek, 2002; Kuanr, 2004),
CoCr magnetic thin films (Cofield, 1987), NiFe/FeMn thin films (Layadi, 1988), single-crystal
Fe/Cr/Fe(100) sandwiches (Krebs, 1989), polycrystalline single films (Hathaway, 1981;
Rezende, 1993) and ultrathin multilayers of the system Au/Fe/Au/Pd/Fe (001) prepared on
GaAs(001) (Woltersdorf, 2004). The FMR techniques have been succesfully applied peak-to-
peak linewidth (Yeh, 2009; Sun, 2012), superconducting and ferromagnetic coupled
structures (Richard, 2012) and thin Co films of 50 nm thick (Maklakov, 2012). The garnet
materials (Ramesh, 1988 (a), 1988 (b)), polar magneto-optic kerr effect and brillouin light
scattering measurements (Riedling, 1999), giant-magnetoresistive (GMR) multilayers
(Griinberg, 1991; Borchers, 1998) and insulated multilayer film (de Cos, 2006; Lacheisserie,
2005) are the most intensely studied systems.

The technique of FMR can be applied to nano-systems (Poole, 2003; Parvatheeswara, 2006;
Mills, 2006; Schmool, 2007; Vargas, 2007; Seemann, 2009; Wang, 2011; Patel, 2012; De Biasi,
2013). The FMR measurement on a square array of permalloy nanodots have been
comparion a numerical simulation based on the eigenvalues of the linearized Landau-
Lifshitz equation (Rivkin, 2007). The dynamic fluctuations of the nanoparticles and their
anisotropic behaviour have been recorded with FMR signal (Owens, 2009). Ferromagnetic
resonance (FMR) modes for FezoCos magnetic nanodots of 100 nm in diameter in a mono-
domain state are studied under different in-plane and out-of-plane magnetic fields (Miyake,
2012). The FMR techniques have been accomplished applied to magnetic microwires and
nanowire arrays (Adeyeye, 1997, Wegrowe, 1999, 2000; Garcia-Miquel, 2001; Jung, 2002;
Arias, 2003; Raposo, 2011; Boulle, 2011; Kraus, 2012; Klein, 2012). In additional, FMR
measurements have been performed for nanocomposite samples of varying particles
packing fractions with demagnetization field (Song, 2012). The ferromagnetic resonance of
magnetic fluids were theoretically investigated on thermal and particles size distribution
effects (Marin, 2006). The FMR applied to nanoparticles, superparamagnetic particles and
catalyst particles (de Biasi, 2006; Vargas, 2007; Duraia, 2009).

In the scope of this chapter, we firstly give a detailed account of both magnetic order and
their origin. The origin of magnetic orders are explained and the equations are obtained
using Fig.1 which shows rotating one electron on the table plane. Then, the dynamic
equation of motion for magnetization was derived. We mentioned MR and damping terms
which have consisted three terms as the Bloch-Bloembergen, the Landau-Lifshitz and the
Gilbert form. We indicated electron EPR/ESR and their historical development. The
information of spin Hamiltonian and g-tensor is given. The dispersion relations of
monolayer, trilayers, five-layers and multilayer/n-layers have regularly been calculated for
ferromagnetic exchange-couple systems (Griinberg, 1992; Nagamine, 2005, Schmool, 1998).
The theoretical FMR spectra were obtained by using the dynamic equation of motion for
magnetization with the Bloch-Bloembergen type damping term. The exchange-spring
(hard/soft) system which is the best of the sample for multilayer structure has been
explained by using the FMR technique and equilibrium condition of energy of system. The
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FMR spectra originated from the iron/soft layers as shown in the exchange spring magnets
in Fig.9. Finally, superparamagnetic/single-domain nanoparticles and their resonance are
described in detail.

2. Magnetic order

Magnetic materials are classified as paramagnetic, ferromagnetic, ferrimagnetic,
antiferromagnetic and diamagnetic to their electronic order. Magnetic orders are divided in
two groups as (i) paramagnetic, ferromagnetic, ferrimagnetic, antiferromagnetic and (ii)
diamagnetic. The magnetic moments in diamagnetic materials are opposite to each other as
well as the moments associated with the orbiting electrons so that a zero magnetic moment
() is produced on macroscopic scale. In the paramagnetic materials, each atom possesses a
small magnetic moment. The orientation of magnetic moment of each atom is random, the
net magnetic moment of a large sample (macroscopic scale) of dipole and the magnetization
vector are zero when there is no applied field.

Nanoscience, nanotechnology and nanomaterials have become a central field of scientific
and technical activity. Over the last years the interest in magnetic nanostructures and their
applications in various electronic devices, effective opto-electronic devices, bio-sensors,
photo-detectors, solar cells, nanodevices and plasmonic structures have been increasing
tremendously. This is caused by the unique properties of magnetic nanostructures and the
outstanding performance of nanoscale devices. Dimension in the range of one to hundred
nanometers, is called the nano regime. In recent years, nanorods, nanoparticles, quantum
dots, nanocrystals etc. are in a class of nanostructures (Yalgin, 2012; Kartopu & Yalgin, 2010;
Aktas, 2006) studied extensively. As the dimensions of nano materials decrease down to the
nanometer scale, the surface of nanostructures starts to exhibit new and interesting
properties mainly due to quantum size effects.

3. Origin of magnetic moment

The magnetization of a matter is derived by electrons moving around the nucleus of an
atom. Total magnetic moment occurs when the electrons such as a disc returns around its
axis consist of spin angular momentum and returns around the nucleus consist orbital
angular momentum. The most of matters which have unpaired electrons have a little
magnetic moment. This natural angular momentum consists of the result of charged particle
return around its own axis and is called spin of the particle. The origin of spin is not known
exactly, although electron is point particle the movement of an electron in an external
magnetic field is similar to the movement of the disc. In other words, the origin of the spin is
quantum field theoretical considerations and comes from the representations of the Poincare
algebra for the elementary particles. The magnetism related to spin angular momentum,
orbital angular momentum and spin-orbit interactions angular momentum. The movement
of the electron around the nucleus can be considered as a current loop while electron spin is
considered very small current loop which generate magnetic field. Here, orbital angular
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momentum was obtained by the result of an electron current loop around the nucleus. Thus,
both it is exceeded the difficulty of understanding the magnetic moment and the magnetic
moment for an electron orbiting around the nucleus is used easily. The result of orbital-
angular momentum ( L) adapted for spin-angular momentum (S) (Cullity, 1990).

One electron is rotating from left to right on the table plane as shown in Fig.1. The rotating
electron creates a current (i) on the circle with radius of r.

pr

<

S R ——

L
Figure 1. Schematic representation of the precession of a single electron on the table plane.

The magnetic moment of a single electron is defined as below

ji=i-A. 1)

Where, A is the circle area. The magnetic moment is written as follows by using the current
(—e=i-t),onecycle (2zr=v-t)and angular momentum (L =m, -v-7 ) definition.

fi=———1L @)

2m,

Where y=¢/2m, and Lis the gyromagnetic (magneto-mechanical or magneto-gyric) ratio
and the orbital-angular momentum, respectively. Therefore, the magnetic moment z is

obtained from Eq. (2) as below

fi=—yL @)
The following expression is obtained when derivative of Eq.(3)
dii+ydL+Ldy =0. (4)

For our purpose, we only need to know that y is a constant and dy =0. From this results,
dii+ydL=0. The derivative of time of this equation, the equation of motion for magnetic

moments of an electron is found as below
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14 L ®
This equation is related to 7=dL/dt in two dimensional motions on the plane and
F=dP/dtin one dimensional motion. This motion corresponds to Newton’s dynamic
equations. When an electron is placed in an applied magnetic field H , the magnetic field
will produce a torque (7 ) on the magnetic moment ( i ) of amount zix H . The equation of
motion for magnetic moment ( /7 ) is found by equating the torque as below

z dp=yHdt=wd

Figure 2. Schematic representation of precession of a single magnetic moment /I in the external

magnetic field around the z-axis.
—ZE — ixH. (6)

This expression is called the equation of motion for magnetic moment ( z ). The motion of
magnetic moment (/) forms a cone related to H when the angle 6 of magnetic moment
and external magnetic field does not change. Therefore, in time (dt ), the tip of the vector i
moves an angle (y H)dt . The magnetic moment vector make precession movement about H
at a frequency of yH/2x . This frequency, v=w/27=yH /27, is called the Larmor
frequency. In general this Larmor frequency is used this form o=y H in literature.

4. Magnetic resonance

Magnetic Resonance (MR) is a research branch which examines magnetic properties of
matters. The magnetic properties of atom originate from electrons and nucleus. So, it is
studied in two groups such as electron paramagnetic resonance (EPR)/electron spin
resonance (ESR) and nuclear magnetic resonance (NMR). At ESR and NMR all of them are
the sample is placed in a strong static magnetic field and subjected to an orthogonally
amplitude-frequency. While EPR uses a radiation of microwave frequency in general, NMR
is observed at low radio frequency range. The energy absorption occurs when radio
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frequency is equal with energy difference between electrons two levels. But, the transition
must obey the selection rules. The splitting between the energy levels occurs when total
angular moment of electron is different from zero. On the other hand, the splitting of energy
levels has not been observed in the filled orbit. The precession motion of a paramagnetic
sample in magnetic field is seen schematically in Fig. 2. If microwave field with v -
frequency at perpendicular is applied to the static field, it comes out power absorption when
precession (@, ) is same with v -frequency. The power increases when these frequencies
come near to each other and it occurs maximum occurs at point when they are equal. This
behaviour is called magnetic resonance (MR).

The magnetic materials contain a large number of atomic magnetic moment in generally.
Net atomic magnetic moment can be calculated by M =N ji. Where, N is the number of
atomic magnetic moment in materials.

14
y dt

T

=MxH,; @)
This precession movement continue indefinitely would take forever when there is no
damping force. The damping term may be introduced in different ways. Indeed, since the
details of the damping mechanism in a ferromagnet have not been completely resolved,
different mathematical forms for the damping have been suggested. The three most
common damping terms used to augment the right-hand side of Eq. (7) are as follows:

M,, M, -M
(i) The Bloch-Bloembergen form: ——2%& —%
2 1
(ii) The Landau-Lifshitz form: __/12 MxMxH
M
dM

(iii) The Gilbert form: Ay P
M|t
Bloch-Bloembergen type damping does not converse M so it is equivalent to the type of
Landau-Lifshitz and the Gilbert only when « is small and for small excursion of M . For
large excursion of M , the magnitude of M is certainly not protected, as the damping
torque is in the direction of the magnetization component in this formularization. Hence, the
observation of M in the switching experiments in thin films should be provide a sensitive
test on the appropriate form of the damping term for ferromagnetism since M which is
conserved during switching. This would suggest that the form of the Bloch-Bloembergen
damping term would not be applicable for this type of experiment. The Gilbert type
(Gilbert, 1955) is essentially a modification of the original form which is proposed firstly by
Landau and Lifshitz (Landau & Lifshitz, 1935). It is very important to note that the Landau-
Lifshitz and Gilbert type of damping conserve while the Bloch-Bloembergen (Bloembergen,
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1950) type does not. Landau and Lifshitz observed that the ferromagnetic exchange forces
between spins are much greater than the Zeeman forces between the spins and the magnetic
fields in their formulation of the damping term. Therefore, the exchange will conserve the
magnitude of M . In this formulation, since the approach of M towards H is due completely
to the relatively weak interaction between M and H , we must require that <<y M . In
this small damping limit, the Landau-Lifshitz and the Gilbert forms are equivalence so that
whether one uses one or the other is simply a matter of convenience or familiarity.
However, Callen has obtained a dynamic equation by quantizing the spin waves into
magnons and treating the problem quantum-mechanically (Callen, 1958). Subsequently,
Fletcher, Le Craw, and Spencer have reproduced the same equation using energy
consideration (Fletcher, 1960). In their reproduction, they found the mean the rate of energy
transfer between the uniform precession, the spin waves (Griinberg, 1979, 1980) and the
lattice.

5. Electron paramagnetic resonance

Stern and Gerlach (Gerlach, 1922) proved that the electron-magnetic moment of an atom in
an external magnetic field originates only in certain directions in the experiment in 1922.
Uhlenbek and Goudsmit found that the connection between the magnetic moment and spin
angular momentum of electron (Uhlenbek, 1925), Rabi and Breit found the transition
between the energy levels in oscillating magnetic field (Rabi, 1938). This also proved to be
observed in the event of the first magnetic resonance. The EPR technique is said to be
important of Stern-Gerlach experiment. Zavoisky observed the first peak in the electron
paramagnetic resonance for CuCI,2H,O sample and recorded (Zavoisky, 1945). The most of
EPR experiments were made by scientists in the United Kingdom and the United States.
Important people mentioned in the experimental EPR studies; Abragam, Bleaney and Van
Vleck. The historical developments of MR have been summarized by Ramsey (Ramsey,
1985). NMR experiments had been done by Purcell et al. (Purcell, 1946). Today it has been
used as a tool for clinical medicine. MRI was considered as a basic tool of CT scan in 1970s.
The behaviors of spin system under the external magnetic field with the gradient of spin
system are known NMR tomography. This technique is used too much for medicine, clinics,
diagnostic and therapeutic purposes. General structure of the EPR spectrometer consist four
basic parts in general. (i) Source system (generally used in the microwave 1-100 GHz), (ii)
cavity-grid system, (iii) Magnet system and (iv) detector and modulation system. EPR/ESR
is subject of the MR. An atom which has free electron when it is put in magnetic field the
electron’s energy levels separate (Yalgin, 2003, 2007(a), 2007(b)). This separation originates
from the interaction of the electrons magnetic moment with external magnetic field. Energy
separating has been calculated by the following Hamiltonian.

H=guyH-S ®)
It is called Zeeman Effect. If the applied magnetic field oriented z-axis energy levels are;

Ey. =gz H-M,. ©)



Ferromagnetic Resonance — Theory and Applications

Here, g is the g-value (or Landé g-value) (for free electron g, =2.0023193and proton
gy =2.7896), uyis Bohr magneton (uy=(eh/47m,)=9.2740x10"*]/T) and M,is the
number of magnetic spin quantum. If the orbital angular momentum of electron is large of
zero (L >0) g -value for free atoms is following

_1+S(S+1)—L(L+1)+](]+1).

= 10
2J(J+1) 10

The anisotropy of the g-factor is described by taking into account the spin—orbit interaction
combined (Yalgin, 2004(c)). The total magnetic moment can be written at below;

Mo =& g J(J+1)

The values of orbital angular momentum of unpaired electrons for most of the radicals and
radical ions are zero or nearly zero. Hence, the number of total electron angular momentum
J equals only the number of spin quantum S . So, these values are nearly 2. For free electron

(M, =+1/2) and for this electron;
AE=E, ,,~E,=guyH. (11)
When the electromagnetic radiation which frequency v is applied to such an electron system;
hv=guz H. (12)

1 ms
4 + Eg/’BH +12

1
—EgﬂBH -1/2

H

increasing

Figure 3. The energy levels and resonance of free electron at zero field and increasing applied magnetic
field. In this figure, while the value of magnetic field increases, the separating between energy levels

increase. Arbitrary units used in vertical axes for y, and dy, / dH .
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If this equation is provided the system absorbs energy from applied electromagnetic wave
(see Fig. 3). It is called resonance effect. Material absorbs energy in two different ways from
applied electromagnetic wave by according to the Eq.(12). Firstly, in Eq.(12), frequency of
electromagnetic wave doesn’t change while the external magnetic field changes. Secondly,
its opposite can be provided.

In this Fig.(3) it has been seen that magnetic susceptibility y, versus magnetic field. At the
same time it is said the absorption curve. The magnetic field derivative beneath of this
figure is FMR absorption spectrum (dy,/dH ). Here, A,, and 1/T, are linewidth, H,, is
resonance field, @/ is resonance frequency.

5.1. Spin Hamiltonian

The spin Hamiltonian is total electronic spins and nucleon spin I which have crystal lattice
under the static magnetic field following;

A=pyf-38+8D-8+8 A-T-py -H-gy-1+1.D-1 (13)

S and T operators of electronic and nucleus, respectively. In this equation, first term is
Zeeman effect, second one is thin layer effects, the third one is the effect of between
electronic spin and nucleus-spin of ion and it is known that thin layer effects. The fourth
term is the effect of nucleus with the magnetic field. The last one is quadrupole effect of
nucleus. It can be added different terms in Eq.13 (Slichter, 1963).

5.2. ¢ tensor

The total magnetic moment of ionis fi=g ny . ] is the ratio of total angular momentum to
Planck constant. Landé factor g is depend on S,L,] . For the base energy level if L is zero,
g factor is equal free electron’s g -factor. But, g -factor in the exited energy levels separated
from the g -factor of free electron. The hamiltonian for an ion which is in the magnetic field
is following (Weil, 1994).

H=u,H-(L+g5)+AL-S (14)

In this equation, first term is Zeeman effects, second one is spin-orbit interaction. The first
order energy of ion which shows |]J,M > and it is excepted not degenerate is seen at below.

M)+ (], M| Hy + 25.)

By =(1, M[g. 1 H.S, M) (15)

We can write the hamiltonian equation which uses energy equations. There is two terms in
the hamiltonian equations. The first term is the independent temperature coefficient for
paramagnetic for paramagnetic, the last terms are only for spin variables. If the angular

moment of ion occurs because of spin, g -tensor is to be isotropic.

1
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6. Ferromagnetic resonance

The most important parameters for ferromagnet can be deduced by the ferromagnetic
resonance method. FMR absorption curves may be obtained from Eq.(12) by chancing
frequency or magnetic field. FMR signal can be detected by the external magnetic field and
frequency such as EPR signal. The field derivative FMR absorption spectra are greater than
in EPR as a generally. The linear dependence of frequency of resonance field may be
calculated from 1 GHz to 100 GHz range in frequency spectra (L-, S-, C-, X-, K-, Q-, V-, E-,
W-, F-, and D-band). The resonance frequency, relaxation, linewidth, Landé g-factor
(spectroscopic g-factor), the coercive force, the anisotropy field, shape of the specimen,
symmetry axes of the crystal and temperature characterized FMR spectra. The broadening
of the FMR absorption line depend on the line width (so called 1/T, on the Bloch-

Bloembergen type damping form). The nonuniform modes are seen in the EPR signal. The
nonlinear effects for FMR are shown by the relationship between the uniform precessions of
magnetic moments. The paramagnetic excitation of unstable oscillation of the phonons
displays magneto-elastic interaction in ferromagnetic systems. This behaviour so called
magnetostriction. The FMR studies have led to the development of many micro-wave
devices. These phenomenon are microwave tubes, circulators, oscillators, amplifiers,
parametric frequency converters, and limiters. The resonance absorption curve of
electromagnetic waves at centimeter scale by ferromagnet was first observed by Arkad’ev in
1913 (Arkad’ev, 1913) .

The sample geometry, relative orientation of the equilibrium magnetization M, the applied

dc magnetic field H and experimental coordinate systems are shown in Fig.4.

Figure 4. Sample geometries and relative orientations of equilibrium magnetization M and the dc

components of external magnetic field, H for thin films.

The ferromagnetic resonance data analyzed using the free energy expansion similar to that
employed
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Er=E;+E , +E4+E  +..
E, =—M~H(sin9sin9H cos(¢—¢H)+cos6’cos6’H)

E, =K, sin”0+K,sin* 0+K_;sin°0... (16)
E,=-27M?*sin’ 0
Eex = 7]51'5]'

Where, E, E E E, are Zeeman, magnetocrystalline anisotropy, demagnetization and
ferromagnetic exchange energy. (#,¢)and (6,,4;) are the angles for magnetization and

applied magnetic field vector in the spherical coordinates, respectively. Magnetic anisotropy
energy arises from either the interaction of electron spin magnetic moments with the lattice
via spin-orbit coupling. On the other hand, anisotropy energy induced due to local atomic
ordering. The 0 in anisotropy energy is the angle between magnetization orientation and
local easy axis of the magnetic anisotropy. K, and K ,are energy density constants. The

demagnetization field is proportional to the magnetic free pole density. The exchange
energy for thin magnetic film may be neglected in generally. Because associated energies is
small. But, this exchange energy are not neglected for multilayer structures. This energy
occurs between the magnetic layers, so that this energy called interlayer exchange energy.

This expression is seen at the end of this subject in details. K, F=7 M2+ K, is the effective

uniaxial anisotropy term and K. takes into account some additional second-order uniaxial
anisotropy and H, = 27 Mg + ( 2K, / Ms) is the effective field for a single magnetic films. The

equilibrium values of polar angles 6 for the magnetization vector M are obtained from
static equilibrium conditions. E,, E;,Egyand E,; can be easily calculated using the Eq. (16).

Neglecting the damping term one can write the equation of motion for the magnetization
vector M as

1dM _ o -
;?:MXH(:}}-. (17)
Here the He " is the effective magnetic field that includes the applied magnetic field and the

internal field due to the anisotropy energy. The dynamic equation of motion for
magnetization with the Bloch-Bloembergen type damping term is given as Eq.(18).

E

M- é‘izMO

~FixH -0 (18)

+ off

[u

1
e
Here, T =(T,,T,, T,) represents both transverse (for M, and My components) and the
longitudinal (for M, components) relaxation times of the magnetization. That is, T is the
spin-lattice relaxation time, T, is the spin-spin relaxation time, and 3, =(0,0,1) for (x,y,z)

projections of the magnetization. In the spherical coordinates the Bloch-Bloembergen
equation can be written as below;

13
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Figure 5. Damped precession of a magnetic moment M toward the effective magnetic field H off

according to the Bloch-Bloembergen type equation (Aktas, 1993, 1994; Yalgin, 2008(a)).

1 _ Wt o, My, B,

_ Z

=—x
y dt |M] L, 7T

(19)

Where, the torque is obtained from the energy density through the expression

- E). . 1 (oE).
VE=—| — e, +——| — |é,. 20
[aeJ% sin&[@gﬁjeg @0)

For a small deviation from the equilibrium orientation, the magnetization vector M can be
approximated by
M=Mg, +mye,+myé,. 1)

Where the dynamic transverse components are assumed to be sufficiently small and can be
given as

my(z,t) = m% expi(wt + kz) )
m¢(z,t) =m, expi(wt +kz)

Dispersion relation for films can be derived by using these solutions (Eq.(22)) in Egs. (19)
and (20). On the other hand, the eigen frequency of thin films mode is determined by the
static effective field and can be derived directly from the total free energy for magnetic
system/ferromagnet. It is given by the second derivatives of the total energy with respect to
the € and ¢ (Smit, 1955; Artman, 1957; Wigen, 1984, 1988, 1992; Baseglia, 1988; Layadi, 1990;
Farle, 1998). The matrices form for m,andm 4 is calculated using the Eq.(19) with Eq.(20, 21,
22).
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E E
s T I vy
sin i m
A s Sin ( ”]:o (230)
M, y 7T, M,sind
2 1 1Y)
w _ 2 L
(y] _7Mzsin26’(EmE¢¢ E0¢)+(ﬂ2] (23b)

Here (a)/ y):g,uBH is the Larmour frequency of the magnetization in the external dc
effective magnetic field. This dispersion relation can be related as the angular momentum
analogue to be linear momentum oscillator describedw:\/% . Here, restoring force
constant « is the second derivative of the potential part in the energy of systemx =E . The
inverse mass ;' is given by the second derivative of the kinetic part in the energy with
respect to linear momentum ;' = E,, . The restoring constant in this chapter corresponds to
Epp - The inverse mass is proportional to E ;. The E,, arises when the coordinate system is
not parallel to the symmetry and last term originated from relaxation term in Eq.(23)
(Sparks, 1964; Morrish, 1965; Vittoria, 1993; Gurevich, 1996, Chikazumi, 1997)

The power absorption from radio frequency (rf) field in a unit volume of sample is given by
1 2
P= Ea’lzh1 . (24)

where ?is the microwave frequency, h; is the amplitude of the magnetic field component
and y, is the imaginary part of the high-frequency susceptibility. The field derivative FMR
absorption spectrum is proportional to dy,/dH and the magnetic susceptibility y is given
as

7= 47{%} (25)
hy
¢=0

The theoretical absorption curves are obtained by using the imaginary part of the high
frequency magnetic susceptibility as a function of applied field (Oner, 1997; Min, 2006;

Cullity, 2009)
2 2
4;:M_[E9€] (“’0] (“’] +i| 22
s Ms ¥ ¥ 7/2T2

X=Xty = > (26)
2 2 2
(a)o } (a}} 2w
[ V4 Y r°T,
The dispersion relation can be derived by substituting Eq.(16) into Eq. (23) (Aktas, 1997;
Yalgin, 2004(a), 2004(b), 2008(a); Gliner, 2006; Kharmouche, 2007; Stashkevich, 2009)
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2 2
1) 1
[7] = [H cos(0—6,)+H,; cos(za)} -[H cos(0— ;) + H,g; cos? 9} + (yTJ 27)
here, w,=2rvis the circular frequency of the EPR spectrometer. Fitting Eq.(27) with
experimental results of the FMR measurement at different out-of-plane-angle (6,), the
values for the effective magnetization can be obtained.

Figure 6 uses of both experimental and theoretical coordinate systems for the nanowire
sample geometry. Equilibrium magnetization M and dc-magnetic field H are shown in
this figure and also the geometric factor and hexagonal nanowire array presentation of
nanowire are displayed. The ferromagnetic resonance theory has been developed for thin
films applied to nanowires with the help of the following Fig.6. The effective uniaxial

anisotropy term for nanowire arrays films K of = 7 M? (1—3P) + K}, is written in this manner
for arrayed nanowires. The first term in the K, is due to the magnetostatic energy of

perpendicularly-arrayed NWs (Dubowik, 1996; Encinas-Oropesa, 2001; Demand, 2002;
Yalgin, 2004(a); Kartopu, 2009, 2010, 2011(a)) and constant with the symmetry axis along
wire direction. The second term in the K is packing factor for a perfectly ordered hcp NW

arrays. The packing factor is defined as P:(;z/ 2\/5)((71/7‘)2. The packing factor (P) of

nanowires increases, nanowire diameter increases, the preferential orientation of the easy
direction of magnetization changes from the parallel to the perpendicular direction to the
wire axis (Kartopu, 2011(a)). As further, the effective uniaxial anisotropy (Kef) for a perfectly
ordered hcp NWs should decrease linearly with increasing packing factor.
Heﬁ =27 Ms(1_3p)+(2[<u / Ms) , which is the effective anisotropy field derived from the

total magnetic anisotropy energy of NWs Eq. (16). The values for total magnetization have
been obtained by fitting H,; with experimental results of FMR measurements at different

angles (,; ) of external field H . The experimental spectra are proportional to the derivative

of the absorbed power with respect to the applied field which is also proportional to the

imaginary part of the magnetic susceptibility.
i
: 4
D D H, r
<)

(b) (

Figure 6. (a) Schematic representation of the cobalt nanowires and the relative orientation of the
equilibrium magnetization M and the dc component of the external magnetic field H, for the FMR
experiments and their theoretical calculations. (b) Hexagonal NW array exhibiting a total of seven wires
and the dashed lines bottom of the seven wires indicate the six fold symmetry. (c) Sample parameters
used in the packing factors P calculation.
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The experimental data were analyzed by using magnetic energy density for a system
consisting of n magnetic layers with saturation magnetization Ms and layer thickness ti. The
magnetic energy density for the nanoscale multilayer structures the energy per unit surface
area can be written as below

an tM, H(siné?i sin 6 cos(g; — @y, ) + cos b cos@H)+

Zt,Ku,sm #; cos 0 +Zthlsm ¢, cos 0 +
E=-|! (28)
121 A i (smé? sind,_, cos(¢,., —¢.) + cos b, cos 9,+1)

E Bi,iil(snlg sing,_; cos(@, —¢;) + cos b, cos G, )2

Where, 6, is the polar angle of the magnetization M, to the z-axis and ¢, is the azimuth
angle to the x-axis in the film plane. The first term is the Zeeman energy. The second and
third terms correspond to first and second order magnetocrystalline energy with
respectively. These energies due to the demagnetization field and any induced
perpendicular anisotropy energy. On the other hand, these energies qualitatively have the
same angular dependence with respect to the film normal. The second order
magnetocrystalline energy term can be neglected for most of the ferromagnetic systems. The
last two terms corresponds to bilinear and biquadratic interactions of ferromagnetic layers
through nonmagnetic spacer via conduction energies. A, . and B, ., are bilinear and
biquadratic coupling constants, respectively. The bilinear exchange interaction
can be written from Eq.16. A, ., can be either negative and positive depending
on  antiferromagnetic  and  ferromagnetic  interactions,  respectively. = The
antiparallel/perpendicular and parallel alignments of magnetization of nearest neighboring
layers are energetically favorable for a negative/positive value of B, .. Biquadratic
interaction for spin systems have been analysed for Ising system in detail (Chen, 1973;
Erdem, 2001). The biquadratic term is smaller than the bilinear interaction term. Therefore, it
can be neglected for most of the ferromagnetic systems. The indirect exchange energy
depends on spacer thickness and even shows oscillatory behavior with spacer thickness
(Ruderman, 1954; Yosida, 1957; Parkin, 1990, 1991(a), 19901(b), 1994). The current literature
on single ultrathin films and multilayers is given in below at table (Layadi, 1990(a), 1990(b);
Wigen, 1992; Zhang, 1994(a), 1994 (b); Goryunov, 1995; Ando, 1997; Farle; 1998; Platow,
1998; Schmool, 1998; Lindner, 2003; Sklyuyev, 2009; Topkaya, 2010; Erkovan, 2011).

This type exchange-coupling system is located in an external magnetic field, the magnetic
moment in each layer. The suitable theoretical expression may be derived in order to deduce
magnetic parameter for ac susceptibility. The equation of precession motion for
magnetization of the i* layer in the spherical coordinates with the Bloch-Bloembergen type
relaxation term can be written as

|

1 LM G Bt i Tis (121, ) (29)
y EMie 7 T rh
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The matrices form for My i g, My g, My My, My i andmw+1 of each magnetic layers

calculated using the Eq.(29) with Eq.(20, 21,28).

QL0 Eg Eog Ego, Eos, Eoo,
t, M, sin &, t,M,sin’ 6, t, M sin 6, t, M, sin 6, sin 0, £, M sin&; t,M, sin @, sin 0,
_ Eglgl Q- EQM Eglgz Egﬁljz E0103 Egﬁﬂs
HM, t,M,sin6, HM, t,M,siné, HM, t;M, sin 6, Mo, (30)
m
Eop, Ege, . Fow Epg, Eog, Epg, ”
t,M,sin@,  t,M siné, sind, t,M sin@, t,M, sin* 6, t,M,sin 6, t,M sin&,sing; | | My, =
E‘9|‘92 E92¢1 Eg] 0 Q- E92¢z E0103 Egz‘/’z m«'/’z
t,M, t,M, sin6, t,M, t,M, sind, tM, ;M sin6; gy,
Eg, Ege, Eog, Epe, 0. Foe Epg, ",
M, sin 0y t;M, sin 6, sin 6, t;M, sin 6, t;M, sin 6, sin 6y M, sin 0y t;M_sin’ 6,
E‘9| 95 E93¢| Egzgx EHJ¢2 EgagJ _ E93~'/73
tM, t;M, sin 6, tM, t;M, sin 6, tM, t;M, sin 6,

1, 2, 3 number in this Eq.(30) corresponds to i—1,iandi+1 , respectively. Here

Q= {a)j + L . Then dispersion relation for ferromagnetic exchange-coupled n-layers has

r) rT
been calculated using the (2nx2n) matrix on the left-hand side of Eq. (30) in below in detail.
w 2n w 2n-2 a) 2
—| +C,, _ — +..+C|—| +C, =0 (31)
(}/] (2n 2)/2(}/] 1(}/] 0

Here, n is the number of ferromagnetic layer. Cy, Cj,... etc. are constant related to

t,,M_,Ep,p:, E §0i¢f’E‘9i(Pi’ sin 6. and sin? 0,. The dispersion relations for monolayer, trilayers,
five-layers obtained from the Eq.(31). For tri-layers detail information are seen in ref.
(Zhang, 1994(a); Schmool, 1998; Lindner, 2003). It is given that the dispersion relation for

monolayer, trilayers, five-layers and multilayers/n-layers in Fig. 7.

monolayer

w 2
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trilayers

(one nonmagnetic and two magnetic)

(4] 4 (4] 2
—| +C|—| +C,=0
(J 1(7j 0

five-layers

(three magnetic and two nonmagnetic
layer)

6 4 2
[a}] +C2(wj +Cl(w] +Cy=0
/e v v

multilayer/n-layers

(n magnetic and n-1 nonmagnetic layer)

2
+C1(2J +C,=0
v

Figure 7. Schematic representation of the (a) one layer, (b) three layer, (c) five layer and (d) n magnetic
layer and their relative orientation of the equilibrium magnetization M and the dc component of the

external magnetic field H for the FMR experiments and their theoretical calculations.
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6. Example: Exchange spring (hard/soft) behaviour

The Bloch wall, Néel line and magnetization vortex are well known properties for magnetic
domain in magnetic systems. The multilayer structures are ordered layer by layer. The best
of the sample for multilayer structure are exchange-spring systems. The equilibrium
magnetic properties of nano-structured exchange-spring magnets may be studied in detail
for some selected magnetic systems. The exchange systems are oriented from the exchange
coupling between ferromagnetic and antiferromagnetic films or between two ferromagnetic
films. This type structure has been extensively studied since the phenomenon was
discovered (Meiklejohn, 1956, 1957). Kneller and Hawing have been used firstly the
“exchange-spring” expression (Kneller, 1991). Spring magnet films consist of hard and soft
layers that are coupled at the interfaces due to strong exchange coupling between relatively
soft and hard layers. The soft magnet provides a high magnetic saturation, whereas the
magnetically hard material provides a high coercive field. Skomski and Coey explored the
theory of exchanged coupled films and predicted that a huge energy about three times of
commercially available permanent magnets (120 MGOe) can be induced (Skomski, 1993;
Coey, 1997). The magnetic reversal proceeds via a twisting of the magnetization only in the
soft layer after saturating hard layers, if a reverse magnetic field that is higher than
exchange field is applied. The spins are sufficiently closed to the interface are pinned by the
hard layer, while those in deep region of soft layer rotate up to some extent to follow the
applied field (Szlaferek, 2004). To be more specific, the angle of the rotation depends on the
distance to the hard layer. That is the angle of rotating in a spiral spin structure similar to
that of a Bloch domain wall. If the applied field is removed, the soft spins rotate back into
alignment with the hard layer.

The general expression of the free energy for exchange interaction spring materials at film
(6, .1 =7/2and 6 =x/2) plane in spherical coordinate system as below.

N. . N N
E=->H-M,-Y K, ,cos’¢ -3 K, ;cos* ¢,

i=1 =1 =1
N1A, i N1 B, iy 2 2
= El t—zcos(qﬁlerl _¢1)_ Ei t—zcos((/ﬁi¢1 —(/ﬁi)

The expression is obtained as following using ¢ — ¢ for magnetization’s equilibrium
orientations of each layer at a state of equilibrium under the external magnetic field.

tanqﬁ; =
HM, £ singy + A, . sing._; +2B; -, sing._, cos(¢; — ¢.;) (33)

2 2 2 3
HM;t” cosgy +2t°K ;cosd, +4t°K,, ;c08” §, + A; ;- cos @y + 2B, .., cosd,_ cos(¢ — ;)

In this example, second-order anisotropy term (K,,=0) and biquadratic interaction

constant ( B; .., =0 ) considered and the result obtained show as following as adapted with
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spring magnets SmCo(hard)/Fe(soft). For theoretical analysis, the exchange-spring magnet
SmCo/Fe is divided into subatomic multi-layers (=2 A), and the spins in each layer are
characterized by the average magnetization M; and the uniaxial anisotropy constant K;

(Fig.8).
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Figure 8. Schematic illustration of phases of exchange spring magnets.

Sublayers are coupled by an exchange constant Ai,i+1 (Astalos, 1998; Fullerton, 1998, 1999;

Jiang, 1999, 2002, 2005; Grimsditch, 1999; Scholz, 2000; Hellwig, 2000; Pollmann, 2001;
Dumesnil, 2002). ¢, is the angle formed by the magnetization of the i th plane with the in-

plane (where the external field is always perpendicular to the film normal) easy axis of the
hard layer (Yildiz, 2004(a), 2004(b)). The FMR spectra for exchange-spring magnet of
SmCo/Fe have been analyzed using the Egs. (26, 27, and 33) in Fig.9. Sm-Co (200 A)/Fe (200
A and 100 A) bilayers have been grown on epitaxial 200 A Cr(211) buffer layer on single
crystal MgO(110) substrates by magnetron sputtering technique (Wiichner, 1997). To
prevent oxidation Sm-Co/Fe film was coated with a 100 A thick Cr layer. The FMR spectra
for exchange-spring magnets of 200 A and 100 A Fe samples for different angles of the
applied magnetic field in the film plane are presented in Fig.9.

There are three peaks that are one of them corresponds to the bulk mode and the remaining
to the surface modes for 200 A Fe sample. For more information about the FMR studies
exchange spring magnets look at the ref. (Yildiz, 2004(a), 2004(b) ). Exchange-spring coupled
magnets are promising systems for applications in perpendicular magnetic data recording-
storage devices and permanent magnet (Schrefl, 1993(a), 1993(b),1998, 2002; Mibu, 1997,
1998).
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Figure 9. FMR spectra for SmCo(200 A)/Fe(200 A) (black line) and SmCo(200 A)/Fe(100 A) (blue line)
samples. These FMR spectra originated from the iron/soft layers.

7. Superparamagnetic resonance

Magnetic nanoparticles have been steadily interested in science and nanotechnology. As the
dimensions of magnetic nanoparticles decrease to the nanometer scale, these nanoparticles
start to exhibit new and interesting physical properties mainly due to quantum size effects
(Yalgin, 2004(a), 2008(b), 2012). A single domain particle is commonly referred to as
superparamagnetic (Held, 2001; Diaz, 2002; Fonseca, 2002). The superparamagnetic/single-
domain nanoparticles are important for non surgical interfere of human body. Even the
intrinsic physical characteristics of nanoparticles are observed to change drastically
compared to their macroscopic counterparts. Stoner-Wohlfarth (Stoner, 1948) and
Heisenberg model (Heisenberg, 1928) to describe the fine structure were firstly used in
detail. A simple (Bakuzis, 2004) and the first atomic-scale models of the ferrimagnetic and
heterogeneous systems in which the exchange energy plays a central role in determining the
magnetization of the NPs, were studied (Kodama, 1996, 1999; Kodama & Berkowitz, 1999).
Superparamagnetic resonance (SPR) studies of fine magnetic nanoparticles is calculated a
correlation between the line-width and the resonance field for superparamagnetic structures
(Berger, 1997, 1998, 2000(a), 2000(b), 2001; Kliava, 1999). The correlation of the line-width
and the resonance field is calculated from Bloch-Bloembergen equation of motion for
magnetization. The SPR spectra, line width and resonance field may be analyzed by using
the Eq.(34) in below. The equation of motion for magnetization with Bloch-Bloembergen
type relaxation term for FMR adapted for superparamagnetic structures from Eqs.(18) and
(19) in below.

1 Ay (A7 +H? +H?)

7r(Ail+(H—Hy)2)-(AiI+(H+Hr)2) 4

Zz(H) =
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Here, A, =1/yT,, H, =—(@/y). This equation for SPR system so called modified Bloch for
fine particle magnets. The SPR microwave absorption is proportional to the imaginary part
of the dynamic susceptibility. The line shape and resonance field for superparamagnet is
obtained. The temperature evolution for the SPR line-width for nanoparticles can be
calculated by A, =A; L(x) . In this expression A} is a saturation line-width at a temperature
T, L(x)=coth(x)—(1/x)is the Langevin function with x=MVH of [ kgT, Vis the particle
volume. The superparamagnetic (Chastellain, 2004; Dormer, 2005; Hamoudeh, 2007), core-
shell nanoparticles and nanocrystalline nanoparticles (Woods, 2001; Wiekhorst, 2003; Tartaj,
2004) have been performed for possible biological applications (Sun,2005; Zhang, 2008). In
additional, superparamagnetic nanoparticles have been used for hydrogels, memory effects
and electronic devices (Raikher, 2003; Sasaki, 2005; Heim, 2007).

8. Result and discussions

The EPR, FMR and SPR signals have been observed in Fig.10. The EPR signal has reached
approaching peak level about 3000 G as seeing at Fig.10. It's symmetric and line width are
narrower than resonance field, in generally. If EPR samples show crystallization, resonance
field value starts to change. The EPR signal can be observed at lower temperature about
3000 G and the signal can show crystalline property. The signal is observed in two different
areas at FMR spectra as the magnetic field is parallel and perpendicular to the film. The
FMR spectra are observed at low field when the magnetic field is parallel to the film, in
generally. On the other hand, the FMR spectra are observed at highest field when the
magnetic field is perpendicular to the film. For other conditions FMR signals are observed
between these two conditions for thin films. FMR spectra can be seen a wide range of field
so as to the thin films are full.

EPR L2;,Ca,MnO,
(a) (100) oriented

= MR o ! =
= | -
3 (thin film) A i
=
T
o
o
FMR (Ni NWs)
Experimental
(d) » SPR Xpernmental
e Theoretical

1 1 L 1 1 L 1 L
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

H(G)

Figure 10. (a) The EPR/ESR experimental signal for Lao7Ca0sMnOs samples at room temperature (see,
Kartopu, 2011 (b)). (b) Theoretical FMR spectra calculated from Eq. (26) with Eq.(27) at parallel (

6 =90° ;~ 2000 G) and perpendicular ( & = 0° ;~7000 G) position of OPG case. (c) The theoretical (red-
dot line in online) and experimental FMR spectra for Ni NWs (P=29,6; L=0,8 um, t=13) (see for detail,
Kartopu, 2011 (a)). (d) The theoretical SPR signal for superparamagnet by Eq.(34) at room temperature.
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FMR spectra are similar to thin films at nanowire samples. In case of occupancy rate is that
as the theoretical P <33% for Nickel (Ni) it behaviors like thin film. But, in case of

occupancy rate is that as the theoretical P <33% it behaviors different from thin film. This
situation is clearly visible from H o =27 Mg (1—3P)+(2Ku / Ms). If the occupancy rate is

P <33% sample’s signals show the opposite behavior according to thin film FMR signals.

Look at for more information (Kartopu, 2011 (a)). This is perceived as changes the direction
of the easy axis. The changes of easy axes depend on magnetization (Terry, 1917) and
porosity (Kartopu, 2011 (a)) for magnetic materials/transition elements. The SPR signal is
similar to EPR signal. SPR peak may show symmetrical properties both at room temperature
and low temperatures. The SPR signal is in the form of Lorentzian and Gaussian line shapes
at all temperature range. Specially prepared nanoparticles SPR peak exhibit shift in
symmetry. The line width of SPR peak expands at low temperature.
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1. Introduction

Even FMR is an antique technique, it is still regarded as a powerful probe for one of the
modern sciences, the spintronics. Since materials used for spintronics are either
ferromagnetic or spin correlated, and FMR is not only employed to study their magneto
static behaviors, for instances, anisotropies [1,2], exchange coupling [3,4,5,6], but also the
spin dynamics; such as the damping constant [7,8,9], g factor [8,9], spin relaxation [9], etc. In
this chapter a brief description about the key components and techniques of FMR will be
given. For those who have already owned a commercial FMR spectrometer could find very
helpful and detail information of their system from the instruction and operation manuals.
The purpose of this text is for the one who want to understand a little more detail about
commercial system, and for researchers who want to build their own spectrometers based
on vector network analyzer (VNA) would gain useful information as well.

FMR spectrometer is a tool to record electromagnetic (EM) wave absorbed by sample of
interest under the influence of external DC or Quasi DC magnetic field. Simply speaking,
the spectrometer should consist of at least an EM wave excitation source, detector, and
transmission line which bridges sample and EM source. The precession frequency of
ferromagnetics lies at the regime of microwave (u-wave) ranged from 0.1 to about 100 GHz,
therefore, FMR absorption occurs at p-wave range. The generation, detection and
transmission at such this high frequency are not as simple as those for DC or low frequency
electronics. According to transmission line and network theories [10,11], impedance of 50 Q
between transmission line and load has to be matched for optimization of energy transfer.
FMR spectrometer also has a resonator and an electro magnet which produces magnetic
field to vary the sample’s magnetization during the measurement. Sample which is
mounted inside the cavity absorbs energy from the p-wave source. The detector electronics
records the changes on either the reflectance or transmittance of thep -wave while magnetic

© 2013 Lo, licensee InTech. This is an open access chapter distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

. distribution, and reproduction in any medium, provided the original work is properly cited.
open science | open minds



48 Ferromagnetic Resonance — Theory and Applications

field is being swept [12]. Most commercial spectrometers, for examples, ELEXSYS-II E580,
Bruker Co [13], and JES-FA100, JOEL Ltd. [14], character FMR by measuring the reflectance
at fixed band frequency. p-wave is generated by a Klystron, which goes to a metallic cavity
via a wave guide. Signal reflected back from the cavity through the same waveguide to a
detector, the Schottky barrier diode. Noted that a circulator is employed, such that the p-
wave does go to the detector and not return back to the generator. The integration of the
source, detector, circulator, protected electronics, etc. in a single box, is named “Microwave
Bridge”. The basic configuration of most FMR spectrometer is shown in Fig.l. FMR
absorption spectrum is obtained by comparing the incident and reflected signals. However,
the signal to noise ratio (SNR) given by this kind of reflectometer is still not large enough to
recognize the spectrum, and lock-in technique is needed to enhance SNR to acceptable
value, for example, bigger than 5.

The operational frequency of the source, detector and cavity cannot be varied broadly,
therefore, it is necessary to change the microwave bridge and cavity while working with
different band frequency. Dart a glance at a FMR spectrometer, the key parts are the
microwave bridge, cavity, gauss meter, electromagnet, and lock-in amplifier for signal
process. Surely, automation and data acquisition are also crucial.

Microwave bridge

____________________________ -
/ 1
1 P

1 | Microwave . N v :
I'| generator : 4= |
1 Circulator )
\ooo———— _l_ __

Hall probe -
Audio

amplifier [ 1 Lock-in

/

/

U

Resonator

l Gauss meter I‘_’
+ Modulati&
1 coil
Field Control |+ 5

Figure 1. Basic configuration of FMR spectrometer. The microwave bridge mainly consists of the
microwave generator, circulator, and detector.
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2. Key components of FMR
2.1. Metallic cavity

A Metallic resonator (cavity) is a space enclosed by metallic walls which sustain electromagnetic
standing wave or electromagnetic oscillation. The cavity has to be coupled with external circuit
which provides excitation energy. On the other hand, the excited cavity supplies energy to the
sample of interest (loading) through coupling [10,11]. The basic structure of a cavity set is
sketched as in Fig.2(a), which consists of a wave guide, a coupler with iris control, and a
metallic cavity. The working principle of coupled cavity can be understood by using LRC
equivalent circuit which couples to a transmission line [10,11] as shown in Fig.2(b) and 2(c). The
coupling structure is represented by an ideal transformer with transforming ratio 1:n. The
parallel RLC circuit could be transformed to Ts from AB plane via the transformer, such that
C'=n?C, R'=R/n? and L’=L/n? The resonance frequency, frs, and Q-factor will not be affected by
the transformation [10] as pointed out by eq.(1) and eq.(2), respectively:

1 1

wy=—= =w (1)
0 \VLICr %nzc 0
! ! ! I R
Qo = woC'R' = wonzCﬁ = woCR =Q, 2)

A coupling coefficient, B, which defines the relation between energy dissipation (Ed) in a
cavity and energy dissipation of external circuit (Ee), tells if the cavity is coupled with
external circuit.

UZ

—Ea_ 22 _ R _R

B_Ee_ uz_ T zem? Tz )
2R/n?

U in eq.(3) stands for the voltage applied to the cavity, and 1:n is the transforming ratio for
tuning to critical couple state (Zc = R'=p = 1) before doing FMR measurement. The
characterization impedance, Zc, is always designed to be 50Q (Zo) for matching impedance
as mentioned previously. Signal will be distorted and weakened if working at either under-
coupling (B<1) or over-coupling states (p>1). The external Q factor (Qe) of a cavity, coupled
to external circuit, states the energy dissipation in the external circuit, and also has the
following relationship with f3:

_ Qo
B=q 4)

In eq.(4), Qo is the intrinsic Q factor of cavity. Practically, the loaded Q-factor, Qr, is used in
experiments:
1 1 1

B
Q=0rg vy =oty ®)

Metallic cavities used for FMR measurement have to be TE mode, such that the cavity center
which is also the sample location has maximum excitation magnetic field. Furthermore, this
kind of cavity has very high Q-factor and plays key role in FMR detection. The signal
output, Vs, from the cavity can be expressed as [15]:
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Vs = x"QLyPZg (6)

x’'m, P and Zo in eq.(6) stand for imaginary part of magnetic susceptibility of the sample,
filling factor, microwave power, and characteristic impedance, respectively. The Q-factor of a
cavity directly relates to the detecting sensitivity, which depends very much on the design and
manufacturing technique. A good metallic cavity normally has unloaded Q-factor of more
than 5,000 which cannot be changed after being manufactured, and therefore is regarded as a
constant in eq.(6). Zo of 50Q is fixed for matching the network impedance. We cannot play too
much on y” and n as well, since the former is the intrinsic behaviour of the sample of interest
to be tested, and the last parameter is the volume ratio of the sample and cavity. For thin film
and multilayer samples, 1 is very small, hence this term cannot contribute too much to Vs. The
source power, P, at the first glance, is the only possible adjustable parameter for sensitivity.
Due to the occurrence of saturation, higher power may not be that helpful in increasing the
FMR signal. Large excitation power drives magnetization precession in non-linear region
which complicates the spectrum analysis. Besides, signal will be reduced and broadened while
operating at saturation region. In order to determine the line shapes and widths precisely, this
region should be avoided, hence low power is a good choice. The determination of saturation
power is not difficult, since the signal intensity grows as the square root of power as indicated
by eq.(6). Checking the signal intensity to see if eq.(6) is still validated as the power is
increased. It is noted that the maximum excitation power of a common VNA is just a few
mWs, and Vs is not that clear to follow VP.

A
(a)
]
Wave guide z
7 s
7 o
Coupler and
Iris control
B

Figure 2. (a) The layout of a resonant cavity, (b) The equivalent LRC circuit. The iris control is regarded
as a transformer, and (c) The equivalent circuit transformed to the Ts plane [10].
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The Q-factor of commercial or home-made cavities can be determined easily by using a
VNA, which can also be expressed as:

_ fres
Q=77 @)

fres is the resonant frequency of a cavity, and Af, is the full width at half maximum (FWHM)
of the resonant peak. Eq.(7) can be simply found by a built-in function of VNA which
measures directly the reflected power of the cavity in dB at frs. Besides with dB unit, FWHM
(Af ) is also obtained at half power point, i.e. the power level at -3dB. As the values of frs
and FWHM are known, Q is determined as shown in Fig.3(d).

Q will be decreased once a sample is inserted. This is because the inserted sample and its
holder absorb energy and change the coupling conditions resulting in Q reduction and
resonance frequency shift. However, these deviations can be amended a little bit by
adjusting the iris which controls the effective impedance by varying the aperture size
between the cavity and wave guide, and by adjusting the position of metallic cap. This is
equivalent to change the transformer ratio, that is, the equivalent inductance and
capacitance. The iris control is a plastic screw (low p-wave absorption material) which has a
gold coated metal cap on one end, and the effective impedance of the whole (wave guide +
iris + cavity) depends on the size of the aperture and location of the metal cap. The function
of the iris acts as a device to tune the L and C, such that the cavity is critical couple again. As
field is swept, the variations of sample’s magnetization break the coupling condition so the
cavity is deviated from critically coupled state. Consequently, wave is reflected back to the
o-wave bridge, and FMR signal is resulted.

For an ideal metallic cavity (infinite conductivity and perfectly smooth inside wall surface),
there will be a unique resonant peak with infinite large Q-factor, However, this is not the
case in practice. Since the cavity itself has finite conductivity, and further, the inside wall is
not perfectly flat, these cause the existence of many peaks with very low Q values as
extracted by a VNA shown in Fig.3(a). Fig.3(b) shows the simulation of a copper made
cavity with a very rough inside wall. As the roughness is reduced, the spectrum is clearer as
shown in Fig. 3(c). This could be due to the n-wave which is multi-scattered by lumps on the
wall surface, and these lumps could also enhance power dissipation further. In consequence,
there exists many low Q peaks. Even there are many peaks other than the eigen frequency,
these peaks do not response to the change of magnetization, and hence useless for FMR
characterization. The manufacture of metallic cavity with Q-factor of higher than 3,000 is
laboring. This is because the inside wall has to be mirror polished and coated with a few um
thick Au layer to reduce the imperfection.

Fig.3(a) and Fig.3(d) are the frequency response of a Bruker X-band cavity (TEw2, ER
41040R) exhibiting in larger and smaller frequency windows, respectively. The unloaded Q-
factor of this cavity is ~9,000 as claimed by the manufacturer, however, our measurement
tells that the Q factor is more than 14,000. This is because frequency resolution of the VNA is
very high. As the resolution is decreased, Q is found to be decreased as well.
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Figure 3. (a) the frequency response of a X-band cavity. Simulation result of a Cu cavity with (b) a very
rough inside wall surface, and (c) a smooth inside wall surface. (d) VNA measurement of an X-band
cavity with Q higher than 87, 000. Note that there are many side peaks but not appears in this frequency
range

2.2, Shorted waveguide cavity

The fabrication of metallic cavity with very high Q-factor is not easy as mentioned above. If
the lossy of the sample is not very big, cavity with Q of a few hundred to thousand may be
good enough to recognize FMR. If so, a shorted waveguide cavity (SWC) could be an
alternative. This kind of cavity is just a section of waveguide sealed by a metal plate at one
end [16] as show in Fig.4. Since metallic wave guide are commercially standard with wide
range of frequency from L to W band, it is worth to obtain FMR information at different
bands with this cheap, simple and effective method. If the length of the waveguide tube is
equal to nA/2, standing wave can be formed inside. In that n and A represents for integer and
wave length of the p-wave, respectively. In order to excite FMR signal, sample has to be
placed at the n)/4 position away from the shorted plate at which maximum magnetic field is
located. In Fig.4, n=0 and n=1 are the suitable locations, however, n =0 gives advantages of
easier sample manipulation, and lesser interference from irrelevant insertions. Sample is
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mounted at the top of a plastic screw through the shorted plate, such that its position can be
adjusted for maximum signal. However, SWC does not have an iris to tune the impedance,
hence critical coupling may not be easy to obtain. Although the Q is somewhat lower (less
than 2,000), SWC is easy to make from commercial waveguide tube. Furthermore, different
band frequency cavity can be built in the same manner, and this is particular convenient to
study FMR at different band frequency with network analyzer.

Figure 4. A shorted wave guide with possibility of sample manipulation. Magnetic field distribution
originated from the p-wave is also sketched [16].

2.3. Microstrip and co-planar waveguide

Microstrip (MS) and co-planar waveguide (CPW) which are indeed transmission lines, are
commonly used to extract FMR at broad frequency range [16,17,18,19]. Sample is mounted
on top of their signal lines, and p-wave is conducted into MS (CPW) via Port 1 of the VNA,
and the differential change in either reflected or transmitted signal is analyzed. In this
operation scheme, frequency is swept at fixed field, and once the FMR conditions are
fulfilled p-wave absorption occurs. Fig.5 and Fig.6 are the sketches of MS and CPW. Since h
<< A, p-wave propagates in these two lines is regarded as quasi-TEM mode. In order to
match the impedance of 50€), the dimensions of these two planar transmission lines are
restricted.

In case of MS, we have the followings [11]:
The effective dielectric constant, etf has approximately the form:

e+l g—1 1 (8)

Beff =5 T3 J1+1zhjw

The dimension of the strip line and characteristic impedance, Zc, can be worked out as
below:

60 8h w
=n (E+2) ; forw/d <1
Ze = ©
| 120m ;forw/d > 1
( \/eeff[%+1.393+0.667 in(%+1.444)
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In case of CPW if the thickness of signal line is ignorable, then [10]:

&+1

Ceff =5 (10)
f”—*’ln <2\/£> Q ; 0<w/b<0.173
T [€eff w
Ze = (11)
-1
TNy 1+/w/b . w
T In (2 1_W)] Q ;0173 <7< 1

Mo in eq.(11) stands for the wave impedance in free space. The Zc = Zois set to 50Q2, then b, d
and w can easily be determined from eq.(9) and eq.(11). The line width of the strip can be
ranged from sub-millimeter to millimeters depending on the design and dielectric material
used as implied by these equations. The size of this kind of line width can be fabricated
simply by photo lithography together with life-off process. Due to the large loss, the
characterization of nano size sample may not be easy and lock-in technique is needed for
SNR enhancement as described in next section.

= |t
G- _& f E

Figure 5. The geometry of a microstrip line, where er is the relative dielectric constant of the substrate.

/ sample
4

i $— metal

/" Ground Ground

substrate

Figure 6. Schematical diagram of a coplanar waveguide along with the dimension. The lower diagram
shows the magnetic (full lines) and electric (dashed lines) field lines winding around the signal
conductor (S).
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FMR can determined by characterizing the transmittance, ie. Si2. However, if shorted MS,
and CPW are used, Si, the reflectance FMR can also be found. Fig.7 shows the FMR of
permalloy films extracted by VNA and CPW [18].

s,, (dB)

20 30 40 50 6.0 7.0 80 9.0
f (GHz)

Figure 7. A typical FMR transmittance spectrum of permalloy films extracted by VNA with CPW [18].

3. Technique for signal to noise enhancement
3.1. Lock-in phase detection

If signal is deeply buried inside noise floor, lock-in method is normally employed to
enhance the signal to noise ratio (SNR) by narrowing the detecting band window [20].
Considering a DC Signal, S, which is heavily contaminated by white noise, n, and for every
measurement comes out from a measurement equipment, a voltmeter for an example, the
reading can be expressed as:

V=S+n (12)
If S can be modulated sinusoidally at a certain frequency somehow, then:
V(t) = Scos(wt )+n (13)
Note in eq.(13) that the modulation of white noise is still a white noise.

There is also a reference signal with same frequency but could be different in modulating
amplitude (Va) and phase (¢), i.e.,

Vres = Vg cos(wt + ¢) (14)
The product of eq.(13) and (14) gives:

V({t)Vyer = SVq cos(wt ) cos(wt + §)+nV, cos(wt + )=
SZ& [cos(d) +cos(Zwt + ¢p)]+n V, cos(wt + ¢) (15)
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The second and third terms can be eliminated if these two parts are passed to a low pass
filter with cutoff frequency setting at ®/2 or lower. Finally, we have:

V S%COS(d)) (16)

That is, the signal is amplified by Va, and has a maximum while ¢ is “phase-locked” to zero,
hence the name of lock-in amplifier.

3.2. Feld modulation lock-in technique and derivative spectrum

It is easier to determine Hres, and AHpp by differentiating the original signal. To do so, field
modulation lock-in detection is employed and described below.

There is a small field, Ha, with modulation frequency of ® superposing on top of external
DC magnetic field, Ho:

H(t) = Hy + H, cos(wt) (17)
Assuming we have FMR signal, Vimr, whose Taylor expansion at Ho is given below:

dVeMr

Venr(H) = Vemr (Ho)+ == Hep, cos(wt) + -+ (18)

Meanwhile, we also have another signal, the reference, which has the same frequency as that
of the modulation field, but with a phase angle, ¢:

Vrer = cos(wt + ¢) 19)

The product of eq.(18) and (19) gives eq.(20) below:

Vimr(H) X Vier = Viemr (Ho) cos(wt + ¢) —d\;ﬁ:/lRlH_H +H,cos(wt) cos(wt + §) + - =
—to

1dV, 14V,
Ving (Hp) cos(wt + ¢) +3 =35 Hacos(9) + 354

H,cos(Qwt + ¢) + -+ (20)

The first and third terms in eq.(20) can again be removed by using a low pass filter with
cutoff frequency setting at ®/2 or even lower. The second term is time independent,
proportional to derivative of the input signal and magnify by Ha, which has a maximum if
the phase, ¢, is locked to 0. Another advantage of use this method is that 1/f noise and drift
problem can be excluded by setting the sampling window at high frequency.

The way to turn the DC or quasi DC signal from to AC is an important subject. The simple
and normal way to do this is to insert two coils which sandwich the cavity. These coils are
driven by a power amplify at certain high frequency, such that an AC magnetic field of a
few mT at a frequency up to 200 kHz can be produced. Therefore, the output signal consists
of the modulation and DC components. All these together with the reference are sent to the
lock-in amplify for SNR enhancement and derivative spectrum as mentioned previously.
Modulation amplitude (MA), modulation frequency (MF), and time constant (TC) which is
the reciprocal of the low pass filter’s cutoff frequency, have large influence on the spectra.
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Signal strength is linearly proportional to the MA while MA is small. Simply speaking, MA
should be small enough for sampling in linear region, but needs to be large enough for
gaining good sensitivity. However, too large the MA results in signal distortion as shown in
Fig.8(a). This can be understood from eq.(20) that high order term cannot be ignored for
large MA which causes distortion of derivative signal. The choice of MF is critical as well
that small MF cannot get rid of 1/f noise completely, and elongates the acquisition time.
Large MA and MF also cause passage effect that the rate of “passage” through the
absorption line is faster than the relaxation rates, which results in distorted spectrum, or
even inversion of signals upon reversal of the field scan direction. Therefore, it is important
to check the FMR signal with either a standard or a well-known sample with different lock-
in conditions for the best settings. In order to obtain correct line shape spectrum, the rule of
thumb is to set the MA about 1/10 of the FWHM and increases to about 1/3 if necessary. TC
also needs to coordinate with MF. According to Nyquist sampling theorem, the sampling
rate should be at least twice the highest frequency contained in the signal [21]. For example,
if the MF is 100 kHz, the sampling frequency would be at least 200 kHz at which TC is about
5uS. If this restriction does not fulfill, sampling points cannot not be captured immediately.
Consequently, information loss and line shape distortion are always resulted. The best way
to avoid this is to set the scan time for a FMR signal 10 times longer than the time constant.

ﬁ:%j
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Figure 8. The influence of modulation amplitude (a) and modulation frequency (b) on signal. Distortion
will be resulted if MA and MF are not appropriate [15].
4. Vector analyzer based FMR spectrometer
4.1. Basics of vector network analyzer (VNA)

VNA is indeed an instrument developed for characterization of electrical devices (device
under test, DUT) by sending an electromagnetic wave. As an analogue of that in optics, the
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incident wave (either optical or micro wave) will be reflected or/and transmit after
interacting with the DUT. By examining the reflectance and transmittance, that is, the ratios
of the powers of reflected, transmitted to that of the incident waves, scattering parameters of
the DUT can be found as depicted in Fig.9. VNA cannot only find out the reflectance and
transmittance, but also the impedance, phase lag, insertion loss, return loss, voltage standing
ratio, etc., can be worked out. However for FMR experiment, only the first two functions are
employed. VNA has at least two ports, and each port can produce and measure p-wave. The
scattering parameter Sjj stands for scattering power ratio of incident wave produced by port
i, and measured by port j. That is, for a two-port VNA, Su and Sx characterize wave
reflectance, while Si2 and Sz1 determine the transmittance. If FMR is determined by reflected
spectrum, one port is enough by analyzing either the S11 or S22. For transmittance
spectrum, two ports are required for either the Si2, or Sz determination. VNA has capability
of microwave generation and detection, and furthermore, nowadays model has frequency
ranged from about 0.1 to 100 GHz, or even higher at excitation power of tens dBm, Thus, it
can serve as a microwave bridge to extract FMR parameters at a very broad frequency band.
VNA measures not only the scattering amplitudes, but also their correlated phases. This is
in contrast to its counterpart, the scalar network analyzer (SNA) which cannot tell phase
information. FMR signal is extracted from power absorption which contains no phase
information, and SNA should be good enough for the purpose. However, this kind of
machine has been obsoleted for many years.
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Figure 9. The fundamentals of microwave network analysis are analogue to that of the optics. The
lower part of the panel indicates the definitions of scattering parameters [24].

VNA is commonly used with MS and CPW for FMR determination with frequency swept at
fixed field. Since signal output from VNA cannot be plugged into lock-in amplifier directly,
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the characterization of nano scale sample is thus difficult without using lock-in. The
application lock-in with VNA will be discussed in next section.

4.2. Field swept VNA-FMR

Metallic cavity usually has rather higher Q-factor and could be simply used with a VNA for
field swept FMR detection. Taking the advantages of high Q cavity and VNA, C.K. Lo, et. al.
[23] demonstrated FMR measurement without employing field modulation lock-in
technique. They employed a TE1w cavity with unload Q of ~9,000 at X-band, and FMR signal
was recorded through the measurement of reflectance, and therefore one VNA port for Su
was used. This powerful method extracts signal easily and directly as shown in Fig.10(a).
One could if necessary, differentiate the original data for derivative spectrum which is used
to determine the peak position and line wide as those in commercial FMR spectrometer.
Further, this combination has quite good sensitivity that 1.6 nm CoFeB can be detected with
SNR better than 5 as shown in Fig.10(b).
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Figure 10. (a) FMR of 5 nm Py exacted at P = 10 dBm. The dotted line is the derivative of experimental
data. (b) Signal extracted from a 1.6nm CoFeB

A new built spectrometer should be characterized before properly used and well known
samples, such as permalloy, Fe, Co, etc., ferromagnetics are normally employed due to their
AH and peak positions can be found widely in literatures. Also, these samples are easy to
prepare with different thicknesses, and results should be comparable to those in literatures
reported.

There are many build-in useful functions with nowadays VNA, and only some of them are
used, for instances, the traces of valley (dip) position, Q factor, band width, average, etc. Dip
frequency and Q-factor will be varied as the sample’s magnetization state is changed by
external field. The changes of these quantities were also recorded simultaneously for a
Fe/Ag multilayer as shown in Fig.11 in which (a) is the FMR absorption, and (b), the post
derivative of (a). The shifts of resonant frequency and Q-factor are shown in (c) and (d),
respectively. Despite the variation of center frequency is just a few hundreds MHz, it allows
us to determine ferromagnetic parameters precisely. The change of Q-factor is upside-down
to that of the absorption. This is because any absorption of microwave inside the cavity will
reduce the Q value.
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Figure 11. The changes of FMR (a), resonance frequency (c), and Q-factor are recorded. (b) is the
derivative spectrum taken from (a) mathematically.

The excitation power of VNA is only tens dBm, and it is unlikely to drive the sample into
non-linear regime. Signal intensity is proportional to VP as indicated by eq. (6), however,
SNR is found to be not much different if P is bigger than -20 dBm as demonstrated in Fig.12.
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Figure 12. FMR signal of 10nm Py was recorded as function of excitation power. Note that these spectra
have the same scale, but different offset for clear comparison.

As mentioned previously that VNA has very high frequency resolution, apparently, Q could
be tuned as high as 140,000 and more by simply adjusting the iris. However, distorted
spectrum is resulted at very high Q, and two peaks appear while Q is adjusted close to
maximum Q as seen in Fig.13(a) and (b), respectively. It is also found that the SNR does not
varied significantly if Q lies between 2,000 to 13,000 (the unloaded Q is about 9,000 as claimed).
Surely, this finding is just for referral, and would depend very much on cavity used.



Instrumentation for Ferromagnetic Resonance Spectrometer 61

The advantages of the VNA-FMR with high Q cavity are: (1) the sensitivity which is
comparable to that of commercials, but a lot cheaper, (2) multi frequencies can be done in
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Figure 13. (a) data taken at Q = 50,000, and (b) at ~110,000. Clearly, distorted signals are obtained.

the same manner by just changing to another band cavity only within the frequency range of
the VNA. Nevertheless, some points needed to be well aware. Firstly, VNA has built-in
sweep average function which increases the SNR for every sweeping. The penalty of using
high average count is the very long acquisition time. For example, a commercial FMR
spectrometer takes about a few seconds to sweep a spectrum over 2 kOe field at 1 Oe
resolution with time constant of a ImS. However, the settled time for a VNA with average
of 1is found to be about 0.1S a point. Therefore, it takes at least 3 min to obtain the spectrum
with the same conditions. Average of 10, and sometime 50 are often used for better SNR,
then the acquisition time is very long which could overheat the electromagnet. Secondary,
VNA cannot work with lock-in amplifier directly, and a circulator is also needed to force the
reflected wave to a new port. Before the signal is conducted to the lock-in amplifier, a
microwave transducer (Schottky diode, for example) is required. This is because the output
from VNA is power which has to be transduced into voltage before plugging into the lock-in
amplifier. Besides, the output of VNA has already been averaged over a range of
frequencies. Thus the Schottky detector cannot recognize this tiny average change. This
problem can be amended by narrowing the starting and ending frequencies of the VNA. The
two frequencies indeed can be set to the same value as the dip frequency. While working
with lock-in, the VNA-FMR acquires data as fast as the commercial one, since the SNR
enhancement is processed by the lock-in and not by the VNA. Further, MS-, and CPW- FMR
can also work together with lock-in method in this manner. If one wants to study high
power VNA-FMR, a high power microwave amplifier could be used. However, if the VNA
is still used as the analyzer, a suitable attenuator has to be inserted between the returned
line and VNA, otherwise damage is resulted.
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Chapter 3

Detection of Magnetic Transitions by Means of
Ferromagnetic Resonance and Microwave
Absorption Techniques

H. Montiel and G. Alvarez

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55962

1. Introduction

Due to nature of the magnetic materials, the experimental techniques to study their physical
properties are generally sophisticated and expensive; and several techniques are used to
obtain reliable information on the magnetic properties of these materials. One of the most
employed techniques to characterize the magnetic materials is the electron magnetic
resonance (EMR), also well-known as the ferromagnetic resonance (FMR) at temperatures
below Curie temperature (Tc) and the electron paramagnetic resonance at temperatures
above Tc. EMR is a powerful technique for studying the spin structure and magnetic
properties in bulk samples, thin films and nanoparticles, being mainly characterized by
means of two parameters: the resonant field (Hws) and the linewidth (AHre); these
parameters reveal vital information on magnetic nature of the materials (Montiel et al., 2004,
2006; Alvarez et al., 2008, 2010). It is also necessary to mention that EMR is one of the most
commonly used techniques to research the dependence of the magnetic anisotropy with
respect to orientation of the sample (Montiel et al., 2007, 2008; G. Alvarez et al., 2008) and
the temperature (Montiel et al., 2004; Alvarez et al., 2010); this technique is also applied to
study magnetic relaxation in solid materials through their linewidth, and that it is due to
conduction mechanisms and intrinsic relaxation.

In particular, EMR technique is employed with success to determine the onset of magnetic
transitions (Okamura, 1951; Okamura et al., 1951; Healy, 1952; Montiel et al.,, 2004; Alvarez
et al, 2006, 2010), such as the Néel transition (from a paramagnetic phase to
antiferromagnetic ordering) and the Curie transition (from a ferromagnetic or ferrimagnetic
order to paramagnetic phase); through changes in the spectral parameters. EMR around
critical temperatures have been object of an active research, e.g. Okamura et al. (1951) have

© 2013 Montiel and Alvarez, licensee InTech. This is an open access chapter distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits

. unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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64 Ferromagnetic Resonance — Theory and Applications

studied the Néel transition in some materials by means of EMR technique. Fig. 1 shows the
direct resonance absorption versus magnetic field for MnS in the 78-329 K temperature
range. The height of the resonant absorption decreases and the linewidth is become broader
with decreasing temperature, especially below the Néel temperature (Tn= 160 K); where the
position of the maximum is found at a constant magnetic field of 3510 G for all the
temperatures, suggesting the existence of a strong local magnetic field in this material.

The previous behavior is quite contrary to those of the ferromagnetic and ferrimagnetic
materials around Curie transition. For example, Healy (1952) has employed EMR technique
to study the nickel ferrite (NiFe204) in temperature range of 78 K to 861 K. In Fig. 2, the
direct resonance spectra show that the linewidth decreases and a shift in resonant field were
observed with increasing temperature, all these changes can be completely associated with
the Curie transition (T= 858 K).

Okamura (1951) also carries out a characterization in the ferrite NiFe2Os by means of EMR
technique but at low temperature. Fig. 3 shows the direct resonance absorption with varying
applied dc magnetic field at various temperatures in a disk NiFexOus. In these spectra a
double absorption were clearly observed, and both absorptions are dependent of the
temperature; where one of the absorptions is near to zero magnetic field. In our EMR
measurements, we also detected a second absorption mode around zero field in amorphous
alloys (Montiel et al., 2005) and ferrites (Montiel et al., 2004; Alvarez et al., 2010); however, a
detailed discussion on this absorption type is gathered to continuation.
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Figure 1. Direct resonance absorption versus dc magnetic field at 9.3 GHz for MnS around Néel
transition (adapted from Okamura et al., 1951).
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The non-resonant microwave absorption (NRMA) was used in 1987 to detect the transition
between the normal state and superconducting state in high-Tc superconductor ceramics
(Bhat et al., 1987; Blazey et al., 1987; Bohandy et al., 1987, Khachaturyan et al., 1987;
Moorjani et al., 1987). This was followed by a large number of reports on not only high-T.
superconductor ceramics (Kim et al., 1993; Topacli, 1996, 1998; Velter-Stefanescu et al., 1998,
2005; Padam et al., 1999, 2010; Shaltiel et al., 2001; Alvarez & Zamorano, 2004), but also
including organic superconductors (Zakhidov et al. 1991; Bele et al., 1994; Hirotake et al.,
1997; Niebling et al., 1998; Stankowski et al., 2004), the conventional superconductors of
type-I and type-II (Kheifets et al., 1990; Bhide et al., 2001; Owens et al., 2001; Andrzejewski
et al., 2004) and the newly discovered iron pniticide (Panarina et al., 2010; Pascher et al.,
2010). Researches on NRMA have shown that this phenomenon is highly sensitive to
detection of a superconducting phase in a material under study. The NRMA is usually
detected as a function of a dc applied magnetic field or temperature, where these two
variants are historically known as the magnetically-modulated microwave absorption
spectroscopy (MAMMAS) and the low-field microwave absorption (LFMA), respectively.

In Fig. 4(a) is shown the MAMMAS response for bulk sample of the ceramic superconductor
Bi-Sr-Ca-Cu-O around the superconducting transition. This response shows a level of
absorption constant from 300 K to Ton= 81.5 K, and suddenly this signal rises sharply until
Tma=63.6 K; at that temperature the superconducting transition has been completed. As
temperature goes down from Tmax, the superconductor sample enters more and more into
the mixed state with a rigid fluxon lattice, and a decrease in the microwave absorption is
observed. Fig. 4(b) shows LFMA spectra for selected temperatures, in a bulk sample of the
ceramic superconductor Bi-Sr-Ca-Cu-O, where a hysteresis loop is observed in the
superconductive state; since the microwave induced dynamics of the fluxon is dissipative,
the field sweep cycle in LEMA measurement shows a hysteresis. The physical meaning of
this hysteresis has been amply discussed by Topacli (1998) and Padam et al. (1999). For T>
63 K, a non-hysteretic LFMA signal is observed and which goes disappearing when
increasing the temperature, i.e. when the sample enters to normal state. The above-
mentioned is a striking example of that the transition to the superconductive state in
superconductor ceramics leads to NRMA. Additionally, it is recognized that NRMA is due
mainly to the dissipative dynamics within Josephson junctions and/or to induced currents
through weak links in superconductor materials.

Todays, it is safe to assume that all superconductor materials exhibit a NRMA, and which has
been experimentally confirmed; but the reverse statement, that any material that exhibits a
NRMA is a superconductor, in general is not true. The NRMA may be caused not only by
superconductivity, but also by any phenomena associated with magnetic-field-dependent
microwave losses in the materials, and it can be employed to detect the magnetic transitions
(Nabereznykh & Tsindlekht, 1982; Owens, 1997; Alvarez & Zamorano, 2004; Montiel et al.,
2004; Alvarez et al., 2007, 2009, 2010). Some antecedent studies are given in the following.
Nabereznykh & Tsindlekht (1982) have reported a study of NRMA in nickel near the Curie
transition (Fig. 5), and in particular, they have employed LFMA measurements for detecting
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superconductor Bi-Sr-Ca-Cu-O in the region of the superconducting transition.

the magnetic transition from a ferromagnetic order to paramagnetic phase. They suggest
that the LFMA signal is due to the presence of a domains structure in the magnetic material.
LFMA signal is highly distorted at T=571 K and at T=587 K it is completely inverted. At T=
601 K, the line intensity reaches its maximum, see Fig. 5, and when increases the
temperature their intensity and width (AHtrva) diminishes. For T> 630.9 K, a LFMA line is
observed and it agrees with the value of the Curie temperature given in the literature for
nickel, = 630 K; suggesting that AHtruva is determined by the magnetic anisotropy field and
the demagnetizing field.
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Figure 5. LFMA spectra in nickel for selected temperatures around Curie transition (adapted from
Nabereznykh & Tsindlekht, 1982).
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Other antecedent study is the detection of the Curie transition in a material with colossal
magneto-resistance (CMR), as is LaosSrosMnOs manganite (Owens, 1997). The presence of
the NRMA is evidence of the existence of a ferromagnetic order, i.e. this signal is not present
in the paramagnetic phase and emerges as the temperature is decreased below Curie
temperature, see Fig. 6; providing a sensitive detector of ferromagnetism. In Fig. 6(a),
MAMMAS response shows the appearance and the rapid increase of the microwave
absorption at ferromagnetic transition. Additionally, the half LFMA spectrum at 144 K in the
ferromagnetic phase of LaosSrosMnOs is shown in Fig. 6(b). Owens (1997) suggests as a

possible explanation of the origin of LFMA signal, the fact that the permeability in the

ferromagnetic phase at constant temperature depends on the applied magnetic field,
increasing at low fields to a maximum and then decreasing. Since the surface resistance of
the material depends on the square root of the permeability, the microwave absorption

depends non-linearly on the strength of the dc magnetic field, resulting in a NRMA centered
at zero magnetic field.
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Figure 6. (a) MAMMAS response and (b) the half LFMA spectrum at 144 K in a bulk sample of
LaosSrosMnOs manganite (adapted from Owens, 1997).

In this chapter, the changes in the EMR lineshape are studied for diverse magnetic materials
in the 77-500 K temperature range; the different magnetic transitions are quantified by
means of linewidth (AHpp) and the resonant field (Hrs) as a function of temperature.
Through these studies we can distinguish the kind of present magnetic transition in the
materials. Also, we employed the LFMA and MAMMAS techniques to give a further
knowledge on magnetic materials, studying the different types of magnetic transitions and
showing their main characteristics highlighted; we distinguish distinctive features
associated with the microwave absorption by the magnetic moments and discuss on
usefulness of these techniques as powerful characterization methodologies.
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2. Experimental methods

In this work, the resonant and non-resonant microwave absorptions in several magnetic
materials are studied around magnetic transitions. EMR technique measures the resonant
microwave absorption as a function of dc magnetic field. Additionally, the NRMA
measurements as a temperature function or an applied dc magnetic field are experimentally
denominated as MAMMAS and LFMA, respectively.

2.1. Resonant microwave absorption measurement (EMR technique)

The basic components of a standard EMR spectrometer are shown in Fig. 7. In a sample
placed at center of a microwave cavity (see Fig. 8), an applied dc magnetic field is increased
until that the energy difference between the spin-up and spin-down orientations, match the
microwave frequency of the power supply; where a strong absorption is clearly detected.
For this type of spectrometer, the derivative of microwave absorption (dP/dH) as a magnetic
field function is plotted.
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Figure 7. The diagram to blocks of a standard EMR spectrometer.

We give a description detailed of the EMR spectrometer (Jeol JES-RES3X). In a T-magic
bridge, the microwaves (Hmw), with power Po and frequency vmw= 8.8-9.8 GHz (X-band), are
generated by a JEOL/ES-HX3 microwave unit and are fed to the cylindrical cavity (see Fig.
8) through a rectangular wave-guide; coupling adjuster of the cavity must be adjusted so
that no wave is reflected from the cavity. The absorption of the microwave energy by a
sample generates a change in the quality factor (Q) of the cavity; due to this change, the
microwave bridge becomes non-balanced, causing that a wave is reflected from the cavity.
The change in cavity Q-factor is due to changes in the energy absorption resonant by spins.
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The reflected waves from the cavity (Prf) with the information of the microwave absorption
by the sample are directed towards a detector crystal, which was previously biased to a 10%
of the incident power in order to work in the linear regime; with this method of detection-
homodyne and lock-in amplification, a very high sensitivity in the measurements is

guaranteed.
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Figure 8. Distribution of (a) magnetic and (b) electric fields, and the sample location inside the TEou1
cylindrical cavity in the JEOL JES-RES 3X spectrometer.

The sample is subjected to a dc magnetic field (Hac), that it is produced by an electromagnet
with truncated pole pieces, and a weak ac magnetic field (Hmoa) is superimposed to Hac. The
Hmod is achieved by placing small Helmholtz-coils on each side of the cavity along the axis of
the static field, which are fed and controlled by a sign generator. The amplitude of this field
goes from 0.002 G to 20 G with a modulation frequency of 100 kHz, thus allowing, the
microwave absorption registration at the modulation frequency. In EMR measurements, Hac
could be varied from 0 to 8000 G.

2.2. NRMA measurements (LFMA and MAMMAS techniques)

The Jeol JES-RES3X spectrometer was modified (see Fig. 9), connecting the output of a
digital voltmeter (signal Y) to a PC enabling digital data acquisition (Alvarez & Zamorano,
2004); where this electrical signal is proportional to NRMA from sample. The signal Y is fed
to a 7% digits - Keithley DMM-196 voltmeter. Hence, the reading of this voltmeter (Vy)
carries the information of the microwaves absorption by sample.

LFMA technique measures the NRMA as a function of Ha, this uniform field is produced by
the same electromagnet, but which receives current regulated from two power supplies
(JEOL JES-RE3X and ES-ZCS2); and they are synchronized to obtain a true zero-value of the
magnetic field between the pole caps. The Jeol ESZCS2 zero-cross sweep unit compensates
digitally for any remanence in the electromagnet, with a standard deviation of the measured
field of less than 0.2 G, allowing measurements to be carried out by cycling the Hac about its
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zero-value continuously from -1000 G to +8000 G. Hence, symmetric field-sweeps from +0.1
G to #1000 G are available and asymmetric field-sweeps up to -1000 G < Hac < 8000 G are
also available in order to detect possible hysteresis for NRMA signal, and which would
point out to irreversible processes of microwave energy absorption. In this technique, the
sample is zero field cooled or heated to the fixed temperature. For our studies, the
temperature is maintained fixed with a maximum deviation of 1 K during the whole LFMA
measurement (<8 min of sweeping). The magnetic field is swept following a cycle; the field
sweep schemes have their analog in the magnetic hysteresis measurements. GPIB port of a
PC receives the magnetic field coming from the Group3 DTM-141 teslameter, and it is
displayed as the X-axis on the plot of the data being acquired; meanwhile, the voltmeter Vy
receives the NRMA signal. Then, what is measured is not the microwave power absorption
itself, but rather its derivative with respect to magnetic field (dP/dH). This allows us to
distinguish the field-sensitive part of the microwave absorption from the part that does not
depend on magnetic field, and record only the first; and also, to use narrow-band amplifier
to enhance the signal, which greatly increases the signal-to-noise ratio.
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Figure 9. Block diagram of LFMA and MAMMAS techniques (adapted from Alvarez & Zamorano,
2004).
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MAMMAS technique allows measurement as a temperature function, giving information on
the temperature profile of NRMA response of each material and can also provide valuable
information about the nature of magnetic ordering in the materials. The temperature of the
sample is slowly varied (~1 K/min) and controlled by flowing N2 gas through a double
walled quartz tube, which is inserted through the center of the microwaves cavity, in the 77-
500 K temperature range. The temperature is measured by a copper constantan
thermocouple placed inside the sample tube just outside the cavity. Its output signal is
further digitized by means of the Stanford SR630 thermocouple monitor. In this technique,
the temperature is plotted along the X-axis, and the microwaves absorbed by the sample are
collected as Vy and are plotted along Y-axis.

3. EMR and NRMA studies in magnetic transitions

In this section, we show several EMR and NRMA studies in diverse magnetic materials
through magnetic transitions. These examples include: the amorphous ribbon
CoesFesB12Si13NbsCu, the ferrite NiossZnoesFe20s and the magnetoelectric Pb(Fe2sWi3)Os;
highlighting their main characteristics and illustrating how magnetic transitions are
manifested in this kind of measurements.

3.1. Curie transition (from a ferromagnetic order to paramagnetic phase)

We show several studies in amorphous ribbons of nominal composition CoeFesB12Si1sNbsCu
and dimensions of 2 mm wide and 22 um thick, which were prepared by the melt-spinning
method; where their initial amorphous state was checked by X-ray diffraction (XRD). All the
measurements were performed in the 300-500 K temperature range.

3.1.1. EMR technique

These measurements were carried out from -1000 G to 8000 G, with forward and backward
Hac sweeps in order to detect reversible and/or irreversible microwave absorption processes.
At 300 K, two microwave absorptions were observed: the first absorption to high magnetic
field (~1469 G) corresponding to an EMR spectrum, and other absorption at low magnetic
fields around zero (LFMA signal). Fig. 10 shows the derivative of microwave absorption,
and which consists of an EMR spectrum and a LFMA signal; additionally a DDPH pattern of
paramagnetic nature is also included.

We will only center ourselves in EMR absorption, associated with the ferromagnetic resonance

(FMR). This absorption satisfies the Larmor condition; when is applied to the case of a thin

sheet with both negligible anisotropy field and the demagnetizing fields (Yildiz et al., 2002),
w=y[(47M + H,, )- H

efec ]1/2 (1)

efec

where o is the microwave angular frequency (with ® = 2nf and f = 9.4 GHz), y is the
gyromagnetic ratio, Hefec is the effective magnetic field and M is the magnetization. The
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Figure 10. The derivative of microwave absorption from -1000 G to 8000 G, and which consists of an
EMR spectrum and a LFMA signal (adapted from Montiel et al., 2005).

resonant condition implies that M=Ms with Hefee= HactHint, where Hint is the internal field.
The saturation magnetization of the surface of the sample can be calculated from the
resonance conditions as 4nMs = 4741 G; which is close to the bulk saturation magnetization
4nMs=5250 G, the difference can be attributed to the fact that FMR is probing only the
surface of the sample. Additionally, this absorption shows no hysteresis between the
forward and backward field sweeps.

In Fig. 11, the temperature dependence of the EMR spectra can be observed. As temperature
increases AHpp becomes wider, due to new magnetic processes; where the dominant process
is the dipole-dipole interaction associated with the paramagnetic phase, while the exchange
interaction of the ferromagnetic order disappears when increasing the temperature. The
dipole-dipole interaction has the effect of increasing the linewidth, while exchange
interaction tends to narrow the absorption line. AHpp as temperature function is shown in
Fig. 12(a), the Curie temperature (T=482 K) is associated with the inflection point; where the
derivative of the linewidth exhibited a maximum at T.. A second EMR spectrum (SES) is
detected after the magnetic transition, and it is associated with a second magnetic phase
with a different Curie temperature; where this absorption mode is due to a nanocrystalline
phase. The conductive behavior decreases due to the temperature increase, consequently,
the absorption centers diminish and the EMR lineshape starts to become symmetrical. Also,
the gain is one order of magnitude greater than at room temperature, and it is indicative of a
reduced number of absorbing centers in the paramagnetic phase due to the high entropy of
the system. Additionally, the temperature dependence of the resonant field is plotted in Fig.
12(b), where a shift in the resonant field is clearly observed. At 300 K, in ferromagnetic
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order, Hres corresponds to Hefee= HactHint, and as temperature increase Hint diminishes until
Hin=0 at T=482 K in paramagnetic regime, with Hefec= Hac.
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Figure 11. EMR spectra at different temperatures in amorphous ribbon CoessFesB12SiisNbsCu; where the
Curie temperature is detected at 482 K, and a decrease in microwave absorption is observed after

magnetic transition.
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3.1.2. LEFMA technique

LFMA signal in amorphous ribbon is shown with more detail in Fig. 13(a). This signal is
centered at zero magnetic field and shows an opposite phase to the EMR spectrum. The
opposite phase is undoubtedly indicating that the microwave absorption has a minimum
value at zero magnetic field, in contrast to the maximum value for EMR spectrum. LFMA
signal has been interpreted as due to low-field spin magnetization processes (Beach &
Berkowitz, 1994; Dominguez et al., 2002). We have correlated the LFMA signal with
magnetoimpedance (MI) phenomena (Montiel et al., 2005), where Fig. 13(b) shows the MI
response at 50 MHz for amorphous ribbon. The double peak clearly indicates low-field
surface magnetization processes (Beach & Berkowitz, 1994) originated by the change in
transversal permeability. The peak-to-peak width in MI is associated with the anisotropy
field (Hx). In addition, Fig. 13(c) shows magnetometry measurements. The hysteresis loop is
characterized by axial anisotropy, and a correlation between both experiments is observed
on the basis of Hx. We compare measurements of LFMA, MI and magnetometry, in Fig. 13.
A significant decrease of the microwave absorption (from H=16 G down to zero) is observed
in LFMA measurements, whereas at the same fields, the magnetoimpedance measurement
show that MI response is approaching saturation at field lower than 20 G. As the field
decreases, a maximum is reached by MI, which corresponds to the anisotropy field (H=15.6
G). A further decrease of impedance is observed at zero field. As it is well known, Ml is due
to changes in the skin depth as a consequence of changes in the transversal permeability
under the influence of the external Hac. The change in domain structure, and therefore in
spin dynamics, is also produced by Hdc, in a direct interaction with the axial anisotropy of
the material. Experimentally, the maxima in MI signal coincide with the minimum and
maximum of the LFMA signal and it can be associated with a common origin for both
phenomena, where the magnetic processes in both phenomena are dependent of Hx.

The hysteresis effect of the LFMA signal appears to be due to a non-uniform surface
magnetization processes. A ferromagnetic conducting system can absorb electromagnetic
radiation energy and the efficiency of this absorption depends on the particular conditions
such as: the magnetic domain structure, magnetic anisotropy, the orientation of the incident
propagation vector radiation, its conductivity, its frequency and amplitude. This absorption
can easily be modified by Hae, which changes the magnetic susceptibility, the penetration
depth, the magnetization vector, the domain structure and spin dynamics. Such changes can
show hysteresis, as normally occurs in a domain structure subjected to dc fields lower than
the saturating field. By cycling the Huc, different irreversible domain configurations occur,
and therefore a hysteresis effect can be obtained. These results clearly suggest that MI effect
and LFMA signal represent the same responses to an external Hac. MI and LEMA are due to
domain structure and spin dynamics, and they can be understood as the absorption of
electromagnetic energy by spin systems that are modified by domain configuration and
strongly depends on Hx.

Let us consider an electromagnetic wave with both electric (E) and magnetic (H) fields. The
time-average density of the power absorption (P), for a ferromagnetic conductor at high
frequencies, can be expressed by the complex Poynting vector as: P=V2Re[ExH] or
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Figure 13. (a) LFMA signal, (b) MI signal at frequency of 50 MHz, and (c) VSM hysteresis loop for the
amorphous ribbon CossFesB125i13NbsCu (adapted from Montiel et al., 2005).

P=Re[E-H'], where H" is the complex conjugate of H, and Re[x] the real part of the
operator. Additionally, the ac surface impedance for a ferromagnetic conductor material is
defined as the ratio of the fields at the surface: Z=Es/Hs. Then the time-average density of the
microwave power absorption can be written as P=Y2Hs?Re(Z). The ac magnetic field Hs, in a
ferromagnetic conductor at high frequency, is generated by a uniform current j=cEs (with o
the electrical conductivity) induced by the ac electric field Es; and therefore Hs is constant to
changes of an applied static magnetic field.

Therefore, we can establish a relation between the field derivative (dP/dH) of the microwave
power absorption and the rate of change of Re (Z) with an applied static magnetic field, H:

dP/dH = (H./2) dRe(Z)/dH ] @)

For a good magnetic conductor Z= (1+j)/c8, with the classical skin depth 1/8= (wopc/2)” and
p the permeability. The magnetoimpedance is defined as the change of the impedance of a
magnetic conductor subjected to an ac excitation current, under the application of a static
magnetic field Hqg it is a very similar phenomenon to the one involved in the microwave
power absorption. At high-frequencies (microwaves) and due to the skin depth effect, only
the surface impedance is involved.

LFMA signal can be used to detect magnetic order and to determine Curie temperature,
because the appearance of LFMA signal has been widely accepted as a signature of the onset
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of the ferromagnetic transition (Montiel et al., 2004; Alvarez et al., 2010; Gavi et al., 2012).
Therefore, it is possible to establish that for temperatures above the Curie temperature, the
long-range magnetic order is completely lost and LFMA signal disappears. LFMA signal
shows a decrease in the intensity as temperature is approached to T, and finally disappeared
at T>T.. Fig. 14 shows the temperature dependence of the LFMA signal, it is necessary to
mention that LFMA signal is located around zero field for all temperatures. At room
temperature, the LFMA signal has a phase opposite to EMR spectrum. As temperature
increases, for T>373 K, LFMA signal invests its phase until disappearing. This behavior is
correlated with the long-range order in the ferromagnetic state and with the temperature
dependence of the anisotropy field. The phase change has been observed previously in nickel
around Curie transition, Nabereznykh & Tsindlekht (1982), and it can be explained by means
of magnetic fluctuations; and they are associated with the electric properties of the material.
LFMA signal showed a decrease in AHLrma and hysteresis remains until T« is reached.
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Figure 14. LFMA signals at different temperatures in the amorphous ribbon CossFesB12SiisNbsCu. At
485 K the LFMA signal disappears, indicating the transition from the ferromagnetic order to

paramagnetic phase.

3.2. Curie and Yafet-Kittel transitions (from ferrimagnetic order to a Yafet-Kittel-

type ordering)

The polycrystalline Ni-Zn ferrites (NiixZnFe20s, 0< x <1) are an important family of solid

solutions with a remarkable variety of magnetic

properties

and applications
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(Ravindaranathan et al, 1987). This solid solution crystallizes in a cubic spinel-type
structure, see Fig. 15(a), where Zn ions normally are located in tetrahedral sites (A-sites) and
Ni ions have a marked preference to occupy the octahedral sites (B-sites), while Fe ions are
distributed among both sites types. The antiferromagnetic superexchange interaction (A-O-
B) is the main cause of the cooperative behavior of the magnetic moments in Ni-Zn ferrites
below their Curie temperature. In a great variety of experimental observations (Satya
Murthy et al., 1969; Pong et al., 1997; Akther Hossain et al., 2004) have found that for x<0.5
the resultant of the magnetic moments in the A and B sites has a classic collinear
arrangement, see Fig. 15(b); while that for x>0.5 a non-collinear arrangement of the magnetic
moments is employed to explain these behaviors. The previous behaviors are because the
superexchange interaction B-O-B begins to be comparable with A-O-B interaction, and the
arrangement of the magnetic moments shows a Yafet-Kittel-type canting (Yafet & Kittel et
al., 1952). Also, the transition temperature from a ferrimagnetic ordering (collinear
arrangement) to a Yafet-Kittel-type magnetic ordering (non-collinear arrangement) is called
Yafet-Kittel temperature (Tvk); in particular, Nio3sZnoesFe204 ferrite has a Tyk smaller than
the Curie temperature (Satya Murthy et al., 1969; Akther Hossain et al, 2004). The
polycrystalline NiossZnossFe20s ferrite was prepared by two different methods: the
conventional classical ceramic method known as the solid-state reaction, and the co-
precipitation method.

m®
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Figure 15. (a) Schematic representation of unit cell structure for Ni-Zn ferrites; where A and B are
tetrahedral and octahedral sites, respectively. (b) Spin orientation on the A and B sites, for the collinear
(to left) and the non-collinear (to right) model, in Ni-Zn ferrites; where avk is the Yafet-Kittel angle
(adapted from Alvarez et al., 2010).

3.2.1. EMR technique

Fig. 16 shows the EMR spectra of the Ni-Zn ferrite prepared by solid-state reaction at
different temperatures. For all temperature range, EMR spectra exhibit a broad signal, but
their lineshape change with a shift in Hres when varying the temperature. Beginning to low
temperature, an asymmetric mode (FMR signal) is observed and it gradually changes to a
symmetric mode (EPR signal) when increasing the temperature. This change is associated
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with the transition from a ferrimagnetic order to a paramagnetic phase; i.e. the evolution
from a FMR spectrum to an EPR spectrum is used to determine the Curie temperature (Tc)
in Ni-Zn ferrites (Montiel et al., 2004; Wu et al., 2006; Priyadharsini et al., 2009; Alvarez et
al., 2010). Additionally, EMR spectra exhibit an additional absorption at low magnetic field,
this new absorption mode is a LFMA signal which will be discussed with more detail in the
following section.
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Figure 16. EMR spectra of the Ni-Zn ferrite prepared by solid-state reaction, for selected temperatures
in the 239-425 K temperature range; circle shows LEMA signal.

In a polycrystalline magnetic material, the resonance condition for FMR signal is expressed
as:

w=yH 3)

res

with Hres=Hdc+Hint, and Hint is the internal field which is the combination of several factors
associated with the long-range order in the ferrite (Schlomann, 1958): the anisotropy field
(Hx), the porosity field (Hp), the field due to eddy currents (He) and the demagnetization
field (Ha). Additionally, the inhomogeneities in Ni-Zn ferrites also can contribute to internal
field, and they are associated with differences in sites occupancy by cations. Other source of
inhomogeneity in the internal field is the disorder in the site occupancy. Even if the
occupancy of sites is well determined (i.e., in Ni-Zn ferrite, all Zn cations on A sites, all Ni
cations on B sites), there can be an inhomogeneous distribution of each of them on the sites.
EMR spectra can be slightly different when this occupancy of sites is not strictly
homogeneous, since some terms of Hint are not exactly the same for all the absorbing centers.
It is possible to change the cations distribution in the ferrites by means of thermal treatments
or when preparing samples of the same composition but with different synthesis methods.
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Hres as a function of temperature for the conventional and co-precipitate Ni-Zn ferrites are
shown in Fig. 17(a). The values for conventional ferrite are lightly higher than those of the
co-precipitate ferrite. This difference can be due to inhomogeneities associated with a
different distribution of cations, and that it is originated by synthesis method. For both
samples, the increment of Hres as temperature increases is due to decrement of the internal
field, i.e. in the ferrimagnetic order Hint is added to the applied field and the resonance
condition is reached at low values of Hdc. In contrast, in the paramagnetic phase, the
necessary magnetic field to satisfy the resonance condition has to be supplied entirely by the
applied field, Hin= 0 and Hre= Hac; i.e. when increasing the temperature the progressive
disappearance of Hint is associate with the lost long-range order.

AHpp can be due to several factors (Srivastava & Patni, 1974), in particular for polycrystalline
samples the linewidth is due to: the sample porosity (AHpor), the magnetic anisotropy (AHk),
the eddy currents (AHedady), and the magnetic demagnetization (AHues). It is necessary to
mention that there is a broadening due to variations in cations distribution on the A and B
sites, and it is highly dependent of the preparation method. In Fig. 17(b), we show the
behavior of AHpp with temperature for the conventional and co-precipitate Ni-Zn ferrites.
For all the temperatures, AHpp in co-precipitate ferrite is higher than for the conventional
ferrite. This behavior can be due to differences in the microscopic magnetic interactions
inside the samples, mainly the interparticle magnetic dipole interaction and the
superexchange interaction; and they are originated by different cations distributions in the
samples, due to synthesis method. The magneto-crystalline anisotropy has a strong
contribution to AHpp and we can have the following approximation AHpp=AHx=K1/2M, i.e.
for a system of randomly oriented crystallites, the contribution of the anisotropy field is
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Figure 17. (a) Temperature dependence of Hres in the 200-440 K temperature range for the (o)
conventional and (o) co-precipitate Ni-Zn ferrites. (b) Temperature dependence of AHpp in the same
temperature range for the () conventional and (m) co-precipitate Ni-Zn ferrites. The curves connecting
points are only guides for the eye.
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dominant. For both ferrites, the decrease in AHpp as temperature increases is associated to a
weakening of the magneto-crystalline anisotropy as T approaches Tc (Byun et al., 2000). The
magnetic transition (ferri-paramagnetic) appears as an inflection point in plot AHpp vs.
temperature, as is shown in Fig. 17(b). The inflection points at Tci~ 408 K (conventional) and
T~ 430 K (co-precipitate) are associated with Curie temperature of each sample. We
observed that the Curie transition is higher in the co-precipitate Ni-Zn ferrite. As Tc is an
intrinsic property, that it depends entirely on the ferrite composition, the difference in Curie
temperature between both ferrites also suggests a different occupancy between the A and B
sites. To high temperature, the long-range magnetic order is completely lost except for some
short range order islands in the material that contribute strongly in the broadening of the
EMR spectrum. On the other hand, in Fig. 17(b), a second inflection point is clearly observed
at Tvi= 262 K and Ty2= 240 K, in conventional and co-precipitate ferrites respectively. This
behavior is attributed to a non-collinear arrangement of the magnetic moments in the A and
B sites, i.e. it is due to a Yafet-Kittel-type ordering of the magnetic moments in both samples;
the difference of temperatures (Tvi>Tyz) between both ferrites is indicative of an
inhomogeneous distribution on occupancy of the B sites.

3.2.2. LEMA technique

In Fig. 18(a), we show LFMA spectra for conventional ferrite in the 208-408 K temperature
range. This microwave absorption, around zero field, is far from the resonance condition
given by eq.(3), i.e. the sample is in an unsaturated state; therefore, this absorption is
associated with interaction between the microwave field and the dynamics of the magnetic
domains structure in the sample. For T>Tc1 (= 408 K), LFMA spectra exhibit a linear behavior
with a positive slope and non-hysteretic traces, and which is associate with paramagnetic
phase, i.e. the long-range order has completely disappeared in the sample. For Tvxi(= 261 K)
<T< Tci, LEMA spectra show an antisymmetrical shape around zero field, displaying a clear
hysteresis upon cycling the field, see Fig. 18(a); and they have the same phase of the EMR
spectra, indicating that this absorption has a maximum value at zero field. For this
temperature range, it can be observed that AHirva increases when the temperature
decreases, as can be seen in Fig. 18(b), for conventional and co-precipitate ferrites; this
behavior indicates an increase in the ferromagnetically coupled superexchange interactions
in the samples, suggesting that AHrrva is determined by the magnetic anisotropy and by the
demagnetizing field (Montiel et al., 2004, 2005; Alvarez et al., 2008, 2010). But between both
samples, the widths difference can be due to different distributions of cations in B sites,
originating changes in the antiferromagnetic superexchange interactions; being more intense
in the conventional Ni-Zn ferrite.

For T<Tvki, an additional absorption mode also centered at zero field is observed in Fig.
18(a), and that it is suggested by high distortion of the LFMA signal at low temperature; this
new absorption mode is more evident in co-precipitate ferrite (Alvarez et al., 2010). This
signal exhibits an opposite phase (out-of-phase) with regard to EMR spectra; indicating that
this microwave absorption has a minimum value at zero field. The presence of an out-of-
phase signal has been correlated with the occurrence of a ferromagnetic order. It can be
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assumed that a ferromagnetic arrangement is related with this signal, while a ferrimagnetic
structure leads to the opposite result. Therefore, this out-of-phase signal can be associated
with the appearance of a ferromagnetic arrangement of the magnetic moments in the
sample; where a Yafet-Kittel-type canting of the magnetic moments in the B sites can
provide this ferromagnetic component. Additionally, in this temperature region, AHtrma
increases continuously with temperature decrease, but now with a higher change rate; this
quick broaden is due to a build-up of the short-range magnetic correlations preceding to
magnetic transition. For the above-mentioned, we propose that the phase transition at low
temperature is due to a Yafet-Kittel-type magnetic ordering of the moments in the B sites,
with onset at Tvxi; i.e. for T<Tvxi, the parallel arrangement of the B sites is modified, and a
non-collinear arrangement of the magnetic moments in the A and B sites appears, leading to
a change in the microwave absorption regime. It is necessary to mention that a similar
behavior is observed in co-precipitate ferrite but with T<Tvkz (= 239 K), see Fig. 18(b). The
relevant temperatures are different but the dynamics of the magnetic moments is similar,
detecting the Yafet-Kittel-type magnetic ordering around Tvkz, in a good correspondence
with EMR technique. The difference of temperatures (Tyki>Tvk2) between both ferrite is also
indicative of a different occupancy of cations in the A and B sites.

(‘)’_/\ﬁ/_,.—-

N :
AWMK 0
M

dP/dH (a.u.)
AH ... (Gauss)

v

408K T, =408K

T — T T T
150 200 250 300 350 400 450
4000 500 0 500 1000
Temperature (K)

Magnetic Field (Gauss)

Figure 18. (a) LFMA spectra of the conventional Ni-Zn ferrite in the 362-408 K (down) and 208-261 K
(up) temperature ranges. (b) Behavior of AHrema for the (@) conventional and (m) co-precipitate Ni-Zn
ferrites, as a function of temperature in the 150-450 K temperature range.

3.2.3. MAMMAS technique

We used MAMMAS technique to detect the ferri-paramagnetic transition in both ferrites
sample. MAMMAS responses are shown in Fig. 19, where the measurements are carried out
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heating and cooling the samples; with the purpose of looking a change associated with ferri-
paramagnetic transition. For the sample of solid-state reaction, during heating (cooling), this
signal increases monotonically as temperature increases (decreases) from 320 K (440 K),
reaching a maximum value at Tpi=379 K (T";1=355 K). As temperature increases (decreases)
further, T>Tp1 (T<T"p1), the MAMMAS response decreases and another magnetic process
sets-in, modifying its microwave absorption and this suggests a magnetic transition. An
observed interesting feature in MAMMAS response is the absence of thermal hysteresis in
the heating and cooling cycles, and it is only observed when T<THi(= 396 K); this merging
point (Tw1) indicates the onset of the magnetic ordering. The Twi value is in a very good
agreement with the value of Curie temperature detected by the EMR and LFMA
measurements. A similar MAMMAS response has been observed in co-precipitate ferrite in
the 350-440 K temperature range, see the inset of the Fig. 19. The relevant temperatures are
different but the dynamics of the magnetic moments is similar, detecting the ferri-
paramagnetic transition around Tm2=424 K, in a good correspondence with EMR and LFMA

techniques.
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Figure 19. MAMMAS response of the conventional Ni-Zn ferrite in the 320-440 K temperature range;
the inset shows the MAMMAS response of the co-precipitate Ni-Zn ferrite in the 350-440 K temperature
range.

MAMMAS responses for these two ferrites, in 150-300 K temperature range, give us
additional information on the magnetic transition at low temperature (see Fig. 20).
Beginning to 300 K, these responses exhibit a continuous decrease to a minimum value at
Tmi= 260 K and Tmz= 240 K, in conventional and co-precipitate ferrites respectively; and these
absorptions increases when continuing diminishing the temperature. This feature points to a
change in the microwave absorption regime due to a change in the magnetic structure
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(Alvarez et al., 2010); revealing the appearance of a new population of absorbing centers,
and which it also is suggested from EMR and LFMA measurements. All this profile shows
that this change appears progressively as temperature is diminished, i.e. it is not a sharp
change as could be expected from a structural phase transition. We associate this behavior
with the transition from the collinear magnetic structure, T>Tm1 and T>Tm2, to the non-
collinear (Yafet-Kittel-type) structure. Therefore, the MAMMAS responses depend on the
thermal dependence of the magnetic moments dynamics, and the intensity of these signals
follow the variations on the number of absorption centers (as is suggested by the EMR
parameters), in turn is controlled by the establishment of the Yafet-Kittel-type canting of
magnetic moments in the B sites at low temperature.
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Figure 20. MAMMAS response of the conventional Ni-Zn ferrite in the 150-300 K temperature range;
the inset shows the MAMMAS response of the co-precipitate Ni-Zn ferrite for same temperature range.

3.3. Néel transition (from a paramagnetic phase to antiferromagnetic ordering)

Lead iron tungstate, Pb(Fe2sW13)Os (PFW), shows an Néel transition around 350-380 K
(Smolenskii et al., 1964; Feng et al., 2002; Ivanova et al., 2004); this magnetic ordering is due
to superexchange interaction between the Fe ions through the O ions. For this study, PFW
powders has been prepared through columbite precursor method (Zhou et al., 2000), where
the purity of the powders was checked by means of XRD; all observed reflection lines are
indexed as a cubic perovskite-type structure, in a good agreement with the standard data for
PFW powders.
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3.3.1. EMR technique

Fig. 21 shows the EMR spectra recorded in the 294-423 K temperature range. For 355 K <T<
423 K, we observed a single broad Lorentzian line due to spin of the Fe® ions. In this
lineshape kind, the derivative of the microwave power absorption with respect to the static
field (dP/dH) can be fitted into two-component Lorentzian, accounting for the contributions
from the clockwise and anticlockwise rotating components of the microwave magnetic field
(Joshi et al., 2002). For T < 355 K, when the temperature goes diminishing, the absorption
mode changes toward a broad asymmetric line of Dyson-type (Dyson, 1955; Feher & Kip,
1955) and their intensity diminishes; this Dyson lineshape is associated with a conductive
contribution. This lineshape is a combination of an absorption component and other
dispersion component of a symmetric Lorentzian mode, originating an additional
parameter: the A/B ratio, i.e. the ratio of the amplitude of the left peak to that of the right
peak of the EMR spectrum. Thus, EMR spectra are fitted to a functional form similar to the
one used by Ivanshin et al. (2000). Additionally, for this temperature range, a second EMR
mode (signal 2) is also observed; being more evident at room temperature, see Fig. 21.
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Figure 21. EMR spectra of PFW powders for selected temperatures; the solid lines correspond to the fits
obtained from a functional form similar to the one used by Ivanshin et al. (2000).
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In Fig. 22, the temperature dependences of the EPR parameters for signal 1 are plotted. AHpp
as a temperature function is shown in Fig. 22(a) for PFW powders. Starting from 423 K, as
temperature decreases, AHpp decreases continuously until 323 K; exhibiting a minimum at
this temperature. This narrowing in AHpp indicates an increase in the superexchange
interactions in the sample, because the superexchange mechanism tend to narrow the
absorption line; and it can be due to magnetic fluctuations, i.e. fluctuations in the
establishment of the long-range order that precedes the transition to antiferromagnetic
order. When continuing diminishing the temperature, T<323 K, AHpp shows a weak increase
until 294 K, this increase is indicative of a weak ferromagnetic behavior in the PFW; similar
behaviors are observed in others magnetoelectric materials (Alvarez et al., 2006, 2010, 2012).

Fig. 22(b) shows the behavior of the g-factor vs. temperature for the signal 1, which is
estimated from Hres, with g=hv/usHres; where h is the Planck constant, v is the frequency and
ps is the Bohr magneton. EMR spectra give g-factor smaller than for a free electron (=
2.0023), along the entire temperature range. This behavior can be explained through the spin
value of the Fe** ions (5=5/2) and to changes in the spin-orbit coupling; where the effective g-
factor (getr) of a paramagnetic center is given by gei=g(1+x/A), where A is the crystal-field
splitting and « is the spin-orbit coupling constant. The g-factor shows a weak decrease in the
423-365 K temperature range and then the g-factor continues diminishing, but this time with
a higher change rate, reaching a minimum value at 344 K (gmin= 1.8491). This fast decrease
can be due to build-up of magnetic correlations preceding the transition to the long-range
antiferromagnetic ordering at Néel temperature (Tn~ 344 K). For T<Tx, the g-factor increases
until 294 K and this behavior is an indication of a weak ferromagnetism in the PFW; this
behavior can be due to a canting of the sublattices of Fe’ ions in the antiferromagnetic
matrix, generating an effective magnetic moment.

The temperature dependence of the A/B ratio is shown in Fig. 22(c). From this plot can be
seen that, starting from 423 K to close to 378 K, the A/B ratio remains essentially constant
at a value of 1. This value indicates that the paramagnetic centers are static and also
suggests a strong dipolar interaction between Fe® ions. Further, the A/B ratio continually
diminishes until a minimum value to 344 K; indicating a dispersion contribution and it
suggests a conduction effect in the sample. As the temperature is decreased further, 294
K<T<344 K, the A/B ratio increases toward a near value of 1, due to a decrease of the
conductivity in sample. Recently, electric mensurations were carried out on PFW samples
(Eiras et al. 2010; Fraygola et al. 2011), and which indicate a conductive contribution
associated with an electronic-hoping mechanism, in a good correspondence with Dyson
lineshape of the EMR spectra.

A second absorption mode (signal 2) is clearly observed at room temperature and it is
associated with the presence of a fraction of Fe?* ions, where oxygen atoms deficiency
generate a state of mixed valency; originating a strong magnetic dipolar interaction between
Fe?" and Fe* ions, and that produces a broaden in absorption mode. In inset of the Fig. 22(a),
we show the AHpp behavior as a temperature function for the signal 2. For T<378 K, when
diminishing the temperature, the broadening of signal 2 is indicative of an increase of the
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interactions with Fe?* ions. Additionally, a change in slope to 334 K is also observed; see the
inset of the Fig. 22(a), where this feature can be associated with the para-antiferromagnetic

transition.

Figure 22. Temperature dependence of (a) AHpyp, (b) the g-factor and (c) the A/B ration of PFW powders
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for the signal 1; the inset of the Fig. 22(a) shows the temperature dependence of AHpp for the signal 2.
Solid lines are guides for the eye only.

3.3.2. LEMA technique

In Fig. 23(a), we show the LFMA signal in the 294-423 K temperature range. For all
temperatures, LFMA signal exhibits two antisymmetric peaks about zero magnetic field,
with opposed phase to EMR spectrum, and a clear hysteresis of this signal appears on
cycling the field. This strongly contrasts with the LFMA signal observed in others
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magnetoelectric materials (Alvarez et al., 2007, 2010, 2012), where these absorptions are
lineal and non-hysteretic. The hysteresis feature has been associated with low field
magnetization processes in ferromagnetic materials (Montiel et al., 2004; Alvarez et al., 2010;
Gavi et al, 2012), suggesting the presence of a magnetic component in the material
(Fraygola et al., 2011). With the help of a reference line, clearly one can observe that the
LFMA signal has a lineal absorption component, see Fig. 23(a); where their slope is a
temperature function. Fig. 23(b) shows the slope behavior of the lineal component for the
294-423 K temperature range. The slope increases monotonically when the temperature
decreases from 423 K, reaching a maximum value at 365 K; this increasing behavior is
characteristic of a paramagnetic phase. As the temperature is decreased further, T<365 K, the
slope decreases very fast with decreasing temperature until Tmin= 334 K; in this region the
quantity of absorbing centers diminishes considerably due to the process of antiparallel spin
alignment. Below Tnmin, the slope has an approximately lineal increase, where this behavior is
a signature of the weak ferromagnetism in this temperature region (Alvarez et al., 2007,
2010, 2012).
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Figure 23. (a) LEFMA signal for selected temperatures of PEW powders, where the straight lines are only
a help to visualize the lineal component of the LEMA signal. (b) The slope temperature dependence of
the lineal component for LFMA signal in the 294-423 K temperature range; the solid lines are guides for
the eye only.
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4. Conclusions

In this work is shown that EMR is the most powerful spectroscopic method available to
determine the magnetic transitions in the materials. LFMA and MAMMAS techniques
provide information on the dependences in temperature and magnetic field of the non-
resonant microwave absorption. More important, these techniques can distinguish between
different dissipative dynamics of microwave absorbing centers, providing valuable
information about the nature of magnetic ordering within materials. We have shown that all
these techniques are powerful tools for the research of magnetic materials at microwave
frequencies.
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1. Introduction

Ferromagnetic nanowires showed solitary and tunable magnetization properties due to their
inherent shape anisotropy. The fabrication of such nanowires in polycarbonate track-etched
and anodic alumina membranes have been widely studied during the last 15 years [1-2].
Their potential applications might be explored in spintronic devices and more specifically in
magnetic random access memory (MRAM) and magnetic logic devices [3-5]. Furthermore,
microwave devices, such as circulators or filters for wireless communication and automotive
systems can be fabricated on ferromagnetic nanowires embedded in AAO substrates [6-9].

This chapter begins with a brief overview of the historical development of the theory of
ferromagnetic resonance in magnetic nanostructures. State-of-the-art calculations for
resonance frequency in ferromagnetic nanowires (solid and hollow) and multilayer
nanowires are presented. In addition, experimental approach to synthesis such structures
and detecting material properties using various techniques will be discussed in brief.
Recently, due to the development of spintronics, there have been increasing interests in the
microwave dynamics of one-dimensional structures such as nanowires and two dimensional
structures like multilayer magnetic films. The most important parameters that control
dynamic behaviors are the internal fields and damping constant. The ferromagnetic
nanowires in anodic alumina (AAO) templates seem to be attractive substrates for
microwave applications. Since they have high aspect ratio, electromagnetic waves can easily
penetrate through them. They exhibit ferromagnetic resonance (FMR) even at zero bias
fields and, due to their high saturation magnetization, operating frequency can be tuned
with DC fields.

FMR is a useful technique in the measurement of magnetic properties of ferromagnetic
materials. It has been applied to a range of materials from bulk ferromagnetic materials to
nano-scale magnetic thin films and now a day’s people have started research to characterise
nanoparticles and nanowires systems. The dynamic properties of magnetic materials can be
easily perturbed by ferromagnetic resonance (FMR), as they can excite standing spin waves

© 2013 Sharma et al., licensee InTech. This is an open access chapter distributed under the terms of the
Creative Commons Attribution License (http:/creativecommons.org/licenses/by/3.0), which permits

. unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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due to magnetic pinning [10-11,31,32]. It also yields direct information about the uniform
precession mode of the nanowires which can be related to the average anisotropy
magnitude [12-15]. Several measurement techniques which have been used to characterise
magnetization dynamics such as femtosecond spectroscopy [16-18], pulse inductive
microwave magnetometer [19], FMR force microscopy [20], network analyzer FMR
[21,31,32] and high-frequency electrical measurements of magnetodynamics [22]. All these
techniques can be used for modern application for example in telecommunications and data
storage systems.

In the present chapter, we deal with magnetic nanostructures such as nanowires and
multilayered nanodiscs and rings which exhibit unique FMR responses since their various
anisotropy energies are strongly influenced by size and shape [33]. In addition, interactions
between multilayered segments can be tailored such that the FMR response is not only
angle-dependent but also influenced strongly at certain frequencies [32]. In this chapter, we
shall be describing three different aspects of this topic:

1. We first develop the theory of FMR response of densely packed nanowire arrays that
can be treated as two-dimensional periodic nanostructures. We then extend the theory
to three-dimensional structures, which can be made using multilayered nanowires.

2. We then describe how to synthesize such nanowire arrays and also direct
measurements of such structures. Several different experimental techniques are
discussed.

3. We then continue the treatment to describe the use of such periodic nanowire arrays in
microwave devices to exhibit nonlinear responses and also for circulators and isolators.
Although the effects seen till now are weak, these are still quite promising.

2. Fundamental theory of ferromagnetic resonance

Ferromagnetic resonance (FMR) is a very powerful experimental technique in the study of
ferromagnetic nanomaterials. The precessional motion of a magnetization M of
ferromagnetic material about the applied external magnetic field H is known as the
Ferromagnetic resonance (FMR). In the physical process of resonance, the energy is
absorbed from rf transverse magnetic field hy, which occurred when frequency matched
with precessional frequency (o). The precession frequency depends on the orientation of the
material and the strength of the magnetic field. It allows us to measure all the most
important parameters of the material: Curie temperature, total magnetic moment, relaxation
mechanism, elementary excitations and others.

A single domain magnetic particle with ellipsoid shape was considered as in [Kittel] to drive
the resonance condition for the phenomenon of ferromagnetic resonance. A uniform, static
magnetic field H is applied along the z-axis and set the sample in a microwave cavity. A
resonance is observed at a frequency given by

ha):g,uB\/[H-k(NX—NZ)M][H+(Ny—NZ)M]. 1)
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Nx, Ny, Nz are the demagnetization factors in the X, y, z directions, and so on, and where g is
the spectroscopic splitting factor (Lande factor) and ps = eli/2me is the Bohr magneton. The
demagnetizing factors affect the shape anisotropy of the magnetic material depending upon
its geometry to be ellipsoid, sphere, thin film etc.

Part of the classical approach to ferromagnetism is to replace the spins by a classical micro-
spin vector M magnetization. The time-dependence of the magnetization can be obtained
directly by calculating the torque acting on M by an effective field Hey,

aM

5 YMxH @)
where y = guv/h is a gyromagnetic ratio. This equation represents an undamped precession of
the magnetization. From experiments actual changes of the magnetization are known to
decay in a finite time. The occurrence of a damping mechanism leads to reversal of the
magnetization towards the direction of H within several nanoseconds. The damping is just
added as a phenomenological term to Eq. 2.

a am
——=—yMx Eﬁ_}/M dt]z—;/MxHeﬁ+leMx (3)
S

dt dt

M [ H._ % aM
where « is the dimensionless Gilbert damping constant, of order 10 in ferromagnetic thin
films. Eq. 3 is known as Landau-Lifshitz-Gilbert equation after Gilbert introduces the
damping term. Hey is the total effective magnetic field which is a sum of static applied
magnetic field (H), dynamic magnetic field (hy) and internal magnetic field (Hin). Internal
field constitutes various magnetic anisotropies such as magnetocrystalline anisotropy, shape
anisotropy, and magnetoelastic anisotropy etc. This equation therefore describes torque
acting on M. This torque leads to a rotation of the magnetization towards the direction of the
external magnetic field. The damping causes decay in precessional motion which by
applying a dynamic magnetic field becomes continuous as shown in Fig. 1.

Figure 1. (a) Torque components exerted on the magnetization M by rotational field H (b) Motion of M
for constant H.
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3. FMR dispersion relation for nanostructures

Due to miniaturization from bulk to the nanoscale, material properties shows a drastic
change like surface-to-volume ratio, electron transport, thermodynamic fluctuations, defects
etc. The nanomagnetic material demonstrates distinct magnetic response due to various
anisotropies. The one-dimensional nanostructures such as nanowires, nanotubes, nanorods
and nanorings are the area of recent research for data storage applications, sensors,
biomedical drugs, microwave devices. To perturb the dynamic magnetization in these
structures, ferromagnetic resonance is an effective tool.

In case of a system which incorporates an array of nanowires dipole-dipole interaction,
shape anisotropy, crystalline anisotropy and Zeeman energy interaction plays a complex
role. Therefore the total energy will be the sum of all internal energies.

Figure 2. Coordinate system for an array of nanowires

Fig. 2 shows the schematic of an array of nanowires with relative orientation of the
magnetization M and the applied magnetic field H w.r.t nanowire axis in spherical
coordinate systems. The free energy density equation for an array of magnetic nanowires in
the presence of external magnetic field at angles ( 8;; ) from nanowires axis can be written as

E~ —MH(sianinHH Cos(¢ -dy ) +cosfcosby, ) + Keﬁ sin® @ 4)

where Kef is the effective uniaxial anisotropy which can be written as
K - =M?(1-3P)+K, ®)
The first term includes the dipole-dipole interaction between the nanowires and second

term represents second-order uniaxial anisotropy along the wire axis. P is the porosity
which can be obtained from
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r d?

T ©

where d is the diameter of the pore and r is the centre-to-centre inter-wire distance between
the pores. The equilibrium values for polar angles are obtained by minimizing the energy term

E,=E_o

== 7
=230 @)
E, = -MH cos0sin 6, cos(¢— ¢, ) —sinOcosfy, )+ K, sin 20 =0 8)
From eq (8) we retrieve the dispersion relation which can be written as
2
(:‘jj = [Hcos(é’ - HH) + Heffcosztﬂ [Hcos(ﬁ -y ) + HeffCOSZQJ 9)

Here, H 5 ~ 2K 5 /Ms is the effective anisotropy field that comes from a combination of
effects including shape, magnetocrystalline and magnetoelastic anisotropy. Therefore from

eq (5)

K
H,; =27Mg(1-3P)+ 2# (10)
S

For the case of multilayer nanowires, the effective anisotropy field Hef is given by

K
H, = 272'Ms(1—3{1—f(1—P)})+2ﬁu (10a)
s
where, fzhhimh/ hm and hwm represents magnetic and non-magnetic thicknesses in
nm+ m

multilayer section. If i = 0 (i.e. no non-magnetic spacer layer), the above equation
represents the case of a single-element nanowire. Depending upon the direction of the
external magnetic field along the easy axis of the nanowires, we can determine the various
cases:

Case 1: HI | to the wire and Het>0
© _H+H, (11)
Case 2: HI | to the wire and He#<0
-H (12)

Case 3: H, easy axis and H<Hest
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2
w
[] =(H2 - H?) (13)
e
Case 4: H, easy axis, H>Hes>0
» 2
[}/] :H(H—Heﬁ) (14)

The frequency-field characteristics can be studied from these relations for various cases of
the direction of the applied field and corresponding angular variation with resonance field
of the nanowires as shown in Fig. 3. The horizontal line shows the intersection of the
dispersion relation and indicates where in an FMR spectrum the resonance lines would be
found for a fixed frequency in Fig. 3(a).
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Figure 3. Simulated plots (a) dispersion relation for Ni nanowires for various angles in which the
external magnetic field is applied (b) resonance field as a function of the externally applied field angle
On.

4. Sample preparation and characterization

During last decade magnetic nanowires have attracted enormous research attention in many
areas of advanced nanotechnology, including patterned magnetic recording media,
materials for optical and microwave applications. Template assisted growth of
nanostructures under constant potential in several electrolytes has been carried out by
researchers for over 30 years. In comparison to other deposition techniques (sputtering and
MBE) electrodeposition is a low cost and simple technique to fabricate magnetic nanowires
and multilayers. Arrays of Co nanowires were fabricated by template assisted
electrochemical deposition into the nanometer-sized pores.



FMR Measurements of Magnetic Nanostructures 99

5. Growth of nanostructures
Templates

Nanowires were grown by using two different types of templates (commercially available)
polycarbonate track etched (PCTE) and aluminum oxide (AAO) from Whatman. These
templates are completely different from each other due to their qualities as well as the
preparation methods. The methods used for fabrication and properties of templates are
given below;

Polycarbonate track etched (PCTE)

In PCTE template, the pore size varies from 20nm to 200nm and the thickness of ~6pum. To
fabricate the PCTE template, initially high energy particle are used to bombard it to produce
the path. Later these paths are etched in different chemical bath. The size of the pores is
determined by the etching process. Fig.4(a) shows a SEM picture of a commercial PCTE
membrane, with a reported pore size of 100 nm. Although the pores seem to have similar
diameters, the pore placement is random. The pores density is quite low (in the range of 100
to 10" per cm?) in case of PCTE.

Anodic aluminum oxide (AAO)

In 1995, Masuda and Fukuda reported the method to fabricate highly ordered nanohole arrays
on aluminum foil. Double anodization of aluminium in acidic solution is adopted to fabricate
porous alumina template. The beauty of these templates is their cylindrical pores of uniform
diameter, arranged in hexagonal arrays with a thin oxide layer exist at the bottom. Anodic
Aluminum Oxide (AAO) templates have been successfully used as templates for the growth of
nanowires by electrodeposition. In order to fabricate the AAO template the aluminum is
cleaned in the acidic medium to remove the surface impurities. Further the cleaned
aluminium processed by two step anodization described by Masuda. The pore size and
spacing between pore in the alumina templates are controlled by the anodization voltage.

Temperature of electrolyte also plays a important role in pore parameters. The pores in
AAO template cylindrical and highly dense which makes it a good candidate to study the
interaction effect between the nanowires on magnetic properties. Fig. 4(b)-(c) shows the
SEM micrograph of AAO templates.

Figure 4. SEM micrograph of membranes (a) Polycarbonate (b) Anodic alumina (Top view) and (c)
anodic alumina (cross-section view).
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Template assisted electrodeposition technique

Electrodeposition process involves the electric current to reduce cations from electrolyte and
deposited that material as a thin film onto a conducting substrate. At the cathode the metal
reduction takes place and metal deposits according to:

Mn '+ ne” :M(s)

In order to form the nanowires, the cations from electrolyte move through the non-
conducting template (AAO/ PCTE) having nanosized pores and deposited on the
conducting substrate.

The desired material properties depends upon the various process parameters like
electrolyte composition, bath pH, mode of deposition (DC, pulse and AC) and deposition
temperature.

Input current
@) O

Required E = constant

—L)
Cathode Reference
Co?*+ 2e =Co electrode

| —— J\*/
y

Counter

Working
electrode

electrode

Co plating bath

Attached membrane

Figure 5. Schematic representation of three-electrode electrochemical cell setup employed. AAO
template mounted electrodes act as a working electrodes (WE), platinum foil counter electrode (CE) and
Saturated calomel electrode (SCE), reference electrode (RE).

Fig.5 illustrates the three-electrode cell set-up used in this study. A platinum foil and a
saturated calomel electrode (SCE) were used as the anode (or counter electrode) and as a
reference electrode respectively. The steps of preparation of nanostructure are as followed;
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Steps involved in the template assisted synthesis of nanowires

Step 1: The porous anodic alumina (AAO) /polycarbonate templates were taken and one
side of the AAO were sputtered with Au by RF sputtering, which acted as the working
electrode in a three-electrode electrochemical cell.

Step 2: The electrodeposition solution was restrained to the other side of the membrane so
that deposition was initiated onto the Au layer within the pores. The array of Co nanowires
was deposited from a solution of 25 gm/L CoSO4+.7H:0, 5 gm/L H3sBOs and sodium Lauryl
Sulphate (SLS), which is used to reduce the surface tension of water for proper wetting of
pores.

Step 3: The cyclic voltammetry is used to figure out the constant deposition potential of the
working electrode with respect to a standard reference electrode RE to get the favourable
condition for deposition.

Step 4: The growth of nanowires is carried at the optimized potential.

Step 5: For further investigation of freely standing nanowires, the templates is used to
dissolve in an appropriate solution. Etching solution for AAO and PCTE are sodium hydro-
oxide and dichloromethane respectively.

( Electro-deposition \
’ 0o oo
()

1118 - GhaES

Au on bettem Amen beliom
Empty template with pores Metal filled pores
Dissolved template
AAQin NaOH &
PCTE in CH,Cl,

Au on bottom
Dissolved template-nanowires /

Figure 6. Schematic illustration of the growth of magnetic nanowire in alumina template by
electrodeposition process.
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Figure 7. Typical choronoamperometery plot during potentiostatic electrodeposition taken during the
fabrication of Co nanowires. The various stage of pore filling during deposition is shown as insets at the

respective current-time positions.
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Figure 8. Scanning electron micrograph (SEM) of empty and filled surface morphology of the template.

6. Characterization of nanostructures
Scanning electron microscopy

For scanning electron microscopy (SEM), the template containing nanowires is partially
released from their template by appropriate solution. To remove the residual part of
template the etched sample is cleaned by deionised water. To carry out the surface analysis
secondary electron imaging in scanning electron microscope has been utilized. Surface
morphology of Co nanowire was investigated by scanning electron microscope (SEM: ZEISS
EVO 50) operating at 20 kV accelerating voltage by secondary electron imaging. Fig. 8 shows
the SEM micrograph of empty AAO and filled with nanowires. The morphology of grown
nanowires in PCTE template can be clearly seen in Fig. 9(a). Side and top view of AAO
assisted nanowires are presented in Fig. 9(b & c). The growth density of nanowires in AAO
template is more as compared to PCTE template.
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Figure 9. Scanning electron micrograph (SEM) of electrodeposited nanostructure in (a) Polycarbonate
and (b) & (c) Anodic alumina.

Transmission electron microscopy

Transmission Electron Microscope (TEM) is a widely used instrument for characterizing the
interior structure of materials. For TEM, the template was completely etched and rinsed
several times with deionised water to clean the residual template part. Template etching is
an important step of sample preparation of nanowires for TEM characterization. Cobalt
nanowires were scratched from the substrate and ultrasonicated in acetone for 15 min so
that the nanowires could disperse properly. Few drops of the suspension were then
transferred on to a carbon coated copper grid and the microstructures were analyzed by
high resolution TEM (HRTEM: Technai G20 S-Twin model) operating at 200 kV. To get the
actual diameter of the nanowire, the complete dissolving of residual template from
surrounding the nanowires is very important. Typical TEM results obtained are shown in
Figure 10. While nanowires grown in PCTE templates typically have a tapered cross-section
due to the non-uniform diameters of the pores, the AAO template-based nanowires grow in
a more uniform manner.

=
1pm

Figure 10. Transmission electron micrograph (TEM) of electrodeposited nanostructure in (a)
Polycarbonate and (b) Anodic alumina.
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7. Electron paramagnetic resonance

EPR/FMR measurements obtained from ferromagnetic nanowire arrays give detailed
information on the size of the nanowires. The spectra can be used to calculate the interwire
magnetic interactions quite accurately [31]. In Fig. 11 are shown typical spectra obtained
from Co nanowire arrays. Here, both single-Co nanowire arrays and multilayered Co/Pd
nanowire arrays are compared. There is clearly an angular dependence of the applied
microwave field with respect to the easy axis of the nanowires, as has been studied
previously [32].
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Figure 11. Electron paramagnetic resonance (EPR/FMR) spectra of single element Co nanowire arrays
in parallel and perpendicular orientation at room temperature.

Fig.12 shows the FMR spectra of Co/Pd MLNW arrays for the temperature range from 90K
to 290K. It is clear from the data that two different peaks in the FMR spectrum have been
observed. The peak present at the ~ 3310 G is corresponding to the main peak of FMR and it
is due to the quantum confinement in the nanostructures which is more in case of Co/Pd
multilayered nanowires. The spin waves are confined in the magnetic nanostructure and it
is found to be dominant when we reduce the third dimension (in z-direction) of the
nanostructure. This main FMR peak present at all the temperature and the variation of
resonance field at different temperature is very slow. As we go down to the 90K with
decrease of 20K from room temperature the resonance field increases slowly. This slow
variation can be explain as temperature decreases the Ms (T) increase and resultant head-to-
tail alignment between FM segments increases, which further reduces the effective field as a
result slow increase in the resonance field. Inset in Fig.12 shows the variation of resonance
field with temperature.
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Figure 12. Electron Spin resonance (ESR/FMR) spectra of multilayered Co/Pd nanowire arrays in
parallel orientation with temperature range (90K-290K). (Inset) Peak height change with temperature.

8. Microwave devices

The increasing demand for higher frequency magnetic microwave structures triggered a
tremendous development in the field of magnetization dynamics over the past decade. In
order to develop smaller and faster devices, a better understanding of the complex
magnetization precessional dynamics, the magnetization anisotropy, and the sources of spin
scattering at the nanoscale is necessary [23-25]. Magnetic data storage with its promise of
non-volatility, robustness, high speed and low energy dissipation attracted long back. It has
been encountered in a number of applications such as smart cards, hard drives, thin film
read heads or video tapes [26-28]. Industry activities are also directed to replace
semiconductor random access memories by magnet based memory devices. Logical 0 and 1
are encoded by the direction of the magnetization of a small magnetic element, such as a
giant magnetoresistance (GMR) or tunneling magnetoresistance (TMR) element. For data
manipulation i.e. reading and writing, the magnetization has to be switched between the
two equilibrium positions. In order to push forward data transfer rates which are already in
the GHz range, spin waves transportation mechanism has to be employed in place of
current semiconductor based devices [29-32]. To this end an understanding of the dynamic
motion and the mode spectrum is necessary.

On the road towards the size reduction of microwave devices, ferromagnetic nanowires
embedded into porous templates have proven to be an interesting route to ferrite based
materials. The main advantages of what we call ferromagnetic nanowired (FMNW)
substrates are that they present a zero-field microwave absorption frequency that can be
easily tuned over a large range of frequencies, as well as being low cost and fast to produce
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over a large area as compared to standard ferrite devices. Conventional ferrite circulators
need to be biased by a magnetic field to operate. This biasing field is generally provided by
permanent magnet and in view of the volume reduction, we need to think of FMNW
substrates which work at zero fields. A rigorous theory of microwave devices is very
cumbersome due to ferromagnetic resonance (FMR) and spin-wave phenomena.

VNA-FMR is an important technique for the investigation of magnetization dynamics of low-
dimensional magnetic structures and patterned microwave devices. Also, broadband flip-chip
technique can be used to measure the material intrinsic and extrinsic properties by applying
external magnetic field. In this chapter, we will demonstrate both techniques to have better
understanding of ferromagnetic resonance. We propose fabrication and measurements of
various non reciprocal microwave devices like band-stop filter, isolator and electromagnetic
band-gap (EBG) structures using FMNW substrates using Ni and Co nanowires.

9. Conventional Ferromagnetic Resonance — Flip-chip based technique
(FMR)

In the frequency domain measurements, the magnetic excitation is sinusoidal magnetic field
hir and the response of the sample is detected by vector network analyzer. The magnetic
field can be applied along parallel and perpendicular direction of the nanowires satisfying
the FMR condition. The main components of the experimental setup are shown in Fig. 13.
The VNA is connected to a coplanar waveguide (CPW) having a characteristic impedance of
50 Q) using coaxial cables and microwave connectors. For such radio frequency connections
often coaxial cables with Teflon insulation and SMA connectors are employed. They are
comparably low priced and offer a bandwidth of typically 18 GHz. The used cables should
not have a metallic reinforcement.

Flip-chip based measurements are done to extract the material parameters, which are
technologically important for data storage applications [31]. Fig. 13 shows the schematic of the
set-up used for flip-chip measurements. Magnetic field is applied parallel to the nanowires
and perpendicular to RF magnetic field, so that resonance condition must be satisfied.

Vector Network Analyzer

\'\,\ Computer
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Figure 13. Schematic representation of VNA-FMR system
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The transmission response of Ni NWs placed on a co-planar waveguide transmission line
(Fig. 14(a)) for different static magnetic field is shown in Fig. 14(b). A small but perceptible
and repeatable change was observed when the applied magnetic field was turned on/off.
The change is however too small to show up in the plot of Fig. 14(b). This is partly due to
masking of the shifts due to reflections from soldering and other undesirable metal deposits
near the patterned transmission line and partly due to the relatively small interaction
between the RF fields (largely confined to the substrate holding the CPW line) and the
nanowires. It is thus expected that clearer shifts can be seen with more careful preparation
and patterning of the substrate and ultimately by printing the CPW line on the nanowire
template itself.
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Figure 14. (a) CPW geometery for magnetic field applied along perpendicular direction (b)
transmission response as a function of frequency of Ni nanowires for various applied magnetic field

10. Substrate integrated magnetic microwave devices

Newly developed techniques enable to characterize and re-arrange matter at nanometer
scale. Now a day, automotive and wireless communication requires reduction in dimensions
of nanodevices for yielding higher cut-off frequencies. Here, we propose integrated
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Figure 15. schematic of band stop filter (b) S-parameter of the DUT for three different samples
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magnetic band-stop filter fabricated on FMNWS and studying their microwave properties
like permittivity and permeability using CPW. Fig. 15(a) shows the schematic of the device
under test which is a coplanar waveguide on NW substrate. The transmission coefficient of
the device for three samples having bare AAO, Ni and Co NWs are shown in Fig. 15(b) at
zero biasing. It is observed that by applying the magnetic field the resonance frequency shift
towards higher range, so that we can tune our operating frequency of the device. We also
observe that material properties also influence the Device-Under-Test (DUT).

11. Non-reciprocal devices

It is important to note that it is possible to obtain non-reciprocal structures also using
nanowire-based devices. Essentially, the microwave properties like permittivity and
permeability can be made to be asymmetric. This is useful to obtain non reciprocal devices
such as isolators and circulators. Prototypes of such devices are presently under fabrication.
Some of the proposed devices are shown in Fig. 16 below. The detailed studies of these
devices are out of scope of this chapter.
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Figure 16. Possible non-reciprocal structures using nanowires.
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1. Introduction

The artificially structured multilayers (ML) have opened a new field of interface magnetism.
It is possible to fabricate a multilayer sample with a specific design according to the
requirement consisting of magnetic, non-magnetic, metallic or non-metallic components.
Various types of interfaces may be synthesized in ML by combining a magnetic component
with a non-magnetic one or from two different magnetic components. The interface between
two non-magnetic components is particularly interesting if a magnetic anomaly happens to
be induced at the interface atom layer due to some interface effect.

The oscillations of magnetic parameters as a function of the number of interfaces, spacer
layer or magnetic layer thickness in the ML have been gaining attention in the recent years.
Bruno et al [1] employed RKKY model and Edwards et al [2] used spin dependent
confinement of electrons in the quantum well provided by the spacer layer (quantum
interference) to explain the oscillations initially observed in metallic ML. Exchange coupling
in ML is also affected by direct dipolar coupling like the correlation of spins at rough
interfaces (orange peel coupling), which is magnetostatic in origin and occurs due to the
interaction of the dipoles which appear due to the roughness of the material [3]. This
coupling favors parallel or anti-parallel alignment of spins depending upon the interplay
between the magnetostatic exchange and anisotropy energy.

The oscillations in exchange coupling are also observed in oxide ML apart from the metallic
ML [4]. Oxide materials are more stable and their ML can form magnetic structures which
do not exist in bulk form. There are reports on ML of ferrites used along with NiO [5,6],
MgO [7], CoO [8] and SnO2[ 9-12].

The mixed spinel structure of Cu-Zn ferrites with composition CuosZnosFesOs (CZF) gives
high magnetization when deposited in Ar environment [13]. The properties of non-magnetic
(NM) SnO: are sensitive to oxygen vacancies [14]. The interfacial region between these two
materials may give rise to interesting magnetic phenomena. The objective of the present
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the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits

. unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
open science | open minds



112 Ferromagnetic Resonance — Theory and Applications

work is to study the magnetic properties of SnO: and Cu-Zn Ferrite multilayers and
interpret them in terms of suitable magnetization mechanism.

This chapter is about the Ferromagnetic Resonance (FMR) studies of (SnO2/Cu-Zn Ferrrite)
ML as a function of CZF layer thickness and SnO: layer thickness.

2. Experimental

Alternate layers of SnO2 and Cuo.sZnosFesOs (CZF) were deposited on quartz substrates at
room temperature (RT) using rf-magnetron sputtering in Ar environment from SnO:2 and
CZF targets at a power of 50W and 70W respectively. The rate of deposition was
estimated by depositing thin films of SnO2 and CZF separately. The synthesis method of
targets and the rf sputtering system are described in our earlier work [15]. The field
emission scanning electron microscopy (FESEM) studies were carried out to observe the
multilayer structure. The FMR studies were carried out in the temperature range 100 - 450
K using JEOL x-band spectrometer. FMR studies were carried out at different
temperatures and by varying the angle Ou between the thin film normal and the direction
of the applied field. The peak-to-peak FMR signal intensity (Ipp) which is proportional
to the power absorbed was measured between the positive and negative peak points
along the y-axis. The peak-to-peak linewidth (AH) was measured as a function of
temperature.

3. Ferromagnetic Resonance (FMR) studies
3.1. Effect of CZF layer thickness

The ML samples [SnO: (46 nm)/CFZ(x nm)]s where x = 42 nm, 83 nm and 249 nm were
synthesized. A final capping layer of 46 nm of SnO2 was deposited on all the ML samples.
The error in the thickness is + 5 nm. The FESEM images (figure 1) portray a stack of alternate
dark and light layers corresponding to CZF and SnO: respectively as confirmed by the
EDAX data. The CZF layer exhibits a columnar growth as observed in many of the sputtered
films [16]. The protrusions of CZF column into SnO: layers visible from the FESEM images
indicate that the interfaces are diffused.

FMR studies were carried out at different temperatures and by varying the angle On
between the thin film normal and the direction of the applied field. Figure 2 shows the room
temperature FMR spectra of the ML in Ou = 90° (parallel) and 0° (perpendicular)
configuration. In the parallel geometry, the FMR signal for the ML with x = 249 nm is highly
asymmetric. The steep increase in the low field side and a slow increase in the high field
side indicate negative anisotropy in the ML [17].

The line shape of FMR signal is sensitive to magnetic interactions in the material and hence
a change in line shape is an indication of change in the magnetic interactions in the ML.
Many a times the observed single FMR signal may arise from overlapping of 2 or more FMR
signals.
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Figure 1. FESEM images of [SnO:z (46nm) CZF (x nm)]s for x = 249 (a), 83(b) and 42 nm (c).
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Figure 3. A representative FMR plot depicting the A/B ratio.
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The asymmetry parameter, A/B ratio, was estimated by dividing the intensity of the upper
part of the FMR signal by that of the lower part (figure 3). A/B > 1 indicates that the intensity
of the upper half of the FMR signal is higher than the lower one and vice versa. A/B = 1
indicates a signal with both its upper and lower half with equal intensity.

The A/B ratio at room temperature in the parallel configuration is 1.27, 1.12 and 0.69 for x =
249, 83 and 42 nm respectively. A/B > 1 gives Dysonian line shape to the spectrum which
results from lower skin depth and higher conductivity of the sample [18]. Hence the
possibility of occurrence of dispersive component due to diffusion of electrons into and out
of the skin region cannot be ruled out for the ML with x =249 and 83 nm.

The asymmetric nature of the FMR spectra of x = 249 nm may also be attributed to the
interlayer coupling in the ML. The asymmetry decreases with decrease in CFZ layer
thickness presumably due to the decrease in the interlayer coupling strength between the
layers. As a consequence of interlayer coupling, the coupled spins precess out of phase with
the uncoupled ones. Hence the FMR spectra of spins which precess at different frequencies
overlap to give an asymmetric signal [19]. The peak to peak FMR signal intensity (Ipp) is
measured between the positive and negative peak points along the y-axis and is
proportional to the power absorbed. In the parallel configuration Ipp values, normalized to
the volume of the CZF layers, increases as the magnetic layer (CZF) thickness increases from
x = 42 to 83 nm followed by a decrease for x = 249 nm. The resonance field (Hres) decreases
with increase in the CFZ layer thickness in this geometry. This is attributed to the increase in
internal field with increasing CZF layer (magnetic layer) thickness because of which the
magnetization also increases. The FMR parameters for both parallel and perpendicular
configuration are listed in table 1.

The intrinsic line shape and linewidth of an FMR signal is sensitive to variation of
magnetization at the interfaces, surface pits, grain boundaries etc. The peak to peak
linewidth (AH) is sensitive to inhomogeneity, surface roughness, internal field etc. AH
values for the ML reported in this study initially decreases from 631 to 541 Oe as x changes
from 42 to 83 nm followed by an increase to 704 Oe for x = 249 nm. The ratio of the active
layer thickness to dead layer thickness is low for ML with x = 42 nm. As x changes from 42
to 83 nm, the contribution from the dead layer becomes relatively negligible due to large
active layer thickness. The increase in AH for x = 249 nm may be due to the presence of
interlayer coupling [20].

The ML with x = 249 nm exhibits multiple resonances in Ou = 0° configuration at RT (figure
2). The resonances occur at 363 and 418 mT for this ML. The occurrence of multiple
resonances may be attributed to the excitation of spin waves due to the inter layer coupling
of CZF layers mediated by the non-magnetic SnO: layers [21]. This implies that the entire
ML is coupled by the interlayer exchange coupling as a single magnetic entity. The spin
waves propagate through the SnO: layers and are sustained by the entire multilayer film.
This confirms that for x = 249 nm the CZF layer thickness is ample enough to polarize SnO:2
layer. With decreasing x it loses its capacity to polarize SnO: layer. The occurrence of
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multiple resonances may also be attributed to the existence of two different magnetic phases
pertaining to the interfacial region and the bulk of the magnetic layer.

The number of resonances decreases with decreasing CZF thickness in the perpendicular
geometry. As the thickness of CZF layer increases, the ML provides sufficient length for the
spin wave modes to be formed.

Amplitude
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Figure 4. Room temperature FMR spectra of [SnO2(46 nm)CFZ(249 nm)]s at different orientations.

The FMR spectra of [SnO2(46 nm)/CZF(249 nm)]s recorded at different orientations is shown
in figure 4. For On > 20° there is only single resonance in the FMR spectra. Small shoulder
appears at Ou = 20°. The multiple resonances appear at Ou < 20°. The relative intensity of the
FMR signals is also angle dependent. As On approaches 0°, the amplitude of the shoulder
peaks increases at the cost of that of the main peak. The separation between the resonances
also increases and the intensity of the FMR signal decreases as Oun approaches 0°. This may
be due to the prominent demagnetization effects in the perpendicular configuration. A
similar behavior is exhibited by the ML with x = 86 nm. There are no multiple resonances for
the ML with x =42 nm.

Figure 5 is a representative plot of the angular dependence of A/B ratio. A/B is close to 2.1
for the perpendicular configuration and decreases as the ML approaches parallel
configuration. A/B =1 for Ou ~ 30° showing that the spectra is symmetric at an orientation of
30° of the sample normal with the applied field. Below 30° A/B is < 1 and above 30° A/B is >
1 evidencing the variation in the intensity of the lower and upper part of the FMR spectra
with O.
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Figure 5. A representative plot of angular dependence of A/B ratio of [SnO2(46 nm)CFZ(249 nm)]s ML.

Figure 6 depicts the angular variation of Hre, AH and Ipp. For all the ML there is no
significant change in Hrs and AH the FMR spectra for Ou > 60°. Below 60°, Hres and AH
increase continuously. This shows that the ML is anisotropic in nature. The Ipp value initially
increases from 0° till 40° followed by a decrease with further increase in On. Thus the ML is
homogeneous when placed at an orientation of 40°.

When an applied field is oriented along the film plane, Hres increases with decreasing
thickness of the CZF layers. But Hres decreases with decreasing thickness of the CZF layers
when the external magnetic field is oriented perpendicular to the film plane. This behavior
is attributed to the decrease of the perpendicular anisotropy energy with decreasing CZF
thickness [22]. The difference between the resonance fields in the parallel and perpendicular
configuration decreases with decreasing CZF thickness evidencing the fact that the ML with
x =42 nm is relatively less anisotropic compared to the ML with x =249 and 83 nm.

In the perpendicular configuration, the ML with x = 249 nm exhibits multiple resonances
presumably due to the presence of spin waves. The spin wave resonance spectrum at RT
and HT for ML with x = 249 nm were initially analyzed using the dispersion relation
developed by Kittel as follows [23]

H, = Hy — AM, (%)2 n? 1)

2A
where 4 = =
My
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Figure 6. Angle dependence of resonance field (1), resonance linewidth (2) and amplitude (3) of
[SnO2(46 nm)CFZ(x nm)]s for x = 249 (a), 83(b) and 42 nm (c).
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Here Hx is the position of the n™" mode of the spin wave resonance, Ho is the position of the
FMR resonance, L is the thickness of the sample, Mo is the magnetization of the film, n is an
odd integer and A is the exchange constant. This relation is valid for uniformly magnetized
film. The results obtained do not fit well into the Kittel model where Hn is plotted against n.
They rather exhibit a linear behavior with n.

According to Portis model [24] for films with non uniform magnetic profile, the
magnetization shows a parabolic drop away from the center of the film. The spin wave
modes are given by the following relation

4M, 1
Hy = Ho — 2 (4m€)'/? (n + 3) @)

Here € is the distortion parameter in the film.
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Figure 7. Variation of resonance field with the mode number according to Portis model.

Portis considered that the pinning in the film arises due to non uniform magnetization in the
film. This model proposes a linear relation between Hn and n. Also from the above equation,
the difference between the resonance modes decreases with decrease in magnetization.

Figure 7 shows the linear fits corresponding to Portis model. The exchange constant is
proportional to the slope of the line. The slope of the line decreases with increasing
temperature. Hence the exchange constant decreases with increasing temperature leading to
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weak coupling and hence lower magnetization. Also, the separation between the resonance
modes decreases at higher temperatures, indicating a decreasing magnetization.

The effective magnetization (4mMetf) and effective g value (getf) calculated using the Kittel’s
relations are listed in tablel. At room temperature 4tMe.st increases and geif decreases with
increasing CZF thickness. This may be due to increasing FM layer thickness [25]. The
various factors which can account for deviation of getr from that of the free electron are spin
orbit coupling, coupling at the interfaces etc [26].

Hres (kG) g (+0.01) AH (G)

X AHres A7rtMest "
(m) | 6u=90° | Bu=0° | (kG) | Bu=90° | Bu=0° | (Oe) | & | 6u=90° | Ou=0°

42 2.977 3.165 | 0.188 2.21 2.08 125.76 | 2.16 631 750
86 2.649 3.720 | 1.071 2.48 1.77 728.39 | 2.19 541 590
3.633, | 1.107, 75441, | 2.28,

249 2.526 4173 | 1.647 260 |1.81,1.58 113288 | 214 703 1930

Table 1. FMR parameters for [SnO2(46 nm)/ CZF (x)]s ML for various values of x.
The perpendicular anisotropy field Hx is obtained from the following equation [27]
HK = 4'7TMS _4”Meff (3)

The values of K are listed in table 2. In multilayers, there are two factors which contribute to
the effective anisotropy — anisotropy due to the interfacial region (Ks) and anisotropy due to
the bulk volume of the magnetic layer (Kv). The relation is given as follows [28]

K=Ky +272 (4)

Where x is the thickness of the magnetic layer. The factor of 2 in the second term on the (r.
h.s) of the equation is due to an assumption that the magnetic layer is bound by identical
interfaces on either side. When (K.x) is plotted against t (figure 8), the slope gives the value
of Kvand the intercept gives the value of Ks. The negative slope indicates a negative volume
anisotropy which tends to confine the magnetic moment in the plane of the film [29]. The
intercept at x = 0 gives positive value of Ks which tends to align the magnetic moment
perpendicular to the surface of the film. The intercept on the x axis gives the thickness at
which the contribution from Kv outweighs that from Ks. From the figure, the intercept on x
axis is found to be 56 nm. Thus below 56nm, major contribution comes from interfaces. The
Ks and Kv values obtained from the plot are 194980 and -3671 erg/cm?

The value of K changes from positive to negative as the thickness of CZF increases (figure 8).
Negative values of K indicates in-plane anisotropy [30]. Thus with increasing CZF thickness,
the direction of magnetization is confined to the plane of the sample surface. The thickness
value at which the anisotropy changes sign is 56 nm. The perpendicular anisotropy for small
values of x may be due to the lattice mismatch at the interfaces [31].
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Figure 8. (K.x) vs x plots for [SnO2(46 nm)CFZ(x nm)]s ML for x = 43, 83 and 249 nm.

Gilbert damping is a spin relaxation phenomenon in magnetic systems which controls the
rate at which the spins reach equilibrium. Spin-orbit coupling [32], non-local spin
relaxations like spin wave dissipation [33,34] and disorder present in the materials are the
major factors causing Gilbert damping. The damping parameter a values are 0.0096, 0.0083
and 0.0108 for x = 42, 83 and 249 nm respectively. The increase in a value with CZF
thickness indicates the increase in the damping of spins with increasing thickness.

X a K1
(nm) On=90° On=0° (10° erg/cm®)
42 0.049 0.057 2.027
86 0.041 0.045 -1.989
249 0.053 0.146 -2.845,
-1.254

Table 2. Damping and anisotropy parameters for or [SnO2(46 nm)/ CZF (x)]s ML for various values of x.

The temperature dependent FMR studies in the temperature range 133- 473K were carried out
on the ML. Figure 9 shows the FMR spectra of the ML at various temperatures. The change in
line shape indicates change in the magnetic interaction with increasing temperature.

Figure 10 shows the variation of Ipp with temperature in the parallel configuration. Ipp
increases with increasing temperature for all the ML. Ipp of the ML with x= 42 nm exhibits a
linear trend. Whereas for ML with x=83 and 249 nm, the increase is not linear. It increases
slowly from 133K to 298K (RT), followed by a rapid increase with temperature in the
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temperature range RT- 473K. From 133K to 250K there is no significant difference in
amplitude for ML with x= 83 and 249 nm. At temperatures above RT the amplitude of ML
with x= 83 nm is higher than that of ML with x =249 nm.
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Figure 9. FMR spectra of [SnO2(46 nm)CFZ(x nm)]s ML at various temperatures for x =249 (a), 83 (b)
and 42 nm (c)in the parallel configuration.
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Figure 10. Temperature dependent amplitude of [SnOz2(46 nm)CFZ(x nm)]s for x = 249(a), 83(b) and 42
nm (c).

Variation of AH with temperature in the parallel configuration is displayed in figure 11. The
width of the FMR spectra increases continuously with decreasing temperature for x= 42 nm.
For x = 83 nm it decreases with temperature and saturates at ~ 215 K . Whereas for x = 249
nm it begins saturating at ~ RT presumably due to freezing of spins. The Hres increases with
increasing temperature (figure 12) in all the ML presumably due to increasing internal field
at low temperatures. The ML with x = 249 nm exhibits a linear dependence in the entire
temperature range whereas the ML with x = 83 and 42 nm exhibit saturating tendency at
higher temperatures in the parallel configuration. This may be an interfacial effect. For x = 42
nm the ratio of spins at the interfaces to the spins in the bulk is high. Whereas for x = 83 and
249 nm the ratio is lower. Hence the contribution from the bulk of the film becomes
significant than that from the interfaces. The saturating tendency at high temperatures for
the ML with x = 83 and 42 nm shows that even at higher temperatures, the thermal energy is
not sufficient to unlock the spins at the interfaces.

Similar behavior is observed for CZF thin films [12]. The increase in saturation temperature
with increase in CZF thickness could be due to the interlayer coupling.

The change of slope of AH indicates a change in the kind of magnetic interactions in the ML.
The line shape of the FMR spectra also changes around the same temperature. The curvature
of the temperature dependent of AH plot changes as x increases from 42 to 249 presumably
due to increase in active to dead layer ratio. Decreasing trend in Ipp and Hres and increasing
trend in AH with decreasing temperature is a signature of superparamagnetism [35]. The
resonance field of a given particle includes contribution from magneto crystalline anisotropy
field and demagnetizing field.

123



124 Ferromagnetic Resonance — Theory and Applications

(a)

0.8+

>
o
[,
.
F
i

<

~
L
'

o

o
o
1
.
>
~
=
N

<
~
1
o
.
J

N
(3]
1
i
¥
.
i
f

Resonance linewidth AH (kG)
2
1

o = =
o W
AN !
.
'd
;
.
.
.

e
o

T
100 150 200 250 300 350 400 450 500
Temperature (K)

Figure 11. Temperature dependent resonance linewidth of [SnO2(46 nm)CFZ(x nm)]s for x = 249(a),
83(b) and 42 nm (c¢).

2.8 4

(kOe)
5

res

2.6 1

2.4 4

Resonance Field, H

1.4 4+——
100 150

T T
200 250 300 350 400 450 500
Temperature (K)

Figure 12. Temperature dependent resonance field, Hres, in the parallel and perpendicular
configuration of [SnO2(46 nm)CFZ(x nm)]s for x = 249(a), 83(b) and 42 nm (c).
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For a system containing randomly oriented particles, the magnetic resonance signal is
broad. At high temperatures where kvT is much greater than the anisotropy barriers the
thermal fluctuations of the magnetic moments reduces the angular anisotropy of the
resonance fields and the linewidth of individual nanoparticle [36] resulting in a
superparamagnetic resonance (SPR) spectra in the case of nanoparticles. At low
temperatures the particle moments are unable to overcome the local anisotropy barriers and,
thus, become trapped in metastable states (blocking phenomenon). This results in broad
resonance spectra with linewidth comparable to that of the resonance field.

A characteristic feature of SPR is that at low temperatures, AH is almost equal to the value
of Hres. For the ML with x = 42 nm around 40% of CZF layer is dead. The diffused region
consists of fine particles of CZF dispersed in SnO2 matrix. Hence the SPR phenomenon is
pronounced for this ML. Whereas for ML with x = 83 and 249 nm, the thickness of the
diffused region is small compared to that of the bulk CZF layer. Hence the value of AH at
low temperatures is not same as that of Hres.

FMR susceptibility is estimated by calculating the double integrated intensity i.e. area under
the absorption curve in FMR is proportional to the concentration of spins. Figure 13 shows
temperature dependence of ESR susceptibility in the parallel configuration for [SnO2(46
nm)CFZ(x nm)]s ML. It initially increases with decreasing temperature, reaches a maximum
and then decreases with further decrease in temperature evidencing the superparamagnetic
behavior. The width of the transition is large due to the wide spread of blocking
temperatures.
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Figure 13. Variation of FMR susceptibility, xemr with temperature of [SnO2(46 nm)CFZ(x nm)]s ML for x
=249 (a), 83 (b) and 42 nm (c).

For ML with x =42 nm, XrMr decreases continuously with decrease in temperature down till
183 K. The negative absorption is due to the fact that the area under the lower part of the
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FMR curve is greater than that of the upper part. The Curie- Weiss law does not fit 1/ X rur
vs T plot due to the continuous curvature in the entire temperatures range.
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Figure 14. Variation A/B ratio with temperature of [SnO2(46 nm)CFZ(x nm)]s ML for x = 249(a), 83(b)
and 42 nm (c).

Figure 14 shows the A/B ratio with temperature for these ML. It decreases almost linearly
with decreasing temperature from 400 to 200 K for the ML with x = 42 nm. Below 200 K
there is a change in slope. The temperature dependence of A/B ratio exhibits different slopes
in different temperature region for the ML with x = 83 nm. Whereas for the ML with x = 249
nm, there is no significant change in the A/B ratio in the temperature range between 500 and
350 K. Below 350 K the ratio decreases continuously. The temperature at which the slope for
A/B ratio changes matches with that of temperature dependence of linewidth.

Temperature dependence of FMR spectra of these ML in the perpendicular configurations is
displayed in figure 15. The resonance field shifts towards higher values with decreasing
temperature. This is accompanied with decrease in intensity and increase in line width. This
indicates that AFM interactions dominate as temperature decreases in the perpendicular
configuration.
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Figure 15(a) also shows the variation in the positions of the multiple resonances for x = 249.
They are narrow and closely spaced at 473 K. As temperature decreases, the FMR peaks
broaden and move away from each other with decreasing temperature. The peak at the
lower field moves further towards lower field and the one at the higher field moves further
towards higher field. This is a clear indication of existence of both FM and AFM phase. The
relative intensity of the peak at higher field decreases and that of the one at lower field
increases with decreasing temperature. The distance between the peaks increases with
decreasing temperature. This indicates increase in phase separation with decrease in
temperature.

Ipp value in the perpendicular configuration is lower than that in the parallel configuration
at all temperatures. However, the trend remains the same in both parallel and perpendicular
configurations. The AH value in the perpendicular configuration is not very much different
from that in the parallel configuration for the ML with x = 42 and 83 nm (figure 16). On the
other hand, AH for x =249 ML is much higher in the perpendicular configuration.
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Figure 16. Temperature dependent resonance linewidth in the parallel (full circle) and perpendicular
(open circle) configuration of [SnOz (46 nm)CFZ(x nm)]s for x = 249(a), 83(b) and 42 nm (c).

Figure 17 shows the variation of Hres in the parallel and perpendicular configuration. Unlike
the parallel configuration, the resonance field increases with decreasing temperature in the
perpendicular configuration for ML with x = 249 and 83 nm. Hres remains insensitive to
temperature in the range 300- 473K. Below 300 K it increases with further decrease in
temperature.
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Whereas for the ML with x = 42 nm, initially there is a small increase in Hres as temperature
decreases from 473 to 433 K. Below 433 K it decreases continuously. At all temperatures, Hres

is less sensitive to temperature in the perpendicular configuration than in the parallel
configuration.

For all the ML, the FMR susceptibility increases with decreasing temperature in the
perpendicular configuration. The effective magnetization is a measure of net magnetization
within the ML. Figure 18 shows the variation of effective magnetization with temperature. It
increases with decreasing temperature for all ML.
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Figure 18. Variation of effective magnetization with temperature for [SnO2 (46 nm)CFZ(x nm)]s ML for
x =249(a), 83(b) and 42 nm (c).

Figure 19 is a representative graph of [SnO: (46 nm)/ CZF(249 nm)]s ML showing the
variation of FMR susceptibility with temperature in both parallel and perpendicular

configurations. Unlike the parallel configuration, Xrur in the perpendicular configuration
increases continuously with decreasing temperature.

The FMR spectra were recorded at different orientations of the normal to the sample with
the applied field (On). The rotational dependence of FMR spectra was measured at 133, 298
(room temperature) and 473 K. At all temperatures the resonance field increases
continuously as Ou decreases exhibiting uniaxial anisotropy. For the ML, the difference
between AH values in the parallel and perpendicular configuration increases with
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decreasing temperature. This shows increasing anisotropy with decreasing temperature. The
multiple resonance for the ML with x = 249 is prominent at 298 and 473 K (figure 20(a)). For
ML with x < 249 nm, the absence of multiple resonances even at high temperatures indicates
absence of interlayer coupling. At all temperatures the AHres is highest for the ML with x =
249 nm. These multiple resonances disappear with decreasing temperature.

FMR susceptibility, 5, . (arb. units)

T T T I T T T T T T L T
100 150 200 250 300 350 400 450 500
Temperature, T (K)

Figure 19. Representative plot of the FMR susceptibility, FMR of [SnO: (46 nm)CFZ(249 nm)]s ML in
parallel and perpendicular configuration.

At room temperature, AH shows a minimum ~ 30-40° (figure 21). Ipp shows maximum
around the same value. Hence the sample has an easy axis of magnetization at that
inclination. At 473 and 298 K its intensity initially increases, reaches a maximum and then
decreases with decreasing On. Whereas at 133 K, Ipp values remains constant initially then
decreases continuously with decreasing value of 0.

Another evidence for decreasing anisotropy with decreasing x is shown in figure 21. At 473
K, AH for the ML with x = 249 nm initially increases, exhibits a minimum ~ 40° and then
increases continuously with further increase in 6u . Whereas for the ML with x = 83 nm, with
increasing On, AH value remains constant till certain angle then decreases continuously. On
the other hand the AH value for the ML with x =42 nm, the AH value continuously decrease
reaches a minimum and then increases with increasing Ou. The occurrence of minimum in
AH may be due to existence of regions with different effective magnetization values due to
inhomogeneous nature of the sample [37]. The minimum in AH shifts towards higher angle
with decreasing x. Similar behavior is observed at 298 K for all the ML. With decreasing
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temperature, the curvature of the angle dependent linewidth changes. At 133 K, for x = 249
nm, the minima vanishes and AH increases continuously with increasing On. For the ML
with x = 83 nm, the curvature is reversed at 133 K. It increases with increasing On, attains a
maximum value at ~ 40° and then decreases. On the contrary there is no significant change
in AH for the ML with x = 42 nm. Thus at 133 K, x = 249 nm ML is more anisotropic than the
ML with x =42 and 83 nm.

3.2. Effect of spacer layer thickness

The effect of thickness of spacer (SnO2) layer was studied on 3 sets of samples with varying
thickness of the SnO: layer. The total number of bilayers is 5 and individual CZF layer
thickness is 83 nm for all the samples. The ML samples were [SnOz2(x nm) CZF(83 nm)]s ML
for x=46, 115 and 184 nm .

Stack of alternate dark and light layers are evident from the FESEM images (figure 22). The
dark columnar layers correspond to CZF and the light layers correspond to SnO:. The
variation in the thickness ratio between SnO: and CZF is also clearly visible from these
images. The absence of fringes in XRR spectra may be due to large thickness of the ML stack.

P 400 nm (a)
e

Figure 22. FESEM images of [SnO2(x nm) CZF(83 nm)]s ML for x = 46 (a), 115 (b) and 184 nm (c).



FMR Studies of [SnO2/Cu-Zn Ferrite] Multilayers

FMR studies were carried out at different temperatures and by varying the angle On
between the film normal and the direction of the applied field. Figure 23 shows the first
derivative of the FMR absorption spectra of the ML at room temperature in parallel (01 =
90°) and perpendicular (Ou = 0°) geometry, normalized to the volume of the CZF layers. Ipp
increases as the spacer (SnO2) thickness increases from x = 46 to 115 nm followed by a
decrease for x = 184 nm. The peak to peak linewidth (AH) is sensitive to inhomogenieties,
surface roughness, internal field etc. The x rur is estimated by calculating double integrated
intensity (DI). Both AH and DI follow a trend similar to that of Ipp with increase in spacer
layer thickness. This behavior may be attributed to the oscillation in the exchange coupling
across the NM layer due to quantum interference of the electron waves reflected from the
interfaces. The A/B ratio is 0.82, 0.74 and 0.79 for x = 46, 115 and 184 nm respectively. The
asymmetry ratio is not very different from each other. For the ML with x = 115 nm, the
upper part of the FMR signal rises steeply whereas the rise is relatively slow for the lower
part indicating a negative anisotropy.
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Figure 23. Room temperature FMR spectra of [SnO2(x nm) CZF(83 nm)]s ML in the parallel and
perpendicular configuration for x =46 (a), 115 (b) and 184 nm (c)..

The resonance field (Hres) increases from 2.65 to 2.78 kG and the g value decreases from 2.47
to 2.36 with increase in SnOz layer thickness in parallel geometry. The shift in Hres to higher
values might be due to the decrease in interlayer coupling strength. The Hres decreases and g
values increases from 1.77 to 1.96 with increasing spacer layer thickness in the perpendicular
geometry. This might be attributed to lower perpendicular anisotropy for well separated
films [38]. The FMR parameters in the parallel and perpendicular configurations are listed in
table 3. The effective magnetization decreases with increasing SnO2 thickness.
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Hres (kG) g (10-01) MS
X AHres 4T(Meff AH (G) (emu/cc
(mm) 0Or=90° Ou=0° (kG) Ou=90° Ou=0° (Oe) CZF
Or=90° On=0° )
46 2.652 3.721 1.069 2.48 1.77 710 541 595 50
115 2.733 3.452  0.719 241 1.90 485 693 733 100
184 2.784 3.356 0.576 2.36 1.96 406 675 736 30

Table 3. FMR parameters of [SnOz(x nm) CZF(83 nm)]s multilayers for various spacer layer thickness

The ML with x = 46 nm exhibits multiple peaks in the FMR spectrum recorded in the
perpendicular configuration. This may be due to the interlayer coupling of the CZF layers
mediated by the non magnetic spacer layer. When two spins are coupled across the spacer
layer, they tend to precess at a frequency different from that of the rest. Hence the resonance
for the coupled spins occurs at a different field. The absence of multiple splitting in the other
two samples indicates lack of interlayer coupling in the magnetic layers. Apart from the
multiple resonances, the asymmetry in the FMR signal in the perpendicular configuration
also decreases with the increase in SnO: layer thickness. As the thickness of the spacer
increases, the distance between the CZF layers increases and hence the coupling between
them decreases leading to symmetrical FMR spectra. The effective magnetization value at
room temperature was calculated using the Kittel’s relations and are 710, 485 and 406 Oe for

x =46, 115 and 184 nm respectively.

FMR amplitude, Ipp (arb. units)

T T T T T
300 400 500 600
Applied field, H (mT)

Figure 24. Room temperature FMR spectra of [SnO2(46 nm)CFZ(83 nm)]s at different orientations.

T
100 200



FMR Studies of [SnO2/Cu-Zn Ferrite] Multilayers

The angle dependent FMR spectra are shown in figure 24. The symmetry in the FMR spectra
increases as On decreases from 90° to 40°. For On> 40° the spectra becomes asymmetric and
the single FMR peak splits into two resonance peaks. With decreasing Ou the separation of
the peaks increases.

Figure 25 is a representative graph of the angular dependence of AH and Ipp. For all ML, AH
value initially decreases till On = 40° and then increases till On = 0°. Whereas, Ipyp increases till
On = 40° and then decreases till On = 0°. This indicates that at On = 40°, the susceptibility of
the film increases resulting in higher magnetization. This may be due to existence of regions
with two different effective magnetizations. For all the samples Hres shifts to higher fields as
the angle between the sample normal and the direction of the field (On) changes from 90° to
0°. This indicates that the ML exhibits uniaxial anisotropy.
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Figure 25. Variation of room temperature FMR linewidth (AH) and intensity (Ipp) of [SnO2 (46 nm)
CZF(83 nm)]s ML at different orientations of the film.

FMR spectra recorded at various temperatures between 133 and 473 K are shown in figure
26. The change in the lineshape with decreasing temperature evidences an evolution of a
different type of magnetic interaction.

The FMR signal is asymmetric at high temperatures and the symmetry increases with
decreasing temperature. In the high temperature region A/B is greater than 1 indicating that
the upper part of the FMR spectrum is of higher intensity than the lower half and indicates
the presence of dispersive component in the ML. Figure 27 shows the variation of A/B with
temperature.
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Figure 26. FMR spectra of [SnO2 (x nm) CZF(83 nm)]s ML recorded at various temperatures in parallel
configuration for x = 46 (a), 115 (b) and 184 (c).



FMR Studies of [SnO2/Cu-Zn Ferrite] Multilayers

The Ipp value decreases with decreasing temperature. The increase in AH at lower
temperatures indicates the large spin relaxation times and hence large coercivity at low
temperatures (figure 28(a)).

The decreasing trend in Ipp and Hres and increasing trend in AH with decreasing temperature
is a signature of superparamagnetism. Figure 29 shows variation of FMR susceptibility, x
MR as a function of temperature. It initially increases, reaches a maximum and then
decreases with decreasing temperature confirming the superparamagnetic nature of the ML.
Figure 30 shows the temperature dependent FMR spectra in the perpendicular
configuration. All the ML samples exhibit multiple resonances. The resonances broaden and
the separation between them increases with decreasing temperature. The intensity of the
peak at lower field side increases and that at higher field side decreases with decreasing
temperature.

The behavior of AH and Ipp is same as that of Ou = 90°. The difference between AH in both
the configurations is negligible in the HT region for all the samples. The substantial
difference occurs at low temperatures (figure 31(a)). This may be due to the presence of
magnetic inhomogeneities in the ML [39]. In the parallel configuration Hres decreases with
decrease in temperature indicating strengthening of FM interactions. Whereas in the
perpendicular configuration it is less sensitive to temperature in the HT- RT range, then
increases slowly with decrease in temperature (figure 31 (b)).
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Figure 27. Variation of A/B ratio of [SnO2 (x nm) CZF (83 nm)]5 with temperature for x = 46 (a), 115 (b)
and 184 (c).
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Figure 31. Variation of resonance field, Hres (a) and resonance linewidth, AH (b) with temperature in
parallel and perpendicular configurations for [SnO2 (46 nm) CZF(83 nm)]s ML .

The effective magnetization is found to increase with decreasing temperature. Major
contribution to the effective magnetization comes from the perpendicular anisotropy. This
implies that as the temperature decreases the perpendicular anisotropy relaxes. xemr shows
a different behavior as a function of temperature in the perpendicular configuration. Figure
32 is a representative plot of variation of xrvr with temperature in parallel and
perpendicular configuration. It increases continuously with decreasing temperature for all
the ML in the perpendicular configuration.
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Figure 32. Representative plot showing variation of FMR susceptibility with temperature in parallel
and perpendicular configurations for [SnOz2 (46 nm) CZF(83 nm)]s ML .

4. Conclusions

The temperature dependent ferromagnetic resonance (FMR) studies on [SnO:/ Cu-Zn
ferrite]n as function of magnetic layer and spacer layer thickness were carried out in the
temperature range 100- 475 K. The study of temperature dependence of FMR lineshape,
peak-to-peak linewidth, peak-to —peak line intensity and resonance field provide an insight
into the interfacial effects. The inplane and out of plane FMR studies provide information
about the magnetic anisotropies of the ML.
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1. Introduction

Exchange bias with natural antiferromagnets is typically investigated for systems with only
a single magnetic interface [1-7]. Of these, one of the best understood in terms of atomic
level spin configurations is the epitaxial Fe/FeF: film system. The present work explores
exchange bias in a structure in which an epitaxially grown KNiFs film is used to separate the
Fe and FeF. The uniaxial magnetic anisotropy of the KNiFs is much weaker than that of the
FeF2, and the corresponding exchange bias and exchange anisotropies are also different.

By changing the thickness of the KNiFs, we show that it is possible to change the exchange
anisotropy and bias from that of the FeF: to that of the KNiFs. In the limit of very thick
KNiFs, we observe unidirectional, uniaxial and rotatable exchange anisotropies. Competing
effects from the FeF: are observed as the KNiFs thickness is reduced, allowing us to probe
magnetic lengthscales associated with spin ordering near the KNiFs interfaces.

We used ferromagnetic resonance (FMR) to obtain values for exchange anisotropies and
bias. The FMR response is provided by the Fe in our Fe/KNiFs/FeF: systems, and magnetic
anisotropies and other parameters are obtained by fitting the raw data to well known
resonance conditions for thin films. In this chapter we show that the fitted values reveal an
exchange anisotropy that appears to be dependent on applied field orientation relative to
the magnetic anisotropy symmetry axes. Throughout the remainder of the chapter we label

AFM

this anisotropy Hp,, " . The onset of H ;;iM with temperature is similar to that of a rotatable

HAFM

anisotropy observed previously by us for KNiFs systems [8, 9], and we suggest that Hj

in the present chapter consists of an isotropic 'rotatable’ component Hrt in addition to an
orientation dependent, unidirectional component HE.

It is useful at this point to summarize the relevant magnetic properties of the
antiferromagnets and their associated exchange bias phenomena. KNiFs is a Heisenberg

© 2013 Widuch et al., licensee InTech. This is an open access chapter distributed under the terms of the
Creative Commons Attribution License (http:/creativecommons.org/licenses/by/3.0), which permits

. unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
open science | open minds
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antiferromagnet with cubic perovskite structure and Neel temperature Tn=250K [10-13]. The
FeF2 has a rutile-type crystal structure and Neel temperature Tn=79K [14-17]. KNiFs has a
very small uniaxial anisotropy in comparison to FeF2[12-17].

Results of magnetometry and FMR studies of bilayered thin films of single crystal Fe(001)
and either single crystal or polycrystalline KNiFs are given in references [8, 9]. The smallest
lattice mismatch to the Fe is 1.2%, assuming that the Fe/KNiFs interface coincides at the (100)
face of both materials. This good lattice match between the ferromagnetic and
antiferromagnetic layers preserves the cubic structure of both.

The (100) plane of KNiFs should be compensated with both sublattices present in equal
numbers. This should also be true for polycrystalline KNiFs on Fe since all possible growth
planes are reasonably well lattice matched with Fe. The most striking feature observed was
a blocking temperature in the range 50 K to 80 K. This temperature is much lower than the
250K Néel temperature expected for bulk KNiFs. Particularly relevant for the present work
was the observation (by FMR) of a rotatable anisotropy that was an order of magnitude
larger than the exchange bias.

As noted earlier, the Fe/FeF: system has been particularly well studied. Nogués et al. [1]
have shown that the exchange bias depends strongly on the spin structure at the interface
and in particular, on the angle between the FM and AFM spins. Work by Fitzsimmons et al.
[18-22] using polarized neutron reflectometry and magnetometry show that spin
configurations at the FeF: interface differ from the bulk, and can be linked to exchange
anisotropies and bias phenomena.

We have used MOKE microscopy to observe domains in a Fe/FeF: system to identify
interface regions in which spin arrangements are distinct from either AFM or FM magnetic
spin arrangements [23]. Results indicate that the crystallographic arrangement affects the
value of the exchange bias but not the temperature dependence. Measurements of the
temperature dependence of domain density in conjunction with coercivity field
enhancement and exchange bias suggest that exchange bias and coercivity are different in
origin in the sense that the unpinned magnetic moments at the AFM/FM interface are
responsible for the enhancement of the coercivity field while pinned moments shifts the
hysteresis loop.

In what follows we first discuss the sample structure and characterization in Section 2. This
is followed in Section 3 by a discussion of reference FM/AFM1 and FM/AFM?2 bilayers, and
FM/AFM1/AFM2 trilayer results. In Section 4 we present our micromagnetic model and
discuss the possibility of different thickness regimes. Results and discussion are
summarized in Section 5.

2. Sample preparation and structural characterization

Samples were grown on GaAs(001) substrates using Molecular Beam Epitaxy. Wafers were
annealed at elevated temperatures (~450°C) and sputtered with Ar ions until 4x6
reconstruction on the surface of GaAs was clearly visible. The Fe was deposited using K-
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cells and the fluorides were grown using e-beam evaporation at room temperature. A 0.6 nm
thick Fe seed layer was followed by a 75 nm thick Ag buffer layer. At this point the structure
was annealed at 350°C for 12h. From RHEED we confirmed that annealing produced an
average terrace size of ~13 nm. Next an Fe(001) layer was grown at room temperature followed
by a KNiFs layer and topped with a 50 nm FeF: layer. Series with different KNiFs thicknesses
between 0 and 90nm were prepared. The structures were capped with a 2.5 nm thick Au layer
to protect samples during measurements in ambient conditions.

Au (2.5nm)
Au (2.5nm)
FeF, (50.4nm)
260
= KNiF, (3.6nm)
2204 KNiF, (2.8nm)
— 2001
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Figure 1. (a) Fragment of the RHEED intensity oscillations measured at the Fe specular spot during the
growth; (b) a schematic diagram of the two grown Fe/KNiFs/FeF: structures with 2.8nm- and 3.6nm-
thick KNiFs; (c) geometry for FMR measurement; (d) resonance field for different orientations of the
static applied field relative to a magnetocrystalline anisotropy axis for Fe thin film (2.59nm). Unfilled
circles denote the data taken at RT. Solid line exhibits the fit. Fe easy axis [100] (denoted as EA) for ¢u =
450 and Fe hard axis [110] (denoted as HA) are shown.
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In figure 1(a), example RHEED intensity oscillations measured at the specular spot during
the growth are shown, confirming layer by layer growth. Also, from RHEED we determined
that the Fe layer is monocrystalline, and the fluorides layers are polycrystalline. Note that in
order to reduce variations in growth conditions within the series, two thicknesses of KNiFs
were grown on each Fe film, thereby forming two samples. The geometry is sketched in
figure 1(b) for the 2.8 and 3.6 nm samples from the series. For each pair of samples the same
roughness at the Fe/KNiFs interface is expected.

3. Experimental details and results

Ferromagnetic resonance was made at 24 GHz at temperatures between 24K and 300K,
using the TEon mode of a cylindrical cavity. The temperature dependence measurements
were carried out in a dewar equipped with a closed-cycle helium refrigerator. The
temperature of the sample cavity was monitored with two E-type thermocouples. The dc
signal was measured on a diode, and the first derivative of the power absorption signal with
respect to the applied field was detected. A lock-in amplifier technique was used employing
a weak, 0.5 Oe, 155 Hz ac modulation field superimposed on the applied dc magnetic field.
The FMR absorption spectra were fit with standard Lorentzian function, providing directly
the resonance field, Hrs, and FMR linewidth, AH.

A sketch of the experimental geometry is shown in figure 1(c). In-plane angles for
magnetization and applied field (¢r and ¢H, respectively) are defined relative to the Fe[110]
direction. Measurements were made by varying the angle ¢n. An applied magnetic field was
swept between 1 — 6 kOe. These fields were large enough to saturate the samples to within
20 for all angles of applied field orientation. The samples were first measured at a room
temperature, then were field cooled to 24K in the cooling field Hy = 0.87kOe and He =
2.07kOe for Fe easy axis (denoted as EA; gr = 45%) and Fe hard axis (denoted as HA; ¢n = 0°),
respectively. These values of the cooling fields are significantly larger than field needed to
saturate FM (~ 600 Oe along hard axis).

. . . . - 2K‘ |
The effective magnetization 47tMe;, and a fourfold anisotropy field, H, = e can be

s

determined with FMR by measuring Hrs for different orientations of the static applied field
Hay relative to a magnetocrystalline anisotropy axis. An example for Fe thin film (2.59nm) is
shown in figure 1(d). All FMR measurements were fit to the following resonance condition
equation [8,9]:

1/2
2 2
1 3H, 20
Hye=5 [(AMMeff + T"(l + cos4¢H)] + (y} ] —47M 5
@

-H,, +%(5COS4¢H —3)—HE cos(¢H —¢E)



Dynamic and Rotatable Exchange Anisotropy in Fe/KNiFs/FeF; Trilayers

where the first term represents a constant shift in the resonance field baseline. This shift is

due to the fact that 4zMerand # are typically an order of magnitude larger than Fe fourfold
v
anisotropy. The second term consists of an induced shift in the position of the resonance line

due to exchange coupling which has been attributed to rotatable anisotropy. The third and
fourth terms contain the angular variation of Hrs caused by the Fe fourfold and coupling
induced unidirectional anisotropies, respectively. The easy direction of the unidirectional
anisotropy is given by g@t. Both terms Hw: and He are temperature dependent. As noted
above, Eq. (1) is valid only for Hrs large enough to saturate the magnetization.

A summary of results for effective magnetization and fourfold anisotropy fields determined
from fits of Hrs to Eq. (1) are summarized in table 1.

The fourfold anisotropy field of the 18 ML Fe films increased from ~440 Oe (average value
for all measured samples) at room temperature to ~680 Oe at 24 K. For 36 ML thick Fe layers,
a similar increase of the fourfold anisotropy field was observed (~540 Oe to ~710 Oe from
room temperature to 24 K ).

RT 24K
Sample 4TtM e Hi 4TtM e Hii
(kOe)  (kOe)  (kOe)  (kOe)
o Fe(2.59nm) 1585 041 1617 061
= Fe(5.19nm) 1891 053 18.65 0.68
2 Fe(2.60nm)/FeF2(50nm) 1415 044 12.88 0.68
B Fe(2.62nm)/KNiFs(16nm) 1498 045 1404 067
& Fe(2.62nm)/KNiFs(50nm) 1517 043 14.50 0.69
Fe(2.60nm)/KNiFs(0.8nm)/FeF2(50nm) 1418 043 1294 065
Fe(2.61nm)/KNiFs(1.2nm)/FeF: 1592 048 14.79 0.71
Fe(2.60nm)/KNiFs(1.7nm)/FeF 1444 047 1315 0.76
Fe(2.58nm)/KNiFs(2.0nm)/FeF: 1562 043 1515  0.645
Fe(2.59nm)/KNiFs(2.8nm)/FeF: 1476 045 1384 0.66
4 Fe(2.59nm)/KNiFs(3.6nm)/FeF: 1490 046 13.76 0.68
7 Fe(2.68nm)/KNiFs(4.0nm)/FeF: 1562 042 15.52 0.63
& Fe(2.61nm)/KNiFs(5.2nm)/FeF: 1551 045 14.08 0.77
Fe(2.60nm)/KNiFs(6.0nm)/FeF 1500 049 1337 077
Fe(2.58nm)/KNiF5(91.2nm)/FeF- 1727 043 14.89 0.64
Fe(5.29nm)/KNiFs(0.8nm)/FeF2(50nm) 1922 054 19095 073
Fe(5.29nm)/KNiFs(2.8nm)/FeF: 1911 055 18.99 0.75
Fe(5.15nm)/KNiFs(4.0nm)/FeF: 1896 053 1907 068

Table 1. Values of the effective demagnetizing field 4mMet (+0.06 kOe) and the fourfold iron anisotropy
field Hii (+0.01 kOe) magnitudes at 24 K from linear fitting extrapolations for trilayer systems of
Fe/KNiFs/FeF2(50nm) in comparison to single Fe layer and bilayers Fe/FeF, Fe/KNiFs.
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The effective demagnetizing field (47tMef ) value is less than 21.4 kOe at room temperature.
A possible explanation for this is the existence of surface anisotropy and uniaxial anisotropy
fields, Hs and Hu respectively, such that 4mMe=471tMs — Hu — Hs. It is interesting to note that
the 4ntM. for the thinner Fe layers decreases slightly with decreasing temperature from~15.1
kG to ~14.1 kG between room temperature and 24 K. The thicker Fe layers show 4mM.s
nearly constant (~19.0 kG) between room temperature and 24 K. This is suggestive of an out
of plane anisotropy induced by the KNiFs interface.

3.1. Fe/FeF: and Fe/KNiFs reference structures

The resonance field for the reference bilayers is less than that of the single Fe film data. This
reduction is attributed to the AFM-induced dynamic anisotropy field H ;‘;1 M The

temperature dependence of the resonance field for easy and hard axis field orientation for

bilayer Fe/FeF: is given in figure 2(a) and the inset shows the experimental results for the

AFM

single Fe film. In figure 2(b) and (c) the temperature dependence of H, " for easy and hard

axis field orientation for reference bilayers Fe/FeF2 and Fe/KNiFs is presented. The values of

H ﬁ;M were obtained as the difference between the resonance field data of bilayers and the
linear fit extrapolated to low temperature. For each sample the linear fit becomes from the

high-temperature (i.e. greater than blocking temperature) resonance field dependence.

The values for the exchange bias He were obtained from scans with positive and negative
applied magnetic fields. According to Eq. (1) the asymmetry between resonance fields at
each 180° interval is 2He. For Fe(2.60 nm)/FeF2(50.1nm) structure value of He at 24K was

found to be 185 Oe and is significally smaller (by a factor of four) than H, ;‘;ZM determined for

AFM
dyn

for Fe(2.62nm)/KNiFs(16.0nm) bilayer (see figure2(c)). An exchange bias field of He = 19 Oe
was found, in agreement with the value reported by Wee et al.[8, 9].

this sample (see figure2(b)). At the same time, the FMR results show a low value of H

3.2. Fe/KNiFs/FeF2

An example of how H fyiM varies with temperature for trilayers is shown in figure 3. Values

AFM
dyn

AFM

dyn 1S a non-

extracted for H, display several interesting features. The first is that H

monotonic function of field orientation. Figure 3 shows the temperature dependence of the
Hg, ! for Fe(2.6 nm)/KNiFs(0.8 nm)/FeF2(50 nm) structure for three different orientations of
the applied field: along an easy axis (EA), a hard axis (HA) and midway between (IA;

¢r=22.5°). Values of H ;:I;M are similar for hard and intermediate axis orientations and are

significantly larger than that determined for easy axis orientation (at 24K: 1040 Oe, 1048 Oe
and 757 Oe, respectively).



Dynamic and Rotatable Exchange Anisotropy in Fe/KNiFs/FeF; Trilayers

A
46- 3s (I OO0 0 O
& — 38|  Fe(2.59nm)
4.4] M e(2:
Lt SEee § 34] = EAH=087KOe
4.21 < a2 HA, H_=2.07 kOe
G ioe

T 30] Fe(2.60nm)/FeF,(50.1nm)
2.8 ? = EA
264 B HA
2.4 T T T T T 1
0 50 100 150 200 250 300
Rtz T (K)
(a)
1.2
1] © Fe(2.60nm)/FeF (50.1nm)
] " EA
08l Q° o HA
o
@]
==,
s .
L=
< 0
T
02—
20 30 40 50 B0 70 80 90 100
T (K)
(b)
g-g;' & Fe(2.62nm)/KNiF,(16.0nm)
e = EA
0.20] v ik
0.184
=
)]
o
=3
T

T(K)

(©)

Figure 2. (a) Temperature dependence of the resonance field for bilayer Fe(2.60nm)/FeF2(50.1nm). The
inset in (a) shows the linear temperature dependence of the reference Fe layer, (b) Temperature
dependence of H;;; M for bilayer Fe/FeF2 and (c) Fe/KNiFs. Filled squares denote measurements along

Fe easy axis (EA; ou = 45%) and unfilled circles along Fe hard axis (HA; ¢u = 0°). The cooling field was Hct
=0.87kOe and Het = 2.07kOe for Fe easy and hard axis, respectively. The lines are guides to the eye.
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Figure 3. Temperature dependence of the H ;;M for trilayer structure Fe(2.6 nm)/KNiFs(0.8
nm)/FeF2(50 nm) for three different orientations of the applied field: along an easy axis (EA), hard axis

(HA) and midway between (IA; ¢pr=22.50).
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Figure4. H %iM as a function of the KNiFs film thickness at 24 K for structures with a 2.6 nm-thick Fe

layer.
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Another interesting feature is associated with the dependence of H ;‘;;M on KNiFs thickness.

In figure 4 we show H ;‘yﬂM as a function of the KNiFs film thickness at 24 K for structures

with a 2.6 nm-thick Fe layer. Note that the value of this anisotropy initially decreases very
rapidly to almost zero for the 2nm-thick KNiFs layer. For samples with a thicker KNiFs

layers (> 2 nm), the value of H Q/ZM increases and exhibits a non-monotonic dependence on

thickness. For a fairly thick KNiFs layer (91.2nm) the value of the AFM-induced dynamic
anisotropy reaches saturation at approximately 100 Oe. Note that even in this regime a
difference of 40 Oe persists for values with the field measured along easy and hard axes.

We also mention results from field cooling. It has repeatedly been shown that the value of
the unidirectional anisotropy He depends upon the cooling field strength. A stronger

cooling field leads to more pinned spins and larger values for the exchange bias. We have

AFM

tested the dependence of H am  ON cooling field strength and determined that there is no

such dependence in fields up to 1T. Instead, the magnitude of H;,‘;iM for different

orientations probably depends on magnitude of the AFM anisotropy field.

Finally, we demonstrate that H fy};M depends on the KNiFs thickness. Values of H ;41/1:’1\/1 are

tabulated in table 2 for two different thicknesses of Fe in Fe/KNiFs/FeF-.

HAM (tre=2.6nm)  HyM (tre=5.29nm)  Hg, " (thinFe)
Hy Y (thick Fe)
EA (Oe) HA (Oe) EA (Oe) HA (Oe) alongEA along HA
Fe/KNiF3(0.8nm)/FeF2 706 966 301 429 2.34 2.25
Fe/KNiFs(2.8nm)/FeF2 502 625 244 333 2.06 1.88

Table 2. Comparison of the %‘; M values obtained for trilayer structures with two different

thicknesses of FM layer.

Doubling the thickness of the Fe reduces H;‘;M by approximately a factor of two for each

KNiFs thicknesses, as one would expect for an interface effect. We therefore conclude that
the results displayed in figure 4 may be related to spin structure within the KNiFs.

3.3. FMR linewidth

Ferromagnetic resonance linewidth is the primary parameter, outside resonance field,
considered in the experiment. In Figure 5(a,b,c) is shown FMR linewidth AH as function of
temperature for selected reference Fe/FeF2 and Fe/KNiFs samples and Fe/KNiFs/FeF:trilayers.

The FMR linewidth for the single Fe layer displays a linear dependence on temperature. On
the contrary, the observed temperature changes in linewidth of the exchange coupled
systems are strong and non-linear. As an instance, AH of Fe(2.60nm)/KNiF3(0.8nm)
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/FeF2(50.1nm) increases 12 times with decreasing temperature to 24K when the magnetic
field was applied along an easy axis. When the FMR measurements were carried out with
the field applied along hard axis, the observed increment is eightfold.

35
74 <</-l-v— = AH, Fe/FeF,
| 430
6 Cn AH, Fe
o K &—H,, Fe/FeF, — 125 e
@ 54 <
o 3 J20
) [&]
249 %0 15 L
5 bl 5
3{ = O
z o j10 T
2] oy
l%<></<> 15
e of WA
14 u e [
0 50 100 150 200 250 300
T (K)
(a)
6 Fe(2.62nm)/KNiF (16.0nm)
= EA
54 HA
—
£ 4
T
= 3
Ll
=]
< 24
3 .
0 50 100 280 290
T(K)
(b)
Fe(2.60nm)/KNiF (0.8nm)/FeF ,(50.1nm)
12 = EA
H HA
104 I 1A
—~ v
= s
o 8 'U-
= pigd'e)
T .| BR,
g pesay -
24 g X a 00
- "[ o [*s
] T T T T T
0 50 100 150 200 250 300
T(K)
(c)

Figure 5. (a) Ferromagnetic resonance linewidths AH for Fe/FeF2. For comparison, the temperature
dependence of AH for single Fe is shown. Temperature dependence of coercive field Hc for Fe/FeF2 is
presented on the right-hand side scale. (b) Ferromagnetic resonance linewidths AH for Fe/KNiFs and (c)
trilayer Fe/KNiFs/FeF2 as functions of temperature.
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We proposed on explanation for FMR linewidth behavior that depends upon of
inhomogeneity existing in the local fields acting on the ferromagnet. Some evidence for this
may come from our MOKE magnetometer studies on Fe/FeF: structure [23] and the
observations made by some of us for Fe/KNiFs system [8, 9]. For these reference bilayers a
close correspondence between linewidth and coercive field Hc (see figure 5(a)) was noted.
Similarly to FMR linewidth theory, the spatial inhomogeneities in the local internal fields
can have a large effect on the coercive fields and magnetization loop widths.

4. Discussion

HAFM

The temperature dependence of Hj “ described above behaves generally like that

observed previously for Fe/KNiFs bilayers. A rotatable anisotropy was able to describe well
FMR results in the previous work. Possible mechanisms underlying the formation of the
rotatable anisotropy were discussed in references [8] and [9], and argued to be consistent
with measured linewidths. The essential idea is that the Fe exchange couples to different
regions of the KNiFs interface, and coupling between these regions can produce a rotatable
anisotropy and coercivity as observed experimentally.

Similar arguments should apply in the present case. In the case of trilayers additional
measurements were made in relation to reference bilayers, namely for Fe/KNiFs(0.8nm)/FeF:

sample temperature dependence of the H L;:ZM for three field orientations (EA, HA, TIA) was

studied. It turned out that the H ;‘yﬂM is a non-monotonic function of the field orientation.

We have at present no evidence to suggest a mechanism for this anisotropy, but can
speculate that the presence of the second interface with high anisotropy FeF: introduces an
additional competition that may affect alignment of regions in the KNiFs.

AFM

It seems that a lot of information to verify the introduced model of H; ™ could be obtained

from studies of Fe/AFM1/AFM2 with single crystalline AFMs. However, the studies of
Fe/AFM bilayers, where AFM was deposited onto single crystal of Fe, either in the
polycrystalline or single crystal form do not give a clear picture. The systematic study of the
influence of in-plane crystalline quality of the antiferromagnet on anisotropies in Fe/FeF2
structure were examined by Fitzsimmons et al [22]. In this study three types of samples were
investigated with polycrystalline ferromagnetic Fe thin films and antiferromagnetic FeF: as: (i)
untwinned single crystal; (ii) twinned single crystal, and (iii) textured polycrystal. The results
obtained suggest that the value of exchange bias depends on many conditions, such as: the
orientation between the spins in AFM and FM during field cooling; the choice of cooling field
orientation relative to the AFM; engineering the AFM microstructure and so on. The bilayer
Fe/AFM structures consisting of single-crystal Fe and KNiFs, or KCoFs, or KFeFs films were
investigated by some of us [8,9,24,25]. All antiferromagnets in the samples had single
crystalline structure or polycrystalline one with a high degree of texture. The crystalline
quality of the antiferromagnets significantly affects the size of training effects, the magnitude
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of the parameters such as: FMR linewidth, the blocking temperature, the exchange bias. AHs of
the samples with the single crystal fluorides were reduced compared to the polycrystalline
structures. At the same time, the observed changes of the blocking temperature, the exchange
bias, the coercivity vs the crystallity of the antiferromagnet film were different for different
fluorides. It therefore seems indisputable that only the FMR linewidth is a parameter that
uniquely altered depending on poly- or single crystalline nature of AFMs.

Perhaps the most curious feature observed was the complex dependence of H [fyflM on KNiFs

thickness as illustrated in figure 4. Three different behaviors were observed, corresponding
to three thickness regions: 0 to 2 nm, 2 to 6nm and everything greater than 6 nm. The first
two regions involve only a few monolayers of KNiFs. Some insight into reasons underlying
the existence of these three regions can be obtained by considering possible spin
configurations in a model trilayer. The reason is that KNiFs is a weak antiferromagnet,
and so we might expect that strong interlayer coupling to the Fe and FeF> might result in
large modifications of the spin ordering near the interfaces. Characteristic length scales
would correspond to a few nanometers. We explore this idea in some detail with a model
described in the appendix. The model makes use of an iterative energy minimization
scheme and was used to examine static equilibrium configurations of spins in a thin film
trilayer using material parameters appropriate to the Fe/KNiFs/FeF: trilayers studied in
this work. Details of the model are left for the appendix, and we discuss below only the
essential results and implications for understanding the dependence of H x?yl; M on KNiFs

thickness.

According to our calculations, for example for trilayer structure Fe/KNiF3(3ML)/FeF2, we
find that for angles 6k (the direction of the applied field is characterized by the angle &)
from 0° to —95° the net moments in the first layers of both AFM's oppose the direction of the
applied field. Between —95° and —96° a sudden change in spin orientation appears in the first
layer of the FeF.. In order to understand how these results may illuminate our measured

results for H ;‘;iM , we note first that the canted spin configuration calculated for all KNiFs

thicknesses is suggestive of Koon’s model [26] for exchange bias. In this model, a net
moment at the interface is created by spin canting at a compensated interface of the
antiferromagnet in contact with the ferromagnet. It was later pointed out by Schulthess and
Butler [27] and discussed by Stiles and McMichael [28] that this canting was not itself
sufficient to produce bias due to instabilities in the canted configuration. The instabilities
allow the canted moment to reverse into a configuration whose energy is the same as the
original field cooled orientation energy.

The same principle applies in our case for the largest thickness KNiFs films. However for
small KNiFs thicknesses, the energy of the reversed state is not the same as for the field
cooled orientation. The difference in energies for the O#=0 and O1#=180° configurations can be
sizable, and is shown in figure 6 as a function of KNiFs thickness where
1ML=a(KNiF3)=0.4013nm (Muller et al. [10]).
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Figure 6. The difference in energies for the Or=0° and 0r=180° configurations as a function of KNiF3
thickness, where 1ML=a(KNiF3)=0.4013nm (Muller et al.[10]).

This asymmetry in energies disappears when the KNiFs is thicker than 4 ML. This thickness
is characteristic of the depth over which a twist can develop in the KNiFs. Above 4 ML, the
twist can extend to 180°, and behave like the 'partial’ wall in the Stiles and McMichael
picture of exchange bias[28, 29].

AFM

On the basis of this, we suggest that H;,,“ is associated with the gradient of the energy as a

function of O, and that this energy is different for small and large 61 for KNiFs thicknesses
less than a domain wall width. KNiFs thicknesses sufficiently larger than this support
formation of a partial wall that effectively isolates the Fe from the KNiFs interface. This
results in an energy whose gradient is the same for 0 and 180° orientation of the field. As
such, the H QJZM arises in this model as a kind of susceptibility of the spin configuration to

the orientation of the Fe magnetization (which is controlled by the external applied field).

In this model for H ;?ZM , the thinnest KNiFs thickness region creates asymmetry in energies

at 0 and 180° because the KNiFs is not wide enough to support a complete partial wall. In

this region the effect of FeF: is apparent. The thickest KNiFs films support a complete partial

HAFM

wall, and the resulting dyn

are associated with energy gradients that are symmetric with

respect to reversal of the applied field. The intermediate thickness region allows spin
configurations that are strongly thickness dependent with strongly distorted partial walls.

The H %};M in this region vary strongly with KNiFs thickness, in a manner determined by
details of configurational energies of the distorted partial wall. Lastly, we note that this
picture can also explain the dependence of H Q;M on field orientation with respect to easy
and hard directions. This follows because the magnitude of H [fyflM will depend on

orientation of the Fe with respect to anisotropy symmetry axes.
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5. Conclusions

In summary, we show that a ferromagnet exchange coupled to an antiferromagnetic bilayer
can allow the character and strength of exchange anisotropy to be modified. We have studied
using FMR exchange bias and exchange anisotropy for Fe exchange coupled to KNiFs/FeF- .
The trilayer was grown by MBE. The temperature dependence of the ferromagnetic resonance
peak position shows a characteristic negative shift of the resonance from that of a single Fe
layer. This negative shift is a direct result of the exchange coupling between ferromagnetic and

HAFM

antiferromagnetic layers and results in a dynamically induced field H,,,

The value of H :i:/iM is different for measurements performed along ferromagnet easy and

hard axes for all the bilayer and trilayer samples. The largest values were found for the field

AFM oh the thickness of the KNiFs is non-

along Fe hard axis. The dependence of the Hj

monotonic, reaching a minimum for 2.0nm thick KNiFs. For structures with thinner KNiFs,

the magnitude of the H ;‘yﬂM increases with decreasing thickness, reaching the maximum
expected for the bilayer Fe/FeFa.

Results from a calculational model for the equilibrium configuration of spins in a
ferromagnet/antiferromagnet/antiferromagn trilayer suggests that a form of spin canting
may occur at the antiferromagnetic interfaces. For sufficiently thin KNiFs, significant spin
canting at the Fe and FeF: interfaces occurs due to exchange coupling. Effects of the FeF: are
effectively isolated by KNiFs thick enough to support a partial magnetic domain wall. As a

general result, we suggest that H L;:ZM is a measure of the susceptibility of the interface spin

ordering to interface coupling in the KNiFs.

Appendix

A numerical mean field model for equilibrium spin orientations in a ferromagnet/
antiferromagnet/antiferromagnet is described in this appendix. The spins are treated as
classical vectors on a lattice.

The energy of a spin configuration is determined in the following way. An atomistic approach
is employed in a mean field approximation. A cubic lattice of vector spins is considered
consisting of N layers representing the first antiferromagnet (called AFM1 and representing the
KNiFs) and M layers representing a second antiferromagnet (called AFM2 and representing the
FeF2). The outermost layer of AFM1 is in contact with a block spin representing the FM. Each
layer is described by a unit cell of spins representing the two antiferromagnetic sublattices.
Periodic boundary conditions are assumed in the plane of each layer.

The ground state spin configuration is found as follows. The applied magnetic field is set,
and a spin site in the FM/AFM1/AFM2 trilayer is chosen. The algorithm is begun by picking
a set of values for the initial configuration of spins in each layer corresponding to a field
cooled orientation. Exchange coupling between spins is taken into account in addition to
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anisotropy energies, so that the energy of the spins in any given layer depends on the
orientation and magnitude of the spins in the nearby layers. The orientation of a spin in
layer “i” is characterized by the angle 0. made with respect to the applied field. A low
energy magnetic configuration is obtained when the energy is minimized [30] i.e. the angle
On is determined by rotating the spin into the direction of a local effective field calculated
from the gradient of the energy at the spin site. The procedure determines the configuration
in the following manner: (i) a given layer is randomly chosen and the spins in that layer are
rotated to be parallel to the local effective field; (ii) the process is continued until one has a
self-consistent, stable state where all the spins are aligned with the local effective fields
produced by the neighboring spins.

In this model, the multilayer is treated as an effective one-dimensional system with one spin
representing an entire sublattice in a given layer. Only nearest-neighbor exchange coupling
is considered. The energy is defined by:

H=H ,py +Hy, (A1)

12 | 1,2
Hppy =H,” +H, (A.2)

where Harv is the Hamiltonian representing a given antiferromagnet with its both
sublattices, and Hint is the Hamiltonian describing the interfaces contribution.

The geometry is defined in figure 7. The direction normal to the layer planes is y. Each xz
plane, for a given value of y, depicts one layer of an AFM.

Both AFMs, KNiFs and FeF2, exhibit uniaxial anisotropy with easy axes in the +z and —
directions. The first AFM is KNiFs and is known G-type meaning that the nearest neighbor
coupling is antiferromagnetic. The nearest neighbor exchange constants for each AFM1
layer (Jnne) and between AFMI1 layers (Jnn) are defined as negative values. Each layer of the
KNiFs is assumed to be compensated such that both AFM1 sublattices are present within a
given layer. The second AFM is FeF: and is regarded as completely uncompensated within a
given layer. In this case, the [nnrz exchange coupling constant along x is defined as positive.

The complete Hamiltonian can be written as follows:

1
H; = _Hupp 'SZ(AFMl)

b b
+ Z |:]NNS$(AFM1) 'S(n+m)(AFM1) + 4]NNPS:Z1(AFM]) .Sn(AFM]):| (A3)
m=x1
. 2
_Ku (Sn(AFMl) )
1 b
Hb = _Happ ’ Sn(AFMl)
b b b
+ Z |:]NNSn(AFM1) 'S(n+m)(AFM1) + 4]NNPSn(AFM1) 'SZ(APM1)] (A4)

m=%1

_Ku (SZ(AFMl) )2

161



162 Ferromagnetic Resonance — Theory and Applications

¥

1.0

+6 0.5
—0

--0.5

T T -1.0

Figure 7. Geometry of the system (a) defining an angle of the applied field within the film plane 0n, (b)
the direction normal to the layer planes is y. Each xz plane, for a given value of y, depicts one layer of
an AFM.

Similar terms can be written for the second antiferromagnet AFM2. Here, however, a given
AFM2 plane is regarded, as completely compensated and only one sublattice is present in
the interface:
2
H; =-H, app ’SZ(AFMZ)
(A.5)

b a a
+ Z ]NNZ n(AFM2) S(n+m)(AFM2) +Z ]NNZPSn(AFMZ) Sn '(AFM?2)
m=%1 n'

(SZ(AFMZ) )2
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2 b
H = 7Happ ‘Sn(AFMZ)

b b b
+ Z ]NNZSn(AFM2) 'an+m)(AFM2) +Z]NN2PS;7(AFM2) 'Sn'(AFMZ) (A6)
m=x1 n'
b 2
_KuZ (Sn(AFMZ))
Finally, the interface term with the FM is given by:
b

Hint = ]FAFSFM 'S‘:z=1(AFM1) _]FAFSFM 'Sn=1(Ar-M1) (A7)

b
128 emax(arm1) “Su1(arm2) ~ J12S n-max(army) - Sneiarmz)
The notation is defined by:

e Hapis the applied magnetic field,

o 58" are the spin vectors at layer “n” for sublattice “a” and “b” of the AFM1 and
AFM2, respectively. No out-of-plane spin component is considered within this model.
The only spin arrangement is to lie within xz plane i.e. (x, 0, z),

o §%,8" are the spin vectors at layer “n” for sublattice “a” and “b” , respectively of the
AFM2. Here, the different spin orientation is allowed within one n-th layer but again,
no out-of-plane spin component is allowed to appear within this model,

e K, Kuz are site anisotropies for spins at layer “n” of AFM1 and AFM2, respectively.

The exchange coupling constants are defined as:

e Jnn, [nn2 are the exchange interaction constants between spins at “n” and “n+m” layers of
AFM1 and AFM2, respectively,

e Jnnp, [nnpz are the exchange interaction constants within n-th layer of AFM1 and AFM2,
respectively,

e Jrar is the interface exchange coupling constant between the FM layer and the first
antiferromagnet,

e Ji2 is the interface exchange coupling constant between the first and the second
AFM1/AFM2 layer.

Note that the sign of these exchange interactions has been introduced through the numerical
values of the parameters. All the values of anisotropy and exchange coupling are given in
field units and are summarized in table 3. All calculations were made for 50 atomic layers in
AFM2.

An example arrangement of spins in the AFM1 and AFM2 is depicted in figure Al. Bulk
values of the anisotropy and the exchange coupling constants for KNiFs and FeF2 have been
used in all calculations. The interface exchange coupling constant between AFMs (Ji2) have
been assumed to be a geometrical mean of the exchange coupling constants of the adjacent
layers. The interface exchange coupling between FM and AFM1 is defined as Z]w, i.e. the
exchange coupling within the first AFM1 multiplied by the number of nearest neighbors of
each Fe spin site.
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AFM Exchange field Anisotropy field anisotropy field
(kOe) (kOe) exchange field
AFM1: KNiFs Hex =3500° Hku = 0.080° 2.410°
AFM2: FeF2 Hex2 = 434¢ Hiuz = 149¢ 0.334

2 ML.E. Lines, Phys. Rev. 164, 736 (1967).

* H. Yamaguchi, K. Katsumata, M, Hagiwara, M. Tokunaga, H. L. Liu, A Zibold, D. B. Tanner, and Y.J.Wang, Phys.
Rev. B 59, 6021 (1999).

¢M.L. Silva, A.L. Dantas, and A.S. Carrico, Solid State Commun. 135, 769 (2005).

4D.P. Belanger, P. Nordblad, A.R. King, V. Jaccarino, L. Lundgren, and O.Beckman, J. Magn. Magn. Mater. 31-34, 1095
(1983).

Table 3. Used bulk values of the exchange and anisotropy fields for the KNiFs and FeFa.

After converging to a stable configuration, the total energy per spin site was calculated as a
function of the angle of the applied magnetic field, On. Example results are shown in figure
8(a) for different thicknesses of the first AFM1.

Note that the horizontal axis (On (deg)) is the same for all calculated structures, but the total
calculated energy is not to scale in order to visibly depict the calculated results for each
thickness of AFM1. A discontinuity in the total energy per spin site appears for thicknesses
of AFMI1 ranging from 1ML to 9ML. The values of angle 6u for which the discontinuity
appears (Oudis) is presented in Fig 8(b). Three regions can be distinguished in these results:
1ML to 4ML, SML to 9ML, and > 9ML.

The different regions correspond to different spin arrangements within each AFM layer. An
example for the 3ML thick AFM1 is shown in figure 9. The spin arrangements are presented
in terms of the angle that each spin vector makes with the z-direction. Here, blue arrow
represents the applied field, and red arrows are used for the spins in the three layers of
AFM1 and green arrows represent the first few spin sites of AFM2.

The comparison between a spin arrangement for On=-95° (top diagrams) and for Ox=-96°
(bottom diagrams) is shown. The central diagram in figure 9 shows the spin arrangement
when the field is applied along +z direction. The first layer of AFM1 experiences spin-
canting. An energy minimum for the fully compensated interface has been obtained for
perpendicular interfacial coupling between the FM and AFM spins. The spin-canting and
the resulting net moment induced within the first layer of the AFM1 always opposes the
direction of the applied field. Moreover, spin-canting appears also in the second
antiferromagnet AFM2 for the first two layers. It is important to note that the direction of
the net moment induced in the first layer of AFM2 does not correlate directly to the
direction of the applied magnetic field.
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Figure 8. (a) The total energy per spin site as a function of the angle of the applied magnetic field 01 for
different thicknesses of the first AFM1. The horizontal axis (Ou (deg)) is the same for all calculated
structures, but the total calculated energy is not to scale in order to visibly depict the calculated results
for each thickness of AFM1, (b) The values of angle O for which the discontinuity appears (Omdis) for
thicknesses of AFM1 ranging from IML to 9ML. The lines are guides to the eye.
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Figure 9. The spin arrangements are presented in terms of the angle that each spin vector makes with
the z-direction for the 3ML-thick AFM1. Blue represents the applied field Hs, red arrows are used for
the spins in the three layers of AFM1 and green represent the first few spin sites of AFM2.
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1. Introduction
Magnetic Nanoparticles

Magnetic nanoparticles (MNPs) are playing a crucial role in an extensive number of
potential applications and science fields. Nanotechnology industry is rapidly growing with
the promise that it will lead to significant economic and scientific impacts on a wide range
of areas, such as health care, nanoelectronics, environmental remediation. MNPs are mostly
ferrites, i.e, transition metal oxides with ferric ions as main constituent. Although the
magnetic properties of ferrites [1] are less intense than metal’s, especially saturation
magnetization, ferrites possess a large chemical stability (corrosion resistance), high
electrical resistivity, and extended applicability at high magnetic field frequencies.

The use of MNPs for biological and clinical applications [2] is undoubtedly one of the most
challenging research areas in the field of nanomaterials, involving the organized
collaboration of research teams formed by physicists, chemists, biologists, physiciens. The
advantages of MNPs are based on their nanoscale size, large surface area, tailoring of
magnetic properties and negligible side effects in living tissues. These applications include
drug delivery [3], magnetic hyperthermia [4], magnetic resonance imaging [5], biosensors
[6]. A field related with microwave absorption is electromagnetic interference EMI [7], as the
number of electromagnetic radiation sources has growth at an exponential rate. MNPs have
found applications also in environmental fields, such as soil remediation [8] and heavy
metal removal [9], as MNPs provide high surface area and specific affinity for heavy metal
adsorption from aqueous systems.

The reduction in scale leads to strong changes in macroscopic properties. The main reason
can be attributed to the enhanced importance of the surface atom fraction as compared with
core atom fraction, as the material becomes a nanoparticle. A simple estimate reveals that

© 2013 Valenzuela et al., licensee InTech. This is an open access chapter distributed under the terms of the
Creative Commons Attribution License (http:/creativecommons.org/licenses/by/3.0), which permits
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for a ~100 nm nanoparticle, surface atom fraction is about 6% of the total NP atoms, while
for a ~5 nm NP this fraction can attain 78% [10]. Surface layer of materials exhibits different
properties simply because these atoms have a very different structure than the core’s.
Surface atoms, for instance, have a reduced coordination number (unsatisfied bonding),
crystal defects and modified crystal planes (“broken symmetry”). In the case of magnetically
ordered materials (ferro, ferri, antiferromagnetic phases), additionally, several magnetic
properties critically change at the nanometric scale. These properties are, for instance, the
change from multidomain to single domain magnetic structure, domain wall thickness, the
decrease in anisotropy energy giving rise to superparamagnetic phenomena. MNPs can thus
exhibit many property changes with the reduction in size. Last (but no least), MNPs can
show important macroscopic effects of interparticle magnetic interactions, which can
involve additive forces (exchange), or attraction/repulsion (dipole).

Synthesis of MNPs

The most common method to synthesize MNPs are based on coprecipitation and
microemulsion [11]. The coprecipitation method produces NPs by a pH change in a solution
containing the desired metals in the form of nitrates or chlorides. Average size and size
distribution, as well as shape depend on the pH and the ionic strength of the precipitating
solution. In the microemulsion method, an aqueous metal solution phase is dispersed
(entrapped) as microdroplets in a continuous oil phase within a micellar assembly of
stabilizing surfactants. The advantage is that the microdroplets provide a confined space
which limits the growth and agglomeration of NPs.

An emerging method for preparation of uniform NPs is the polyol technique, where metallic
salts (acetates, oxalates), dissolved in an alcohol (such as diethylenglycol) are directly
precipitated by high temperature decomposition [12]. This method can produce metals; by
addition of a controlled amount of water, it can lead to oxide MNPs.

Spray and laser pyrolysis, with great commercial scale-up potential have been reported [13].
In spray pyrolysis, a solution of a ferric salt (and a reducing agent) is sprayed through a
reactor to produce evaporation of the solvent within each droplet. In laser pyrolysis, the
laser energy is used to heat a flowing mixture of gases leading to a chemical reaction. Under
the appropriate conditions, homogeneous nucleation occurs and NPs are produced.

A different method utilizes high-energy ultrasound waves to create acoustic cavitations
resulting in extremely hot spots. The sound waves produced by these cavities can lead to
particle size reduction and hence the formation of NPs [14]. Other methods are based on
electrochemical deposition of metal in a cathode [11], and also the use of magnetotactic
bacteria [15].

Microwave absorption in MNPs

In this brief review, some of the recent developments in microwave absorption in MNPs.
The response of ferromagnetic resonance (FMR) of MNPs (under different conditions) is first
reviewed. FMR results on consolidated materials by spark plasma sintering (SPS) techniques
are included, as this method allows the preparation of nanostructured ferrites (grains under
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100 nm in size) with high densities. The behavior of electron paramagnetic resonance (EPR)
of some relevant magnetically disordered MNPs systems is also presented. We devote a part
of this review to the emerging low field microwave absorption technique (LFMA), which is
a non-resonant method providing valuable information on magnetically-ordered materials.
Results on MNPs in different aggregation states, as well as SPS-sintered materials are briefly
reviewed.

As FMR [16] and EPR [17] techniques are well known, so no additional treatment of them is
included here, except for some references.

2. Ferromagnetic resonance (FMR) in ferrite nanoparticles
Temperature and size dependences

One of the most studied phenomena on MNP’s is the change of their FMR spectra as a
function of temperature. The main parameters describing FMR signal are plotted versus
temperature and eventually compared with the bulk counterpart, as an attempt to
characterize the changes associated with the nanometric scale. Such parameters are
generally peak-to-peak resonance linewidth, AHpp, resonance field, Hres, and the intensity or
height of the resonant absorption signal. Often, a simple linear dependence with T is
observed [18-23]. Magnetic and structural phase transitions appear as a discontinuous event
on this dependence [24].

The resonance field behavior with temperature for bulk and MNP’s decreases with
decreasing temperature, as a consequence of the enhancement of the contributions to the
internal field associated with magnetic ordering (mainly exchange and anisotropy). This
effect is stronger for small particles (figure 1) [25], revealing additional contributions to the
internal field at low temperatures as a consequence of the size decreasing. These
contributions can be assumed as an extra unidirectional internal field arising from surface
disorder, where the magnetization processes are presumably to be isotropic and causes an
extra shift of the resonance field. Therefore, as the surface area increases with decreasing the
particle size, the isotropic effects on the magnetic resonance behavior are more pronounced
and an additional distribution of energy barriers, promoted by surface isotropic disorder,
must be assumed.

As observed in many works [23,25-27], the FMR spectra for MNPs at intermediate
temperatures results to be a mixing of two lines: a broad component corresponding to
typical anisotropic contributions and a narrow one, presumably corresponding to the
surface isotropic contributions. This leads to a characteristic FMR shape for
nanoparticulated systems. The general features include a broad component (becoming
wider and shifting to lower fields upon cooling, see figure 2), a narrow component, and a
large broadening and shifting as the particle size decreases. Figure 2 shows the FMR signal
evolution with temperature variation from room temperature down to 100 K for a well
diluted magnetite suspension [26]. A double component spectrum is well observed at high
temperatures, while its two components seem to overlap in a single broad signal as
temperature goes down. This can be attributed to an important decrease on isotropic
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contributions which causes the narrow component to disappear at low temperatures. In
addition, decreasing temperature makes the broad component to widen, becoming more
symmetric, and shifting to lower fields, thus revealing a random distribution of the
anisotropy axis enhanced at low temperatures. Inter-particle interactions are negligible and
do not contribute to this broadening since the high dilution of the studied suspension
promotes isolation between particles.
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Figure 1. (a) Isotropic shift from the reference field (Hrs=3.3 kOe) as a function of temperature for ZFC
non-interacting maghemite (y-Fe203) nanoparticle ferrofluid samples: () d = 4.8 nm (&) d = 10 nm. (b)
Peak to peak linewidth AHpp as a function of temperature for ZFC non-interacting maghemite (y-Fe203)
nanoparticle ferrofluid samples: (0) d = 4.8 nm (A) d = 10 nm [25].
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Figure 2. FMR signal evolution with temperature for a 0.1 wt% polymer FesO4 suspension [26].
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Figure 3 shows the absorption signals for different particle distribution sizes of non-
interacting maghemite (y-Fe20s) nanoparticle ferrofluid samples at room temperature [27].
The absorption signal changes drastically with changes on the particle size. Two limit cases
are observed. The upper limit, for the largest size particles (sample 2, d = 10 nm),
corresponds to a wide line shifted to a lower field in comparison with the reference (w/y =
3.3 kOe, where vy is the gyromagnetic ratio for free electrons). This line seems to be
characteristic for anisotropic contributions. On the contrary, for the smaller size particles
(sample 6, d = 10 nm) the spectrum shows a much narrower line, apparently characteristic
for isotropic contributions and not shifted from the reference. The FMR signals for
intermediate cases result in a more complex double-feature shape spectrum (samples 3, 4
and 5). Such behavior may be explained in terms of a mixing of two overlapped signals, the
broad anisotropic shifted line and the narrower one, isotropic and not shifted. The
coexistence of these two different contributions reveals the presence of a core-shell structure

for the studied nanoparticles.
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Figure 3. Influence of the particle size on X-band FMR spectra measured at room temperature for ZFC
non-interacting maghemite (y-Fe203) nanoparticle ferrofluid samples. The particle size decreases from
sample 2 to 6; sample 2 has the largest particle size distribution (d = 10 nm) and sample 6 the smaller
particle size distribution (d = 4.8 nm) [27].
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Particle concentration dependence

Double component FMR spectra have also been reported for solid and liquid FesOa
suspensions [26]. Important changes were observed on the absorption signal depending on
the particle concentration. Figure 4 shows the decrease of the narrow component as the
concentration increases. Both components exhibit also a broadening as the concentration
increases. This important dependence of the signal linewidth with concentration is due to an
increase of particle dipolar interactions at mean distances and a consequence of aggregation
[28-30].
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Figure 4. FMR signals for solid (a) and liquid (b) FesOs suspensions at different concentrations [26].

Particle interactions always play an important role on the magnetic resonance absorption
phenomena. FMR at different frequencies on dispersed KBr and then compressed NiFe204
commercial nanoparticles has recently been reported [31]. The resulting pellets showed
strong shape anisotropy, as in-plane and out-of-plane analyzed measurements diverge with
the increase of nanoparticle packing fraction (figure 5).

The resonance field decreases with increasing volume for in-plane measurements. In
contrast, for out-of-plane measurements it increases with volume fraction. Both cases (in and
out of plane), showed a resonance field shifted to a lower field in comparison with an ideal
bulk as reported. As the packing fraction decreases, the in-plane and the out-of-plane curves
converge to the same field value (= 0.04 T). This value can be identified as the average
effective anisotropy field of the particles. A useful and powerful tool to estimate particle
anisotropy can be based on these measurements.
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Figure 5. Frequency and shape orientation dependence of the applied field, at which FMR occurs, for
commercial NiFe204 nanoparticles, dispersed in KBr and then compressed with different packing
volume fractions. The inset shows the evolution of the resonance field as a function of the packing
volume fraction [31].

Angular dependence

The anisotropy distributions and its FMR signal effects on MNP’s can be carried out by
measuring the angle variation between the cooling field of field-cooled (FC) samples. By
comparing the obtained spectra for different orientations of FC samples, it is possible to
determine the contribution of the anisotropy distribution within each particle to the FMR
signal. The corresponding resonance lines often lead to a double component signal. It is then
possible to separate the contributions which have a strong dependence with the angle from
the weakly dependent counterpart. The narrow component can be attributed to surface
anisotropy, while the the broad component should be associated with internal anisotropy of
the NPs. Recent works have demonstrated the isotropic/anisotropic nature of most common
MNP’s, as described above. Figure 6 shows differences between FMR spectra for parallel
and perpendicular configurations of FC samples. The samples consisted of maghemite
nanoparticles with a particle diameter reported as 4.8 nm [27]. At the high temperature (top
in figure 6), no variation as a function of 0 is observed for the narrow component, while the
broad component, on the contrary, shifts to higher resonance fields as the angle O increases
(bottom in figure 6). The narrow component is not affected by angular variations.

The resonance field of the anisotropic component generally is plotted against the angle O,
the dependences with 6 use to be fitted, in good agreement, with sin? 6 or cos? © functions
[24-32]. Its well established the axial symmetry nature for this kind of functions, as
magnetization processes perform the higher energy absorption (energy improved by the
resonance field) when the magnetizing field is perpendicular to the axial orientation, the
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resonance field also increases and finds a maximum at this position. The differences
between the resonance field at 6 = 0° and 0 = 90°, are related to the anisotropy field,
promoted by the respective axial anisotropy within the core of the nanoparticles revealing a
mono-domain configuration on this region (figure 7).

T =180K

T=60K

H (kDe)

0 3.3 5.0
Figure 6. X-band FMR spectra of maghemite FC nanoparticles dispersed on glycerol, with a 10 kOe

cooling field. Solid and dashed lines correspond respectively, to configurations with the scanning field
parallel (6 = 0°) and perpendicular (6 = 90°) to the cooling field [27].
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Figure 7. Dependence of the resonance field with 6 for field-cooled (FC) hematite NPs at 300 and 155 K
(lower curve) [24].

The fitting of the angular resonance field dependence is useful to determine anisotropy
parameters. The dependence can be given by [32]:

H,= H,—H,(1/2)(3cos?6 — 1) 1)
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where H: is the resonance field, H. = 41 K|/M is the anisotropy field (with |K| the absolute
value of the anisotropy constant and M the magnetization), and Ho measures the g value.
The g value is a constant describing the relation between the energy of the microwave
radiation and the dc magnetic field. For the parallel configuration the resonance field is:
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Figure 8. Reduced magnetization dependence with temperature for a FC hematite NPs [24].
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Figure 9. Resonance field dependence with temperature for hematite sample of Fig. 8 [24].

Magnetic phase transitions produce significant changes in |K|/M and hence on the resonance
field. The parallel configuration can therefore be used to investigate phase transitions.

177



178 Ferromagnetic Resonance — Theory and Applications

Figure 8 shows the temperature dependence of magnetization of FC hematite NPs, parallel
to the cooling field [24]. A change in the slope is observed in good agreement with observed
transitions from a disordered phase to a magnetically ordered phase. In contrast with bulk
hematite (antiferromagnetic above 260 K), these hematite NPs exhibited a
superparamagnetic behavior, which can be explained in terms of a weakly ferromagnet
below ~ 200 K, as shown in figure 8. The reported transition is also observed in plots of the
resonance field against temperature (figure 9) and other FMR spectrum parameters, which
suggest the FMR technique as a useful tool to investigate phase transitions on MNP’s.

Effects of the aggregation state

Ferrite NPs can show the effects of two extreme aggregation states, namely monodisperse
NPs, and clusters of a few hundreds of NPs. Samples of composition ZnosNiosFe20s were
prepared by the polyol method, and designated as “A” for monodisperse state, and “B” for
clusters. FMR spectra exhibited significant differences, as shown in Fig. 10. The decrease in
the effects of surface for sample B appear in the form of a lower resonance field and an
increase in the linewidth, as compared with sample A. The former can be understood in
terms of a larger internal field in the cluster sample as a consequence of the aggregation of
NPs; simply, the NPs inside the cluster tend to behave as grains in a bulk material. The
effects of surface (crystal defects, unsatisfied bonds, etc.) are relieved by the presence of
other NPs. Magnetic exchange interactions among neighboring NPs can also be assumed,
which increases the internal field and thereby decreases the applied magnetic field needed
to fulfill the Larmor equation conditions. On the other hand, these interactions increase the
linewidth, especially the random distribution of anisotropy axes.
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Figure 10. FMR spectra of Ni-Zn ferrites at 77 K, in monodisperse state (Sample A), and clusters
(sample B) [18].

At room temperature, as shown in Fig. 11, isolated NPs show a superparamagnetic phase
and again a larger resonance field with a significant reduction in linewidth as the factors just
mentioned, associated with an ordered magnetic structure, are absent. The cluster sample
exhibits a reduced linewidth, but always larger than the superparamagnetic state.
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Figure 11. FMR spectra of Ni-Zn ferrites at 300 K, in monodisperse state (Sample A), and clusters
(sample B) [18].

3. Ferromagnetic resonance in nanostructured ferrites

Ferrite NPs have to be consolidated as a high density solid for many applications (in
electronic devices, for instance), where a powder is unstable. Typical sintering processes
needing high temperatures are difficult to apply, as NPs tend to grow very rapidly at
temperatures above 500°C, losing the nanometric size range and thus the different
properties associated with this size range. A particularly well suited method to consolidate
NPs into a high density nanostructured solid preserving grains within the nanometric range
is Spark Plasma Sintering (SPS for short) [33]. Also known as pulsed electric current
sintering (PECS), in this technique the sample (typically in the form of a powder) is placed
in a graphite die and pressed by two punches at pressures in the 200 MPa range, while a
strong electric current goes through the system; the die is shown in Fig. 12. SPS therefore
consolidates powders under the simultaneous action of pressure and electric current pulses
(typically of a few milliseconds in duration [33]).

The electric current pulses result in a very rapid heating of the sample, at rates as high as
1000°C/min. If the sample is a good conductor, current goes through it and the heating is
even more efficient. A significant point is that the electric current has a significant impact on
the atomic diffusion during the process [34]. The sintering process can then reach high
densities at very low temperatures and extremely short times [35]. Obviously, SPS can also
be utilized for reactive sintering involving a chemical reaction [36].

SPS has been used to consolidate spinel [37], garnet [38], and hexagonal ferrites [39]. In the
case of spinel NiosZnosFe20u ferrites, samples prepared in the form of 6-8 nm nanoparticles
by the forced hydrolysis in a polyol method [12], were consolidated by SPS at temperatures
in the 350-500°C range by times as short as 5 min. Just for comparison, the typical conditions
for sintering in the classic solid state reaction are 1200°C for at least 4 hours. NPs growth
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was controlled, as the final grain size in the consolidated ferrite was about 60 nm, even for
the highest (500°C) SPS temperature [40].The densities reached values as high as 94% of the
theoretical value. FMR spectra obtained at 77 and 300 K are shown in Fig 13, together with
the FMR signal corresponding to the original NPs. The resonance field exhibited a decrease
as the SPS temperature increased, which can be explained in terms of the components of the
total field in the Larmor expression, ® = yH. The main components of the total field are H =
Hoc + Hx + Ha + ..., where Hoc is the applied field, Hx is the exchange field responsible for
magnetic ordering, and Ha is the anisotropy field. As magnetic ordering sets in, Hx and Ha
increase and therefore the applied field is decreased in order to fulfill the Larmor resonance
conditions. As sintering progresses, the surface effects decrease and the material has the
tendency to behave as a bulk ferrite.
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Figure 12. Schematic of spark plasma sintering apparatus [33].
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Figure 13. Ferromagnetic resonance of Ni-Zn ferrites prepared by a chimie douce method followed by
SPS at temperatures in the 350-500°C range for 5 min. The FMR response of the original NPs is also
shown for comparison. (Adapted from [40]).
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All the samples exhibited a large broadening in the linewidth, generally interpreted by
considering a random distribution of the anisotropy axis in single domain NPs [41]. The
broadening decreases as consolidation increases, as the surface effects are diminished by
formation of grain boundaries. At room temperature the linewidth decreases since all the
samples approach the paramagnetic state where the internal field is eliminated and only the
applied field is involved in the Larmor expression. The NPs signal exhibited the lowest
linewidth as at room temperature these NPs are superparamagnetic; all the consolidated
samples showed a ferrimagnetic behavior at 300 K as compared with the as-produced
sample which has a blocking temperature about 90 K.

4. Paramagnetic resonance in ferrite nanoparticles

Zinc ferrite is a very good material to investigate the site occupancy by cations. In spite of a
relatively large cation radius, Zn*? has a tendency to occupy tetrahedral sites, while Fe* fill
octahedral sites [1], in other words, a “normal” spinel. This arrangement leads to B-O-B
superexchange interactions between iron cations and therefore to an antiferromagnetic
structure with a Néel temperature about 9 K. In the case of nanosized Zn ferrite, however,
the cation distribution can be significantly different; some degree of inversion occurs [1,42],
with a fraction of Zn?" on octahedral sites, and hence Fe* on both sites. The spinel becomes
ferromagnetic, with a Curie temperature well above 9 K.

The variations in linewidth, ABrer, and g-factor, gett in these ferrites depend mainly on the
interparticle magnetic dipole-dipole interactions and intraparticle super-exchange
interactions. On the other hand, the interparticle superexchange between magnetic ions
(through oxygen) can reduce the value of linewidth. The magnitude of this interaction is
determined by the relative position of metallic and oxygen ions. When the distance between
the metallic and oxygen ions is short, the metal cations have an exactly half-filled orbital,
and the angle between these two bonds is close to 180, the superexchange interaction is the
strongest [43].

Several factors can produce a distribution of local field, such as unresolved hyperfine
structure, g-value anisotropy, strain distribution, crystal defects. The field strength on a
particular spin is then modulated by local field distribution and leads to an additional
linewidth broadening [44,45].

The strain distribution produced by a small average particle size can cause a small
resonance signal [1]. As the particle size is increased, such small signal disappears and only
the broad signal remains. This suggests that the particle size has a threshold value above
which the strains are relieved.

In order to gain some insight into the relationship between internal structure and EPR
spectra, it can be useful to compare the properties of several iron-based oxide NPs
embedded in a polytethylene matrix, prepared by the same method: FexOs, BaFe204, and
BaFe12019 [46]. The experimental EPR spectra of the samples are presented in Figs. (14-20).
At room temperature the EPR spectra of all the samples show a ““two-line pattern” (Fig. 14)
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which is typical of superparamagnetic resonance (SPR) spectra. The relative intensity of
these lines depends on the particle size and shape distribution function [47]. For the Fe:0s3
and BaFe2Os samples, the broad line predominates in the room temperature spectra; the
opposite is observed for the BaFei12019 sample, where the narrow line is more pronounced.

Relative Absorbance [arb. unit) ——3=
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Figure 14. EPR spectra of zinc ferrite sintered at different temperatures.
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Figure 15. Room temperature EPR spectra of nanoparticles: Fe20s (curvel), BaFe204 (curve 2), and
BaFe12019 (curve3) [46].
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At room temperature, the spectra of all samples show a “two-line pattern” (Figure 15) which
is typical of superparamagnetic resonance. These spectra can be considered as a broader line
superimposed on a narrow line. The relative intensity of these lines depends on the particle
size and shape distribution function, as well as on the magnitude of the magnetic
anisotropy. For Fe2Os and BaFe20s samples, the broad line predominates in the RT spectra.
This line is characterized by a peak-to-peak linewidth of AH ~ 850 Oe and an effective g-
value of 2.07. In the RT spectrum of BaFe12019 sample, in contrast, the narrow line is more
visible, with AH ~ 120 Oe and g ~ 2.0.

At low temperatures, the EPR spectra of FexOs change significantly (Fig.16). On cooling
below 100 K, the broad line S1 shows a monotonous increase of the linewidth AH and a
decrease of the amplitude A. However, below about 50 K new resonances, S2 and S3, appear
in the spectra of Fe:Os (Figs. 16 and 17). It is interesting that S2 behaves like a typical
paramagnetic resonance signal, namely, the amplitude increases and the linewidth decreases
as the temperature is diminished. The EPR spectra suggest that Fe2Os nanoparticles contain
both ferromagnetic and antiferromagnetic phases. The weak EPR signal of the rhombic
symmetry (g = 4.3) that appears at low temperatures may be attributable to an a-Fe203 phase
that undergoes an antiferromagnetic-like transition near 6 K. [46]

100K
79K

65K
46 K
40K
27K
15K

EPR signal (a.u.)

S2

o 2 4 6
Magnetic field (kOe)

Figure 16. EPR spectra of Fe20s nanoparticles at different temperatures. [46]

EPR spectra of the BaFe2Os nanoparticles at different temperatures are shown in Fig. 18. At
all temperatures the spectra are broad and rather asymmetric. A significant shift of the line
position to low magnetic fields and a marked spectrum broadening are observed at low
temperatures.

On the other hand, the thermal variations of EPR spectra of the BaFe12019 sample is typical
of superparamagnetic resonance. The relatively narrow line that dominates at room
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temperature disappears as temperature decreases (Figs. 19 and 20). The BaFei2019
nanoparticles reveal an EPR signal that is significantly narrowed at high temperatures by
superparamagnetic fluctuations. This is evidence of the reduced magnetic anisotropy energy
that may be due to the particle’s nanosize (effective diameter <10 nm).
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Figure 17. EPR spectra of Fe203 nanoparticles at low temperatures. [46]
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Figure 18. EPR spectra of the BaFe204 nanoparticles at different temperatures. [46]
These results show that EPR spectra at low temperatures are desirable for the correct

identification of NPs and a comparison with high temperature experiments allows a better
understanding of phenomena related with variations associated with nanosized materials.
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Figure 19. Low-temperature EPR spectra of BaFe12019 nanoparticles. [46]
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Figure 20. EPR spectra of BaFe12019 nanoparticles at different temperatures. [46]

5. Low Field Microwave Absorption (LFMA)

Low field microwave absorption (LFMA for short) refers to the non-resonant, hysteretical
losses of a material subjected to a high frequency electromagnetic field. Recently, it has
become a useful method to investigate magnetization processes [48], magnetoelastic effects
[49], phase transitions [50], non-aligned ferromagnetic resonance [51,52], spin arrangements
[53,54]. LEMA is similar to giant magnetoimpedance (GMI) [55], but physically different to
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ferromagnetic resonance (FMR) [56]). GMI, generally defined as the variations of impedance
of a magnetic conductor carrying an alternate electrical current when subjected to an
external magnetic field [57], extends into a very wide frequency range. Clearly, GMI is a
non-resonant phenomenon as confirmed by two facts: GMI does not fulfill the resonant
Larmor conditions, and exhibits magnetic hysteresis.

dAdH (a.u.)

7=362K
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Figure 21. Typical “positive” LEMA signal from a Ni-Zn bulk ferrite (Adapted from [59]).

LFMA is associated with magnetization processes in magnetically ordered materials, in the
process from the unmagnetized state to the magnetic saturation. In bulk ferro and
ferrimagnetic materials, LFMA exhibits a flat response in the paramagnetic phase. To
measure experimentally LFMA in a typical FMR/EPR facility, the applied field has to be
cycled; usually between -1 kOe and +1kOe is enough. Also, a device to compensate for the
remanent magnetization is needed in most electromagnets.

An important parameter is, of course, the total anisotropy field of the particular sample. In
most cases, LFMA exhibits a critical behavior at the total anisotropy field in the form of a
maximum and a minimum, leading to a characteristic signal as shown in Fig. 21 [59]. In bulk
Ni-Zn ferrite, a correlation exists between the magnetocrystalline anisotropy and the half-
peak-to-peak, measurement of LFMA. Figure 22 shows a comparison between the peak-to-
peak LFMA field (divided by 2) [60] and a calculation from magnetocrystalline constant,
Ki,published results [61]. The small differences can be attributed to shape anisotropy, as the
calculation is based solely on Ki.

LFMA seems to be associated with spin structure. By convention, this signal can be assigned
as “positive”, simply because it has the same shape than the FMR/EPR signal, ie., a
maximum and a minimum when observed from left to right. A positive LFMA sign has been
observed in most insulator and semiconductor materials, while a “negative” signal appears
for most metallic conductors, as shown in Fig. 23, for a Co-rich CoFeBSi amorphous
microwire [59]. An interesting result was found in bulk Ni-Zn ferrites showing the Yafet-
Kittel triangular arrangement [62], by measuring the LFMA as a function of temperature in
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the 150 K-240K temperature range [63]. The LFMA sign changed from negative at ~ 154 K to
positive at T > 240 K.
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Figure 22. Fig. 21. Correlation between the field on LFMA critical points (divided by 2) and a direct

calculation of magnetocrystalline anisotropy in ZnossNiossFe2Os bulk ferrites [60]. K1 anisotropy constant
data for the calculation was obtained from ref [61].
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Figure 23. LFMA from a Co-rich CoFeBSi glass-covered amorphous microwire [59]. This is an example
of a “negative” LFMA signal, mostly observed in conductor materials (compare with Fig. W above).

LFMA in NPs

LFMA can provide useful insights into the structure of NPs. When two different aggregation
states are compared, i.e., monodisperse and clustered NPs with the same composition and
NP diameter, clearly different spectra are obtained. By varying the synthesis conditions in
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the forced hydrolysis in a polyol method [12], Ni-Zn ferrites can be obtained as
monodisperse, well crystallized ~ 6 nm NPs on one hand, and labeled as sample “A”; on the
other, clusters about ~ 100 NPs constituted by NPs with the same composition and diameter
[58], labeled as sample “B”. It is interesting to mention that high resolution transmission
electron microscopy (HRTEM) showed some epitaxial arrangements within the clusters of
sample B.

Sample A showed a superparamagnetic behavior at room temperature, and a blocking
temperature about 50 K [58]. Sample B, in contrast, exhibited a ferromagnetic behavior up to
300 K (blocking temperature > 300 K), in spite of being constituted by NPs of the same
composition and NP diameter. Clusters effectively decrease the effects of surface producing
samples with a general behavior between that of NPs and bulk materials.

Figure 24 shows the LFMA signal from sample A at 77 and 300 K. AT the low temperature, a
positive LEMA behavior is observed, corresponding to a non-conductor material. At 300 K,
however, a flat response appears, associated with the superparamagnetic phase of these
monodisperse NPs. Clearly, the superparamagnetic phase behaves like a paramagnetic
signal. This flat signal with a small slope is associated with the microwave absorption of
non-interacting dipoles [64].

Sample A

dP/dH (a.u.)

Figure 24. LFMA signal from monodisperse, ~ 6 nm diameter, ZnosNiosFe2Os NPs, at 77 and 300 K
(adapted from [58]).

Clusters of the same NPs, in contrast, showed a clear positive LFMA signal at room
temperature, see Fig. 254. This is consistent, as this sample B behaved as a ferromagnetic
phase close to the bulk properties.

For low temperatures, however, sample B exhibited a very different signal as shown in Fig.
26, with an important hysteresis and no similarity to either positive or negative character. As
mentioned above, bulk Ni-Zn ferrites with Zn content x > 0.5 (in Zn:«Nii+Fe2O4) show a
triangular Yafet-Kittel spin arrangement, which appears as an evolution from negative
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LFMA signal at low temperatures towards a positive signal at temperatures close to room
temperature [63]. Inspection of Figs. 24-26 reveals that in the case of sample A at 77 K
(monodisperse NPs), no YK arrangement is manifested. Some evolution is found in sample
B (clusters) at low T, but no full inversion of LFMA signal is observed. A preliminary
explanation of these findings is that the surface effects inhibit the formation of the YK
structure. Another possibility is based on the fact that cation distribution in NPs as
synthesized by the polyol method is often different [42] as compared with bulk ferrites
(prepared by the solid state reaction at high temperatures). A different cation distribution
(in the present case a non-negligible concentration of Zn on B sites, for instance) could hence
lead to different conditions for the formation of the YK structure.
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Figure 25. LFMA signal from epitaxial clusters of ZnosNiosFe20u ferrites, formed by a few hundreds of
~6 nm NPs, at 300 K.
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Figure 26. LFMA signal of epitaxial clusters of ZnosNiosFe20s ferrites, formed by a few hundreds of ~ 6
nm NPs, at 77 K.
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6. Conclusions

Microwave absorption (MA) is a very sensitive phenomenon and has become an extremely
powerful characterization tool. MA accurately depends on all the factors surrounding
unpaired electrons; it can play a significant role in the characterization of the complex and
fascinating development of magnetic nanoparticles. In this brief review, recent results on the
characterization of magnetic nanoparticles and consolidated spinel ferrites by means of
ferromagnetic resonance, paramagnetic resonance, and low field microwave absorption
have been presented.
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1. Introduction

Insulating magnetic materials absorb electromagnetic waves. This absorption property is
one of the important functions of magnetic materials, which is widely applied in our daily
life as electromagnetic wave absorbers to avoid electromagnetic interference problems [1-5].
For example, spinel ferrites are used as absorbers for the present Wi-Fi communication,
which uses 2.4 GHz and 5 GHz frequency waves. With the development of information
technology, the demand is rising for sending heavy data such as high-resolution images at
high speed. Recently, high-frequency electromagnetic waves in the frequency range of 30—
300 GHz, called millimeter waves, are drawing attention as a promising carrier for the next
generation wireless communication. For example, 76 GHz is an important frequency, which
is beginning to be used for vehicle radars. There are also new audio products coming to use,
applying millimeter wave communication in the 60 GHz region [6,7]. However, there had
been no magnetic material that could absorb millimeter waves above 80 GHz before our
report on e-Fe20s.

Well-known forms of Fe2Os are a-Fe2Os and vy-Fe20s3, commonly called as hematite and
maghemite, respectively. However, our research group first succeeded in preparing a pure
phase of e-Fe20s, which is a rare phase of iron oxide Fe20s that is scarcely found in nature
[8-10]. Since then, its physical properties have been actively studied, and one of the
representative properties is the gigantic coercive field (Hc) of 20 kilo-oersted (kOe) at room
temperature [11-18]. We have also reported metal-substituted e-Fe2Os (e-Mx:Fe2+Os, M = In,
Ga, Al, and Rh), and showed that this series absorb millimeter waves from 35-209 GHz at
room temperature due to zero-field ferromagnetic resonance (so called natural resonance)
[19-29]. e-Fe20s3 based magnet is expected to be a leading absorbing material for the future
wireless communication using higher frequency millimeter waves.

© 2013 Ohkoshi et al., licensee InTech. This is an open access chapter distributed under the terms of the
Creative Commons Attribution License (http:/creativecommons.org/licenses/by/3.0), which permits
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In this chapter, we first introduce the synthesis, crystal structure, magnetic properties, and
the formation mechanism of the original e-Fe2Os [8-10]. Then we report the physical
properties of Al-substituted e-Fe2Os, mainly focusing on its millimeter wave absorption
properties due to zero-field ferromagnetic resonance. The resonance frequency was widely
controlled from 112-182 GHz by changing the aluminum substitution ratio [23].
Furthermore, from a scientific point of view, temperature dependence of zero-field
ferromagnetic resonance was investigated and was found to show an anomalous behavior
caused by the spin reorientation phenomenon [28].

2. e-Fe20s

This section introduces the synthesis, crystal structure, magnetic properties, and the
formation mechanism of e-Fe2Os. e-Fe20s had only been known as impurity in iron oxide
materials, and its properties were clarified for the first time after our success in the synthesis
of single-phase e-Fe20s in 2004 [8].

2.1. Synthesis, crystal structure, and magnetic properties of e-Fe20s

Single-phase e-Fe20s nanoparticles are synthesized by a chemical method, combining reverse-
micelle and sol-gel techniques (Figure 1) [8-10,16]. In the reverse-micelle step, two reverse-
micelle systems, A and B, are formed by cetyl trimethyl ammonium bromide (CTAB) and 1-
butanol in n-octane. Reverse-micelle A contains aqueous solution of Fe(NOs)s and Ba(NOs)e,
and reverse-micelle B contains NHs aqueous solution. These two microemulsion systems are
mixed under rapid stirring. Tetraethoxysilane (C2HsO)4Si is then added to this solution, which
forms SiO: matrix around the Fe(OH)s nanoparticles through 20 hours of stirring. The
precipitation is separated by centrifugation and sintered in air at 1000°C for 4 hours. The SiO:
matrix is removed by stirring in NaOH solution at 60°C for 24 hours.

Reverse-micelle method Sol-gel method
Reverse micelle A Reverse micelle B Precursor
. Mix Hydrolysis
.—\ Fet+ g ﬁ?nm — Snm)| | S—
? 1‘ e’ aq. 3 (C,H50).Si
Ba?* aq. I | I
| n-octane NH; aq. Fe(OH), Sio,

Surfactant: CTAB, 1-butanol

Smtenng SIOZ Etching ’ -

1000°C , } NaOH agq. ‘

air
S|02 e-Fe, 05 e

Figure 1. Synthetic procedure of e-Fe203 nanomagnets using a combination method of reverse-micelle
and sol-gel techniques. The inset is a transmission electron microscopy image of ¢-Fe20s nanorods.
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With this synthesis method, rod-shaped e-Fe:0s is obtained due to the effect of Ba?* ions,
which adsorb on particular planes of e-Fe2Os, inducing growth towards one direction.
Spherical e-Fe2Os nanoparticles can also be synthesized by a different method without Ba?
ions, which is an impregnation method using mesoporous silica nanoparticles [17,29,30].
Methanol and water solution containing Fe(NOs)s is immersed into mesoporous silica and
heated in air at 1200°C for 4 hours. The etching process is the same as above.

The crystal structure of e-Fe:Os is shown in Figure 2a. It has an orthorhombic crystal
structure (space group Pna21) with four non-equivalent Fe sites, A, B, C, and D sites. A, B,
and C sites are six-coordinated octahedral sites, and D site is a four-coordinated tetrahedral
site. e-Fe20s exhibits spontaneous magnetization at a Curie temperature (Tc) of 500 K. Figure
2b presents magnetization versus external magnetic field curve at 300 K, which shows a
huge He value of 20 kOe. Before this finding, the largest Hc value among metal oxide was 6
kOe of barium ferrite, BaFe12019 [31], which indicates that the Hc of &-Fe2Os is over three
times larger. The magnetic structure has been investigated using molecular field theory,
which indicated that B and C sites have positive sublattice magnetizations, and A and D
sites have negative sublattice magnetizations [32]. This result was consistent with the
experimental results from neutron diffraction measurements, Mossbauer spectroscopy
measurements, etc. [13,14], and was also consistent with first-principles calculation results
[33].
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Figure 2. (a) Crystal structure of e-Fe20s. Dark blue, purple, light blue, and pink polyhedrons indicate
A, B, C, and D sites, respectively. (b) Magnetization versus external magnetic field curve of e-Fe20s at
300 K. Inset is a schematic illustration of the sublattice magnetizations of each site.

2.2. Formation mechanism of e-Fe203

Here we discuss the formation mechanism of &e-Fe2Os from the viewpoint of phase
transformation. By changing the sintering temperature in the present synthesis, a phase
transformation of y-Fe20s — e-Fe20s — a-Fe203 was observed accompanied by an increase
of particle size. y- and a-Fe20s are very common phases of Fe2Os, and it has been well
known that y-Fe20s transforms directly into a-Fe20s in a bulk form. In the present case, it is
considered that e-Fe20s appeared as a stable phase at an intermediate size region due to the
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large surface energy effect. Free energy of each i-phase (Gi, i = v, ¢, or a) is expressed as a
sum of chemical potential (ii) and surface energy (Aioi):

G =m; + Aoy, 1)

where Ai is molar surface area and oi is surface free energy of a particle. Since, A is equal to
6Vm,i/d, where Vm,i and d represent the molar volume and particle diameter, respectively, the
free energy per molar volume is expressed as

G/ V=t 1V, +60,/d. @)

This equation indicates that the contribution of the surface energy increases with the
decrease of particle diameter. When the parameters satisfy the following three conditions,
My, > >y, 0,<0,.<0,, and (o, —0'7)/(0'“ -0,.)<(u, —,uy)/(,ua —-u,), the free energy
curve for each phase, Gy/Vimy, G¢/Vime, and Ga/Vma intersect to form e-Fe20s as the most stable
phase at an intermediate d value (Figure 3). Such nanosize effect has also been reported for
other metal oxide materials, e.g. AL:Os [34,35] and TisOs [36].

Gf/wn,f

y-phase ! e-phase ! d-phase

Figure 3. Representation of free energy per volume (G/V) versus particle diameter (d) for the three
phases of Fe2Os. Green, blue, and red lines indicate the G/V curves for y-Fe20s, e-Fe20s, and a-Fe20s,
respectively. Below the graph are the crystal structures of y-Fe20s3, e-Fe20s, and a-Fe20s from the left to
right.
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3. Al-substituted e-Fe203

In this section, synthesis, crystal structure, and various physical properties of Al-substituted
e-Fe20s, e-Al:Fex»0s, is discussed. Especially, the millimeter wave absorption property by
zero-field ferromagnetic resonance is focused.

3.1. Synthesis of Al-substituted e-Fe20s

e-AL:Fe2-:0O3 samples (x = 0.06, 0.09, 0.21, 0.30, 0.40) were synthesized by the same method as
the original e-Fe20s, using the combination of reverse-micelle and sol-gel techniques.
Reverse-micelle A contained aqueous solution of Fe(NOs)s and AI(NOs)s, and the mixing
ratio was adjusted to obtain the different samples, x = 0.06, 0.09, 0.21, 0.30, and 0.40. The
sintering temperature was 1050°C for x = 0.06, 0.09, 0.30, and 0.40, and 1025°C for x = 0.21.
Only the sample for x = 0 was prepared by an impregnation method using mesoporous silica
nanoparticles. The SiO: matrices for all samples were etched by NaOH solution. The
morphology and size of the obtained samples were examined using transmission electron
microscopy (TEM), which showed spherical nanoparticles with an average particle size
between 20-50 nm (Figure 4).

x=0 x=0.06 x=0.09

Figure 4. Transmission electron microscopy images of e-Al-Fe2-xOs samples. The black bars indicate the
scale.

3.2. Al-substitution effect in crystal structure and magnetic properties

X-ray diffraction (XRD) patterns indicated the samples to have the same orthorhombic
crystal structure as the original e-Fe2Os. The Rietveld analyses of the XRD patterns showed a
constant decrease in the lattice constants with the degree of Al-substitution. The analysis
results also indicated that the Al** ions introduced in the samples have site selectivity in the
substitution. For example, in the x = 0.21 sample, the Al** substitution ratio of each Fe site
was 0%, 3%, 8%, and 30% for A, B, C, and D site, respectively. This tendency for the Al>* ion
to prefer D site was consistent with all of the Al-substituted samples (Figure 5). This site
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selectivity can be understood by the smaller ion radius of Al* (0.535 A) compared to Fe*
(0.645 A) [37]. The AP ions prefer to occupy the smaller tetrahedral D site than the
octahedral A, B, and C sites.
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Figure 5. AI3* occupancy ratio for A, B, C, and D site. Square, diamond, circle, and triangle plots
represent A, B, C, and D site, respectively. Inset is the crystal structure of e-Fe20s.

The magnetic properties of the samples are shown in Table 1. The field-cooled
magnetization curves under an external magnetic field of 10 Oe showed that the Tc value
decreased from 500 K to 448 K with the increase of Al-substitution (Figure 6, upper right).
From the magnetization versus external magnetic field measurements, gradual change of
the hysteresis loops was also observed. The obtained hysteresis loops of x =0, 0.21, and 0.40
samples are shown in Figure 6. With Al-substitution, the He value decreased from 22.5 kOe
to 10.2 kOe, and saturation magnetization (Ms) value increased. These changes in the
magnetic properties can be explained by the metal replacement of Fe** magnetic ions (3d5, S
= 5/2) by non-magnetic Al** ions (3d°, S = 0). As mentioned previously, e-Fe:0s is a
ferrimagnet with positive sublattice magnetizations at B and C sites and negative sublattice
magnetizations at A and D sites. With the substitution of D site Fe%* ions with non-magnetic
AT, the total magnetization increases, leading to the increase of Ms value. In addition, the
non-magnetic AI** ions reduce the superexchange interaction between the magnetic sites,
resulting in a decrease of Tc [32]. In this way, the magnetic properties can be widely
controlled by Al-substitution.

X Tc (K) H. (kOe) M; (emu/g)

0 500 22.5 14.9
0.06 496 19.1 15.1
0.09 490 17.5 14.6
0.21 480 14.9 17.0
0.30 466 13.8 20.3
0.40 448 10.2 19.7

Table 1. Magnetic properties of e-AlFe2Os.
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Figure 6. Magnetization versus external magnetic field curve at 300 K for the samples x =0, 0.21, and
0.40 (left), Curie temperature (Tc) versus x value plot (upper right), and coercive field (Hc) versus x
value plot (lower right).

3.3. Electromagnetic wave absorption of Al-substituted e-Fe:0s by zero-field
ferromagnetic resonance

Zero-field ferromagnetic resonance is a resonance phenomenon caused by the gyromagnetic
effect induced by an electromagnetic wave irradiation under no magnetic field (Figure 7).
This phenomenon is observed in ferromagnetic materials with magnetic anisotropy. When
the magnetization is tilted away from the easy-axis by the magnetic component of the
electromagnetic wave, precession of the magnetization occurs around the easy-axis due to
gyromagnetic effect. Resonance is observed when this precession frequency coincides with
the electromagnetic wave frequency, resulting in electromagnetic wave absorption at the
particular frequency [38]. This resonance frequency (f) is proportional to the
magnetocrystalline anisotropy (Ha) and can be expressed as

fr=(v/27)H,, ®)

where v is the gyromagnetic ratio. If the sample is consisted of randomly oriented particles
with uniaxial magnetic anisotropy, the Ha. value is proportional to H. Therefore,
electromagnetic wave absorption at high frequencies is expected with insulating materials
exhibiting large coercivity, which is the case for e-Fe:03 based magnets.

With the general electromagnetic wave absorption measurement using free space absorption
measurement system, the absorption frequencies of the present e-Al:Fe2»Os samples
exceeded the measurement range, where the maximum is 110 GHz. Therefore, the
absorption measurements were conducted using terahertz time domain spectroscopy (THz-
TDS) at room temperature. The THz-TDS measurement system is shown in Figure 8. A
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(a) (b) M
|
M
E . Large H, H
Precession - |

Electromagnetic
wave

Magnetization / Easy-axis

Figure 7. (a) A schematic illustration of zero-field ferromagnetic resonance (natural resonance),
resulting in electromagnetic wave absorption due to the precession of magnetization around the easy-
axis. The M and E of the electromagnetic wave indicate the magnetic and electric components,
respectively. (b) An illustration indicating that larger coercive field (H.) results in higher resonance

frequency (fr).

mode-locked Ti:sapphire femtosecond pulse laser with a time duration of 20 fs at a
repetition rate of 76 MHz was used. The output was divided into a pump and probe beam
for the time-domain system. For THz wave emitter and detector, dipole type and bowtie
type low-temperature-grown GaAs photoconductive antennas were used, respectively. The
sample was set on a sample holder, which was inserted between a set of paraboloidal
mirrors concentrating the THz wave at the location of the sample. The temporal waveforms
of the electric component of the transmitted THz pulse waves were obtained by changing
the delay time between the pump and probe pulses. The temporal waves were Fourier
transferred to obtain the frequency dependence, and the absorption spectra were calculated
using the following equation:

(Absorption) :—101og}t(w)\2 (dB), (4)

where t(w) is the complex amplitude transmittance. An absorption of 20 dB indicates 99%
absorption.

The electromagnetic wave absorption spectra are shown in Figure 9. Absorption peaks were
observed at 112 GHz (x = 0.40), 125 GHz (x = 0.30), 145 GHz (x = 0.21), 162 GHz (x = 0.09), 172
GHz (x = 0.06), and 182 GHz (x = 0). The f: value decreased with Al-substitution, consistent
with the behavior of the Hc value (Figure 6, lower right). The observed electromagnetic
wave absorption due to zero-field ferromagnetic resonance at exceptional high frequencies
was achieved by the large Ha value of this series with large coercivity.
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Figure 8. A schematic diagram of the terahertz time domain spectroscopy measurement system.
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Figure 9. Electromagnetic wave absorption spectra of e-Al:Fe2<Os (left). Red, orange, yellow, green,
light blue, and blue lines are the absorption spectra for x = 0.40, 0.30, 0.21, 0.09, 0.06, and 0, respectively.
Right is the zero-field ferromagnetic resonance frequency (f:) versus x value plot.
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3.4. Temperature dependence of zero-field ferromagnetic resonance in Al-
substituted e-Fe20s

Among the e-AlFe2+Os samples discussed in the previous section, we focused on the x =
0.06 sample and measured the temperature dependence of zero-field ferromagnetic
resonance. The Al substitution ratios of each Fe site in e-AloosFe191Os are 3%, 0%, 0%, and
11% for A, B, C, and D site, respectively. The magnetic properties of e-AloosFe194Os are
shown in Figure 10. The field-cooled magnetization curve under 10 Oe external magnetic
field showed a Tc value of 496 K and a cusp at 131 K (= Tp). The cusp in the magnetization is
due to the spin reorientation phenomenon, which is known to occur in this temperature
region [11,12]. The magnetization versus external magnetic field curve exhibited an He value
of 19.1 kOe at 300 K.
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Figure 10. Magnetic properties of e-AloosFe1940s. (a) Field-cooled magnetization curve under an
external magnetic field of 10 Oe. (b) Magnetization versus external magnetic field curve at 300 K.

For the THz-TDS measurement, e-AloosFe19403 powder sample was pressed into a pellet-
form. The absorption spectra at different temperatures are shown in Figure 11la. These
absorption spectra versus frequency were obtained by calibration of the background noise.
They were also fitted by Lorentz function. At 301 K, the f- value was 172 GHz, consistent
with the result in the previous section. With the decrease of temperature, the fr value
gradually increased to 186 GHz at 204 K, and turned to an abrupt decrease down to 147
GHz at 77 K. The f: value continued to decrease with lowering the temperature, and at 21 K,
the fr value was 133 GHz (Figure 11b). Temperature dependence was also observed in the
linewidth of the absorption spectra. The full width at half maximum (Af) value increased
from 5 GHz at 301 K to 19 GHz at 77 K with decreasing temperature, and then, decreased to
16 GHz at 21 K (Figure 11c).

Temperature dependencies of magnetic hysteresis loop and ac magnetic susceptibility was
studied in order to understand the anomalous temperature dependencies of fr and Af. As
mentioned in Figure 10a, the field-cooled magnetization curve shows an increase below Tc,
but a cusp appears at Tp = 131 K, where the magnetization turns to a decrease. The H. value
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increased from 19.4 kOe at 300 K to 22.6 kOe at 200 K, and then decreased to 4.5 kOe at 70 K
with the decrease of temperature. The H. versus temperature plot indicates a sigmoid
decrease in a wide temperature range of 200 - 60 K centered at Ty (i.e., #70 K from the center
temperature, Tp = 131 K) (Figure 12a). In other words, the beginning and ending
temperatures of the spin reorientation are about 200 K and 60 K, respectively, with
decreasing temperature. The temperature region of the sigmoid decrease of fr almost
corresponds to the temperature range of the spin reorientation. The sigmoid increase of Af
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Figure 11. (a) Electromagnetic wave absorption spectra of e-AloosFe1.14Os at different temperatures.
Black lines and red lines indicate the observed spectra and fitted Lorentz function. (b) Temperature
dependence of zero-field ferromagnetic resonance frequency (fr). (c) Temperature dependence of full
width at half maximum (Af) of the absorption spectra. Dotted lines are to guide the eye.
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was also observed in the spin reorientation temperature region. Figure 12b is the ac
magnetic susceptibility versus temperature with frequency of 10 Hz under field amplitude
of 1 Oe. As the temperature decreased, the real part of the ac magnetic susceptibility (x”)
gradually increased to a maximum value of 3.8 x 10~ emu/g-Oe at 60 K and then decreased.
The imaginary part (') showed similar temperature dependence with a maximum around
70 K. These temperature dependencies of ac magnetic susceptibility correspond to that of Af

[39,40].
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Figure 12. (a) Temperature dependence of coercive field (Hc). Dotted line is to guide the eye. (b)
Temperature dependence of ac magnetic susceptibility (real part x’ and imaginary part x’’) measured at
10 Hz and 1 Oe field amplitude.

As mentioned previously, the f: value is proportional to the Ha value, and in this case with
randomly oriented samples, f: is also related to the Hc value. Therefore, the observed
anomalous temperature dependence of fr in e-AloosFe1940s was understood by the
temperature dependence of He. The sigmoid decrease centered at Tp originates from the
disappearance of magnetic anisotropy due to the spin reorientation phenomenon [11-13].

4. Conclusion

In this chapter, a rare phase of diiron trioxide, e-Fe20s, and its Al-substituted series were
introduced. The synthesis, crystal structure, and its exceptional physical properties were
discussed, especially its huge magnetic anisotropy exhibiting a gigantic coercive field, which
enables electromagnetic wave absorption due to zero-field ferromagnetic resonance at high
frequencies in the millimeter wave region. Al-substitution effect was observed in the e-
AlFe2«<Os series, widely controlling the magnetic properties and the zero-field
ferromagnetic resonance frequency: e-AlFe2«Os absorbed millimeter waves from 112-182
GHz at room temperature. Temperature dependence of zero-field ferromagnetic resonance
was also investigated for e-AloosFe19:0s sample, and an anomalous behavior was observed
due to spin reorientation phenomenon.

Since e-Al:Fe2«Os is composed of very common and low costing elements, it is friendly to
the environment and can be economically produced. Its chemical stability is also an
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advantage in the viewpoint of industrial applications, such as electromagnetic wave
absorbers in the near future, where high-frequency millimeter waves are likely to be used in
order to transport heavy data at high speed.
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1. Introduction

Increasing attention has been paid to magnetic photonic crystals (MPCs) because the
properties of the MPCs can be modulated not only with the change of their structure
(including components, layer thickness or thickness ratio) but also with the external
magnetic field. MPCs are capable of acting as tunable filters [1] at different frequencies, and
that controllable gigantic Faraday rotation angles [2-6] are simultaneously obtained. The
nonmagnetic media in MPCs generally are ordinary dielectrics, so the electromagnetic wave
modes are just magnetic polaritons. The effect of magnetic permeability and dielectric
permittivity of two component materials in MPCs on the photonic band groups were
discussed, where the permeability and permittivity were considered as scalar quantities [7].

Recently, our group investigated the optical properties of antiferromagnetic/ ion-crystal
(AF/IC) PCs [8-11]. It is well known that the two resonant frequencies of AFs, such as, FeF2
and MnF2, fall into the millimeter or far infrared frequencies regions and some ionic
semiconductors possess a very low phonon-resonant frequency range like the AFs.
Especially, these frequency regions also are situated the working frequency range of THz
technology, so the AF/IC PCs may be available to make the new elements in the field of THz
technology. Note that in ICs, including ionic semiconductors, when the frequencies of the
phonon and the transverse optical (TO) phonon modes of ICs are close, the dispersion
curves of phonon and TO phonon modes will be changed and a kind of coupled mode
called phonon polariton will be formed. Therefore, in the AF/IC PCs, the TO phonon modes
of ICs can directly couple with the electric field in an electromagnetic wave and this
coupling generates the phonon polaritons, however, the magnetization’s motion in magnets
can directly couple with the magnetic field, which is the origin of magnetic polaritons. Thus
in such an AF/IC PCs, we refer to collective polaritons as the magneto-phonon polaritons
(MPPs). In the presence of external magnetic field and damping, MPPs spectra display two
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petty bulk mode bands with negative group velocity. It is worthy of mentioning that many
surface modes emerge in the vicinity of two petty bulk mode bands, and that some surface
modes bear nonreciprocality [11]. The optical properties of the AF/IC PCs can be modulated
by an external magnetic field.

In addition, we have concluded that there is a material match of an AF and an IC, for which
a common frequency range is found, in which the AF has a negative magnetic permeability
and the IC has negative dielectric permittivity [10]. Consequently, the AF/IC structures are
thought to be of the left-handed materials (LHMs) which have attracted much attention
from the research community in recent years because of their completely different
properties from right-handed materials (RHMs). In a LHM, the electric field, magnetic field
and wave vector of a plane electromagnetic wave form a left-handed triplet, the energy flow
of the plane wave is opposite in direction to that of the wave vector [12-17]. LHMs have to
be constructed artificially since there is no natural LHM. Several variations of the design
have been studied through experiments [18-20]. Up to now, scientists have found some
LHMs available in infrared and visible ranges [21-25], but each design has a rather
complicated structure. We noticed a work that discussed the left-handed properties of a
superlattice composed of alternately semiconductor and antiferromagnetic (AF) layers,
where the interaction between AF polaritons and semiconductor plasmons lead to the left-
handedness of the superlattice [26]. However the plasmon resonant frequency sensitively
depends on the free charge carrier’s density, or impurity concentration in semiconductor
layers, so if one wants to see a plasmon resonant frequency near to AF resonant frequencies,
the density must be very low since AF resonant frequencies are distributed in the millimeter
to far infrared range. In the case of such a low density, the effect of the charge carriers on the
electromagnetic properties may be very weak [27] so that there is not the left-handedness of
the superlattice. According the discussion above, we propose a simple structure of
multilayer which consists of AF and IC layers. An analytical condition under which both
left-handeness and negative refraction phenomenon appear in the film is established by
calculating the angle between the energy flow and wave vector of a plane electromagnetic
wave in AF/IC PCs and its refraction angle.

2. Magneto-phonon polaritons (MPPs) in AF/IC PCs

Polaritons in solids are a kind of electromagnetic modes determining optical or
electromagnetic properties of the solids. Natures of various polaritons, including the surface
and bulk polaritons, were very clearly discussed in Ref. [28]. Recent years, based on
magnetic multilayers or superlattices, where nonmagnetic layers are of ordinary dielectric
and their dielectric function is a constant, the polaritons in these structures called the MPCs
were discussed [29-34]. On the other hand, ones were interested in the phonon polaritons
[35-36], where the surface polariton modes could be focused by a simple way and probably
possess new applications. In this part, the collective polaritons, MPPs in a superlattice
structure comprised of alternating AF and IC layers, will be discussed. In the past, for
simplicity, the damping was generally ignored in the discussion of dispersion properties
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regarding the polaritons[30,32-34]. Actually, most materials are dispersive and absorbing.
Therefore, it is also necessary to consider the effect of damping.

2.1. MPPs in one-dimension AF/IC PCs

An interesting configuration in experiment is the Voigt geometry as illustrated in Fig.1,
where the polariton wave propagates in the x-y plane and the magnetic field of an
electromagnetic wave is parallel to this plane, but the wave electric field aligns the z
direction. We concentrate our attention on the case where the external magnetic field and
AF anisotropy axis both are along the z axis and parallel to layers. The y axis is
perpendicular to layers in the structure. The semi-space (y <0 ) is of vacuum, where d, and
d; are thicknesses of AF and IC layers, respectively. For the far infrared wave, the order of
the wavelength is about 100um. Thus, as long as the thicknesses of AF and IC layers are less
than 10um, the wavelength A4 will much longer than the period of AF/IC PCs. With this
condition, the AF/IC PCs will become a uniform film by means of an effective-medium
method (EMM).

L=d,+d,

Figure 1. Illustration and coordinate system.

2.1.1. EMM for one-dimensional AF/IC PCs

We first present the permeability of the AF film. In the external magnetic field H,, the

magnetic permeability is well-known, with its nonzero elements [33, 37]

Hy = Hyy = =1+ 0,0,{[0] — (0, -0 =i7)’]" +[0] — (0, + @ +i7)’] )}, (1)

Hyy ==ty = 1y =i0,0{[0] —(0) —0—ir) ] ~[0] —(@) +@+i7)’] ). )

with @, =yH, * o, =4myM, + @,=yH,, 0,=7H,, and o, =[o,(20, +®,)]"*, where M, is
the sublattice magnetization, H, represents the anisotropy field, and H, the exchange field.
o,is the AF resonant frequency, y the gyromagnetic ratio, and 7 the magnetic damping
constant. We use¢, as the dielectric constant of the AF. Subsequently, we present the
dielectric function of the IC [38],
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Where ¢, and ¢, are the high- and low-frequency dielectric constants, but @, is the TO
resonant frequency of k=0 and # is the phonon damping coefficient. The IC is
nonmagnetic, so its magnetic permeability is taken as 1, =1.

We assume that there are an effective relation B= Ay ‘H Eetween effective magnetic
induction and magnetic field, and an effective relation D=Z,, -E between effective electric
field and displacement, where these fields are considered as the wave fields in the
structures. Butb = zi-h and d =&é in any layer, where i is given in Egs.(1) for AF layer and
=1 for IC layers. These fields are local fields in the layers. For the components of magnetic
induction and field continuous at the interface, one assumes

Hx:hlx:hZX’Hz:hlz:hZZ’By:bly:be’ (4)
And for those components discontinuous at the interface, one assumes
Bx = fablx + finX’Bz = fublz + fib2z’Hy = fuhly + fith' (5)

where the AF volume fraction f,=d,/L and the IC volume fraction f;=d,/L with the
period L=d_+d;.Thus the effective magnetic permeability is achieved from Egs. (4),(5) and
it is definite by B= laeff -H,

My ipy, 0
i =| =i, a0, ®)
0 0 1
with the elements
pix=fap+fi_(fafipi)/(ufi+fa)’ p;y = ﬂ/(pfl + fa)’ Hiy = H;x = faful/(ﬂfi +fa)’ (7)

On the similar principle, we can find that the effective dielectric permittivity tensor is
diagonal and its elements are

‘gix = g;z T fugu +figi’ g]jy =848 /(faga + fi‘gi)' (8)

On the base of these effective permeability and permittivity, one can consider the AF/IC PCs
as homogeneous and anisotropical AF films or bulk media. The similar discussions can be
found in the Chapter 3 of the book “Propagation of Electromagnetic Waves in Complex
Matter” edited by Ahmed Kishk [39].

2.1.2. Dispersion relations of surface and bulk MPP with transfer matrix method (TMM)

The wave electric fields in an AF layer and IC layer are written as
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E=(E e + Ege*)exp(ikx —iot)e,, )

E =(E-e” + Epe ™ )exp(ikx —iot)e,, (10)

respectively. k is the wave-vector component along x axis. @ and f are the decay
coefficients when they are real, otherwise they correspond to the y wave-vector components.
E; (=A, B, C or D) denotes the amplitudes of the electrig fielc}s. Additionally, the
corresponding magneticfields can be found with the relation V x E =iwB . The wave equation
resulting from the Maxwell equations is

V(V-E)-V2E-py0?/c*&-E=0. (11)
We see from the wave equation that
a? =k27£a,uv a)z/c2 (12)
with g, =( - /Ji) / 4 and c is the light velocity in vacuum, and
BE=k - 0?3 (13)

Employing the well-known TMM, together withthe boundary conditions of E,
and H, continuous at the interfaces, we can find a matrix relation between wave

amplitudes in any two adjacent bi-layers, or the relation between amplitudes in the nth and

n+1th bi-layers
[EHI’I-HJZT(EHJ’I] (14)
Ebn+1 Ebn

where T is the transfer matrix expected and its components are

ead,, , I, C_ad“(l—A’Z) ‘
T, = AfA’[(A_A Yeosh(8d;)+(1—AA")sinh(54,)], T), :ﬁsmh(ﬂdi), (15)
—M inh(Ad.), T, —ﬂ[(A—A' h(Bd.)+(AA —1)sinh(4d,)] (16)
AT T A o i AN )cosh(4d, sinh(/d,)],

with A= (apu—ku )/ [B(* - w2)and A'=~(au+ku,) /[ B> - 13)] . The Bloch’s theorem

implies another relation
{Emﬂj — eiQL [Eun]. (17)
Ebn+1 Ebn

Based on matrix relations (14) and (17), we obtain the polariton dispersion equation
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2 2/ 2
By Ko@)y sinhady. (19)
2a 2afu

cos(QL) = cosh(ad,)cosh(fd,) +(

Q is the Bloch wave number for an infinite structure and is a real number, and then
equation (18) describes the bulk polariton modes.

For a semi-infinite structure, it is interesting in physics that Q=ip is an imaginary number.
Thus equation (18) can be used to determine the surface modes traveling along the x axis.
We need the electromagnetic boundary conditions at the surface of this structure to find
another necessary equation for the surface polariton modes. This equation is just

Ty, + 9Ty, =exp(-pL) = ¢ ' Ty, + Ty, (19)

where ¢ =(Af-a,)/ (o, —A'f) with ag =k? —0)2/c2 .a, is the decay coefficient in vacuum
and must be positive. It needs to be emphasized that the existence of surface modes requires
Re(p) >0 .Egs. (18) and (19) will be applied to determine the bulk polariton bands and
surface polaritons.

Numerical simulations based on FeF»/TIBr will be performed with TMM. The reason is that
their resonant frequencies lie in the far infrared range and are close to each other. The

physical parameters here applied are H, =533kG , 47M, =7.04kG, H,6=197kG % = 55,
n=5x10", and o, = 498.8kG (= 52.45cm™") for AF layers; & =304, &,=5.34, &, =48cm™",
£=8x 107 for IC layers. The external field H, =3.0T [10,33,34].

The MPP spectra are displayed in Fig.2, 3, and 5. In these spectra for dimensionless reduced f

16
5 5
| S LA () S A
i ol
14 s N
——— i 5 s,
{ s
124 ra
.g | STIRINTA T AT
1.04 r 3 s
/ F A
.
084 1 \”'- \"\
06

'4‘“34;,_,_'%‘2“““ ST

Figure 2. Bulk polariton bands (shaded areas) and surface polaritons (thick solid curves) for
d,/d; =4:1 via TMM: (a) a whole dispersion pattern; (b) and (c) are the partially enlarged figures.
After Wang & Ta, 2010.
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Figure 3. Effective magnetic permeability and dielectric function for d, /d; =4:1. (a) The magnetic
permeability and (b) the dielectric function. After Wang & Ta, 2010.

The MPP spectra are displayed in Fig.2, 3, and 5. In these spectra for dimensionless reduced
frequency a)/ o, versus k, the shaded regions stand for the bulk bands whose boundaries are
determined by Eq. (18) or (19) with Q=0 and k=0, respectively. Meanwhile, the surface
modes are obtained by Egs. (18), (19) and (21). The thick curves with the serially numbered
sign S denote the surface polaritons. The photonic lines k* =(@/c)* in vacuum are labeled
as L1 and L2.Fig.2 shows the bulk bands and surface modes for the ratio d, /d, =4:1
(f,=0.8), which are obtained by the TMM. Four bulk continua appear including two
minibands (see Figs. 2(b) and 2(c)). The top and bottom bands (see Fig.2(a)) correspond to
the positive real parts of the effective magnetic permeability and dielectric function, so the
effective refraction index is positive in the two bands. However, the two mini bands (see
Figs.2(b) and 2(c)) are related to the negative real parts of the permeability and dielectric
function, which can be found from Fig.3. It means that the effective refraction index is
negative in the mini bands. Ref.14 proved that the negative refraction and left-handedness
exist in the mini bands, where the transmission and refraction of the same structure were
examined in the absence of the external magnetic field.

Fig.4 displays the bulk bands and surface modes for ratiod, /d; =1:1. The top bulk band is

distinctly ascended to the high frequency direction, together with surface mode land 2. The
bottom bulk band is widened conspicuously. Contrary to the previous situation, the two
mini bands get significantly narrower. Compared with Fig.2, the slopes of surface modes 7
and 12 diminish appreciably, meaning their group velocity dwindles as the AF volume
fraction ( f, ) decreases.
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Figure 4. Bulk polariton bands and surface modes with the parameters and explanations as the same as
those in Fig.2, except for d, /d; =1:1. After Wang & Ta, 2010.
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Figure 5. Bulk polariton bands and surface polaritons for d, /d; =4:1. The interpretations of (a), (b)
and (c) are the same as those of Fig.2. After Wang & Ta, 2010.

2.1.3. Limiting case of small period (EMM)

To examine the limiting case of small period or long wavelength is meaningful in physics.
Welet d, > 0and 4, -0 in Eqs.(18),(19) and then find

Q +(uf, | 15, K? =8, 415 (@] ) =0, (20)

for the bulk modes with 1] = (u;, 4y, ~ /1;5 )/ uy, , and

P, | 1kt agus =0, p* = (s, | s K =&l pi5 (] ¢)* =0, (1)

for the surface polaritons. If the external magnetic field implicitly included in Egs.(20) and (21)
is equal to zero, the dispersion relations can be reduced to those in our earlier paper [10].Hence
equations (20) and (21) also can be considered as the results achieved by the EMM.
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Fig.5 shows the bulk bands and surface modes for the ratio d,/d; =4:1( f, =0.8 ), which are

obtained by the EMM. For the bulk bands, we see that the results obtained within the two
methods almost are equal. However, the surface modes obtained by the EMM start from the
photonic lines and are continuous, but those achieved by the TMM do not. It is because the
interfacial effects are efficiently considered within the TMM, but the EMM neglects these.
For the surface polaritons, their many main features attained by the two methods are still
analogous. 12 surface mode branches are seen from Fig.2 within the TMM, but 11 surface
modes from Fig.5 within the EMM. 10 surface mode branches arise in the common vicinities
of two AF resonant frequencies and TO phonon frequency.Except branches 1 and 2, all
surface modes are nonreciprocal and their non-reciprocity results from the magnetic
contribution in AF layers. Surface polaritons 1 and 2 should be called the quasi-phonon
polaritons since the contribution of the magnetic response to the polaritons is very weak in
their frequency range. Another interesting feature is that many surface modes possess
negative group velocities (dw/dk<0), which is due to the combined contributions of

magnetic damping and phonon damping.

2.2. MPPs in two-dimension AF/IC PCs

In this part, we consider such an AF/IC PCs constructed by periodically embedding
cylinders of ionic crystal into an AF, as shown in Fig.6. We focus our attention on the
situation where the external magnetic field and the AF anisotropy axis both are along the
cylinder axis, or the z-axis. The surface of the MPC is parallel to the x-z plane. L and R
indicate the lattice constant and cylindrical radius, respectively. We introduce the AF filling

ratio, f, = 1-7zR%/1?, and the IC filling ratio, f;, = #R% /2. Our aim is to determine general

characteristics of the surface and bulk polaritons with an effective-medium method under the
condition of A4 >>L (A is the polariton wavelength).

2.2.1. EMM for the two-dimensional AF/IC PCs

When the AF/IC PCs cell size is much shorter than the wavelength of electromagnetic wave,
an EMM can be established for one to obtain the effective permeability and permittivity of
the AF/IC PCs. The principle of this method is in a cell, an electromagnetic-field component
continuous at the interface is assumed to be equal in the two media and equal to the
corresponding effective-field component in the MPC, but one component discontinuous at
the interface is averaged in the two media into another corresponding effective-field
component [30,33,40-41]. Because the interface between the two media is of cylinder-style,
before establishing an EMM, a TMM should be introduced. This matrix is

cos@ sinf 0
T=|-sinf cosf 0], (22)
0 0 1

Thus, we find the expression of the permeability in the cylinder coordinate system
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Hyy Hro 0
i, = Tﬁ;Tq =| =ty Hgy O (23)
0 0 1
Y
k X

Figure 6. Geometry configuration and coordinate system.

with 1, = ptgy = p,, and 15 = p,, . The theoretical processes of obtaining effective magnetic
permeability, i°, and electric permittivity, £°, are presented as follows. According to the
principle,we can introduce the following equations:

H,=h, =hg, Hy=h,=hp, (24)
B, =b, =b,, (25)

H, = foh, + fil,, (26)

By = fibag + fibig, B, = fiba, + fibi,, (27)

where the field components on the left side of Eqgs. (24)-(27) are defined as the effective
components in the AF/IC PCs and those on the right side are the field components in the AF
and IC media within the cell. In the AF, the relation between b and h is determined by (23)
in the r@z system, but in the IC, the relation is

b=h. (28)

After defining the relation between the effective fields in the AF/IC PCs, B=ji‘-H, the
effective permeabilityresulting from (24)-(27) is
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Hy Mg O
H ==ty Hgy O} (29)
0 0 1
with
Hyy = by [(fo+ 1, 1) (30)
Hog = futty + f1 + fofittlJ(f,+ 1, ) (31)
,u:g = /‘refa /(fa + /urrfi) Il _fugr . (32)

Formula (29) is the expression of the effective magnetic permeability in the rfz system.
When we discuss the surface polaritons, the AF/IC PCs will be considered as a semi-infinite
system with a single plane surface, so the corresponding permeability in the rectangular
coordinate system (orthe xyz system) will be used. Applying the transformation matrix (22)
again, we find

U cos® O+ pio,sin® 0 (Ul — py)sin@cosf+ i, 0
B =| (U — pby)sinfcosO— uf,  pfsin® O+ ubycos*@ 0. (33
0 0 1

If one applies directly this form into the Maxwell equations, the resulting wave equation
will be very difficult to solve. Thus, a further approximation is necessary. We think that if
the wavelength of an electromagnetic wave is much longer than the cell size, then the wave
will feel very slightly the structure information of the AF/IC PCs. Here, the averages of some
physics quantities are important. Hence, ji{ is averaged with respect to angle 6 and one

determines the averaged effective magnetic permeability,

(u5, + Hgp) 2 Frg 0
Bo=|  Hy a2 0] (39
0 0 1

This means u;, =, = u° . In physics, this AF/IC PCs should be gyromagnetic and be of C4-

symmetry, as shown by Fig.1l, which leads to the xx and yy elements of the final
permeability should be equal and its xy element equal to -yx element.

By a similarprocedure, the effective dielectric permittivity can be easily found. According to
the principle of EMM, we present the equations for the electric-field and electric-
displacement components as follows,
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E,=e,=¢,,Ey=e,=¢, D =d, =d, (35)

z az ~ iz’
DZ = fadaz + fidiz’ Dx9 = fudaH + fidiﬁ’ Er = fueur + fieir’ (36)

with ﬁu(i) = sa(i)E in the AF or IC. After using the definition, D =&°E, the effective dielectric

permittivity of the AF/IC PCs in the rfz system is determined as

& 0 0
=0 &, 0] (37)
0 0 &
With
g:r = gugi/(fa gi + j:iga)’ 8;9 = faga +fz'gz" g;z = .faga + j:igi (38)

Transforming (37) into the form for the xyz system, we see

e 2 e _:.2 e . e
&,,c08" 0+ &y,sin” 0 &,,cosfsin — g, sin 6 cos &
e _ e : e e i 2 e 2
&\ =| &,,cos@sinf - g,,sinf cosd &,,8in" 0+ &y, cos” 0 0 | (39)
0 0 &’

Then, its average value with respect to angle & is

(65 +55)/2 0 0
g = 0 (5 +65)/2 0 |. (40)
0 0 &

2z
Eyy =
effective electric permittivity 7, and magnetic permeability ji{ . If the AF medium is taken

We see eix = &°. Now, this AF/IC PCs can be considered as an effective medium with
as FeF2 with its resonant frequency about a, /27c= 52.45cm™!, proper wavelengths should
be between 170 and 190mm. When the cell size is taken as um order of magnitude, such as
5um , the effective-medium theory is available and expressions (34) and (40) are reasonable.

2.2.2. Dispersion equations of surface and bulk MPP

The effective permittivity (40) and permeability (34) are applied to determine the dispersion
equations of surface and bulk MPP in the AF/IC PCs. In the geometry of Fig.6, if the
magnetic field of a plane electromagnetic wave is along the z-axis, the sublattice
magnetizations in the AF do not couple with it, so the AF plays a role of an ordinary
dielectric. Thus, we propose the electric fields of polariton waves in the AF/IC PCs are along
the z-axis and the magnetic field is in the x-y plane. For a surface polariton, its electric field
decaying with distance from the surface can be written as
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E= [Ejexp(—a,y)exp(ikx —iwt)]€,, (v > 0) (41)

E= [Eexp(ay)exp(ikx —iwt)]é,, (y <0) (42)

in the AF/IC PCs, where k is the wave-vector component along the x-axis, but & and ¢, are
the decay coefficients and are positive for the surface polariton. The corresponding
magneticfield can be obtained with the relation VxE =iwB . From the Maxwell equations,
we confirm the electric field obeys the wave equations

VZE+(w/c)*E=0, (y>0) (43)
V2E+(o/c) e 1’E=0, (y<0) (44)

which lead to two relations
a; =K*—(w/c)*, a® =K* - &Syl (w/ ) (45)

with 4 =[(4)* +(1%,)*)]/ 1° . The dispersion relation can be found from the boundary
conditions of the field components, E, and H,, continuous at the surface. Through a simple
mathematical process, we obtain this relation

az—i,ufgk/ye—aoyzf, (46)

where o and «a, are determined by (45) with the conditions, >0 and ¢, >0 . Of course,

it is very easy to find the dispersion relation of bulk polaritons. For the infinite AF/IC PCs,
we find from the wave equation (44) that the dispersion relation in the x-y plane is

K2 =elpui(o/c)? (47)

The bulk polariton bands are just such regions determined by (46). One can calculate
directly the dispersion curves of the surface polariton from (45).

FeF2 and TIBr are utilized as constituent materials in the AF/IC PCs, which the parameters
have been introduced in the last section. We place the AF/IC PCs into an external field of
H, =5.0T along the z-axis and employ a dimensionless reduced frequency @/, in figures.
Surface mode curves are plotted against wave vector k along the x-axis. Bulk modes form
some continuous regions shown with shaded areas.

For comparison, we first present the polariton dispersion figures in the AF FeF2 and IC TIBr,
as indicated in Fig. 7, respectively. For the AF, there exist three bulk bands and two surface
modes. The surface modes appear in a nonreciprocal way and have a positive group
velocity (dw/dk>0). For the IC, its surface modes and bulk bands are depicted in Fig. 7(b).
The surface modes are of reciprocity. Comparing Fig. 7(b) with the previous results without
phonon damping [42], it is different that the two surface modes bear bended-back and end
on the vacuum light line, due to the phonon damping.



224  Ferromagnetic Resonance — Theory and Applications

1.2
117

=1.04

0.9

0.8+
-4-3-2-1&1 2 3 4

Figure 7. (a) Bulk polariton bands (shaded regions) and surface polaritons of FeF. (b) Bulk polariton
bands and surface modes of TIBr, with two vacuum light lines (thin lines). After Wang & Ta, 2012.

1.2

Figure 8. Bulk polariton bands (shaded regions) and surface polaritons of the MPC for f, =0.9:(a)a
whole dispersion pattern;(b) and (c) are the partially amplified figures. After Wang & Ta, 2012.

For the AF/IC PCs with f, =0.9, Fig. 8 illustrates the dispersion features of magneto-phonon
polaritons. Four bulk bands and 13 surface mode branches are found, where the surface
modes are nonreciprocal (meaning the surface modes are changed when reversing their
propagation directions). Two mini bulk bands and 11 surface mode branches exist in the
vicinities of two AF resonant frequencies, where they are neither similar to those of the AF
nor to those of the IC. Due to the combined contributions of the magnetic damping and
phononic damping, the surface-mode group velocities become negative in some frequency
ranges. For frequencies near the higher AF resonant frequency, the top bulk band bears a
resemblance in nature to the top one of the AF, but the bottom band is analogous to the
bottom one of the IC for frequencies close to the IC resonant frequency.

Figure 9 shows the bulk bands and surface modes for f, =0.8. The bulk bands in this figure
are characteristically similar to those in Fig. 8, but the two mini bands are narrowed and the
top one risesstrikingly. For the surface modes, mode 6 in Fig. 8 splits into two surface modes
in Fig. 9. Modes 5 and 11 in Fig. 8 disappear from the field of view. The surface modes are
still nonreciprocal.
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The two mini bulk bands possess a special interest, corresponding to the negative effective
magnetic permeability and negative effective dielectric permittivity of the AF/IC PCs. We
present Fig. 10 for f, =0.8 to display the relevant effective permeability and permittivity.

One can see that dielectric permittivity, g; ,

is negative in a large frequency range. The two
AF resonant frequencies lie in this range and the magnetic permeability, x°, is negative in
the vicinities of the AF resonant frequencies. Thus, for electromagnetic waves traveling in
the x-y plane, the refraction index is negative and the left-handedness can exist in the two
mini bulk bands. When electromagnetic waves propagate along the z-axis, there is no
coupling between AF magnetizations and electromagnetic fields, so the electromagnetic
waves cannot enter this range where ¢°<0 (see Eq. (1-30b)). The negative refraction and
left-handedness were predicted in a one-dimension structure composed of identical
materials [10].
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Figure 9. Bulk polariton bands and surface polaritons of the MPC for . The explanations of (a), (b) and
(c) are identical to those of Fig.8. After Wang & Ta, 2012.
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Figure 10. Effective permittivity and permeability in the MPC for : (a) the effective permittivity and (b)
the effective permeability. After Wang & Ta, 2012.
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3. Presence of left-handedness and negative refraction of AF/IC PCs

In the previous section, we have discussed MPPs in AF/IC PCs with the TMM and EMM for
one- and two-dimension. Based on FeF:/TIBr, there are a number of surface and bulk
polaritons in which the negative refraction and left-handedness can appear. In order to
investigate the formation mechanism of LHM in AF/IC PCs, the external magnetic field and
magnetic damping is set to be zero. In this case, according Eqs.(7) and (8), the effective
permeability ji° and dielectric permittivity &° will be described as

Hee =(fot+ f), gy = ] (fo + fi), s, =1, (48)

Eix = g;y = €,8 /(fa‘gi +fi£a)/ g;z = (faga + fi‘gi )’ (49)

where f,=d_ /D is the AF filling ratio, and f, =d, /D 1is IC filling ratio with D=d, +d, as a
bi-layer thickness.

Let us consider an incident plane electromagnetic wave propagating in the x-y plane as
shown in Fig.11. Such a wave can be divided into two polarizations, a TE mode with its
electric field parallel to axis z and a TM mode with its magnetic field parallel to axis z.
According to Maxwell’s equations, these wave vectors and frequencies of the two modes
inside the film satisfy the following expressions
k? K2
u X _—(w/c)? (for TE mode), (50)

e e e e
EazMx gzzluyy

k; +k2=(w/c) el i, (for TE mode), (51)

Since u;, =1 is a positive real number, relation (51) corresponds to the case of an ordinary
optical (when &}, >0) or an opaque (when &;, <0, contributing to an imaginary k, ) film,
and so, we no longer consider the TM case, but deal with only the case of TE incident mode,
and found the left-handed feature and negative refraction behavior. For the TE mode, the
presence of left-handed feature (or negative refraction) needs the satisfaction of the
prerequisite condition that &, <0 and u; and y;y can not be simultaneously positive [i.e.,
at least one of x and ,ugy is negative, see (50)]. According to expressions (48) and (49),

or <o<opnf1+ fig -¢,)/ (fe,+ fie,)) (forel, <0), (52)
0, <o< a)r2 +2fw, (foru;, <0), (53)
\/a)r2 +2fww, <o< \/wrz +20,0,, (for y;y <0), (54)

where @, =yH, and o, =4zyM, . Frequency region (52) is very large and covers regions

(53) and (54) for the selected physical parameters. It is noted that both x;. <0 and y;y <0
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can occur simultaneously only when AF layers are thicker than IC layers, which

1/2
)/

corresponds to spectral domain (a? +2 fia)aa)m)” <o (o +2f,m,,)"* The wave electric

field in the film can be written at
E, =[A, exp(ikyy) +B, exp(fikyy)]exp(ikxx —iwt), (55)

and the corresponding magnetic field can be given by

(56)

Figure 11. Draft for incidence, reflection, refraction and transmission rays. After Wang & Song, 2009.

The radiation in the film consists of two parts, one is the forward light (refraction light)
related to amplitude A, and the other is the backward light (reflection light) related to
amplitude B . Here, ky is defined as a negative number, otherwise the refraction wave
corresponds to amplitude B, . These two situations are equivalent in essence. According to
the definition of energy flow density of electromagnetic waveS=Re(ExH')/2, the flow
densities of the two lights can be given by

2 2
Al Kk k B,[" & k
S, =Re ‘Z—O‘(—gex+—jey) , S5 =Re ‘ZL‘(—gex——Zey) . (57)
@ /lyy Hyx L 'uyy Hax

The inner product between a wave vector (KA:[kx,ky,O] orKy =[k,,—k ,0]2) and its
corresponding energy flow is given by expressionl A:Re(gjzwr;lo‘ )/2, or
IB:Re(gﬁza)‘BO‘z) /2. Thus the angle between energy flow and wave vector can be
expressed as

a; :arccos[[j/(‘KiHSi

) (58)

where j=A or B. It is obvious that «, is equal to @ and larger than z/2 in the range (52).

227
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It can be seen from the expression (57) of S, that its x component is negative and y
component is positive when both ] <0 and ,uf/y <0, since k, is positive and identical to

the equivalent component of the incident wave vector. Thus an important condition is found
for the existence of negative refraction, or AF layers must be thicker than IC layers. The
refraction angle can be expressed as

0’ =arctan(k . / k, /Jf/y ). (59)

FeF2 and TIBr are used as constituent materials where the AF resonant frequency o, is
closer to the phonon resonant frequency @, and located in the far infrared regime. Fig.12
shows this angle as a function of frequency for f, =0.8 and 0.6. It can be seen from Fig.12
that for most of the frequency range occupied by the curves, angle « is at least bigger than

160° for various incident angles. So the wave vector, electric and magnetic fields form an
approximate left-handed triplet. The operation frequency range becomes narrow as f,

decreases, as shown in Fig.12b.

As shown in Fig.13(a) for f, =0.8, the refraction angle is positive on the left side and
negative on the right side of the intersection point of the curves. This corresponds to the

following critical frequency obtained under the condition of x; <0 and s, <0:

_ [
0, =\o; +2f0,0,.

It can be seen from Fig.13(b) in comparing with Fig.13(a) that the frequency region of
negative refraction is obviously narrower and the negative refraction angle becomes smaller.
Numerical simulations also show both positive and negative refraction angles are in the
spectral range of approximate left-handed feature shown in Fig.12.

(60)

a (degree)

Figure 12. Angle o beteen refraction energy flow and corresponding wave vector versus frequency for
different incident angles and for filling ratios (a) f, =0.8 and (b) f, =0.6 . After Wang & Song, 2009.
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Figure 13. Refraction angle versus frequency for various incident angles, and for filling ratios (a)
f,=0.8 and (b) f, =0.6 . After Wang & Song, 2009.

4. Transmission, refraction and absorption properties of AF/IC PCs

In this section, we shall examine transmission, refraction and absorption of AF/IC PCs,
where the condition of the period much smaller than the wavelength is not necessary. The
transmission spectra based on FeF2/TIBr PCs reveal that there exist two intriguing guided
modes in a wide stop band [11]. Additionally, FeF2/TIBr PCs possess either the negative
refraction or the quasi left-handedness, or even simultaneously hold them at certain
frequencies of two guided modes, which require both negative magnetic permeability of AF
layers and negative permittivity of IC layers. The handedness and refraction properties of
the system can be manipulated by modifying the external magnetic field which will
determine the frequency regimes of the guided modes.

The geometry is shown in Fig. 1. We assume the electric field solutions in AF and IC layers
as

E]. = EZ[Aj exp(ikjy) + Bj exp(—ikjy)]exp(ikxx —iot), (61)
where j=a,isignify AF or IC layers, respectively. The corresponding magnetic field
solutions are also achieved via VxE = ia)B]-. According to the boundary conditions of E,

and H, continuous at interfaces, the relation between wave amplitudes in the two same

layers of the two adjacent periods can be shown as a transfer matrix T [43]. The matrix
elements are expressed by the following equations:

T,y =5, [(A—N)cos(kd.) +i(1- AA)sin(kd,)]/ (A—A'), (62)

T,

12 =0, (1= A)sin(kd,) / (A-A), (63)

T, =i0,(A> = 1)sin(kd,) / (A-A), (64)

229
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T, =8, [(A-A)cos(kd,) +i(AA —1)sin(kd.)] / (A— A') (65)

with A:(ikxyl/y+ka)/kiyv and A’ :(ikx,ul/,u—ka)/ki,uv . In AF layers, there are the
relation k[f =&, M, a)z/c2 - ki with 1, = (,u2 —,ui)/,u , ki = a)z/c2 sin® @ and g, the dielectric

constant. The magnetic permeability tensor components of AF layers are represented by
p=1+o,0l1/[0! (0, - w-ic)*]+1/ [0} — (@, + 0 +ic)*]}, (66)

U, =0,0,(1/[0} (0, - 0-ic)’]-1/[] — (0, + o +ic)*]}. (67)

with o, =47yM,,, o,=yH,, o, =[0,20, eru)]]/z

,0,=yH, and @, =yH;.M,represents
the sublattice magnetization, and H,, H, and H, indicate the external magnetic field,
anisotropy and the exchange fields, respectively. @, denotes the zero-field resonant
frequency, y and o are the gyromagnetic ratio and the magnetic damping. In IC layers, we
have the relation kP =g 0’ / -k with the dielectric function
& =&, + {(e, —5,1)0)%} / (a)2 - o* —iéa)) , whereg, and & are the high- and low-frequency
dielectric constants, but @, indicates the frequency of the TO vibrating mode in the long-
wavelength limition and & denotes the phonon damping. The magnetic permeability of IC
layers is considered as u; =1. We assume here that the stacking number included in the
magnetic superlattices is N. Then transmission and reflection coefficients of the AISL can be
written as

[1}_1[1%1 1+A;JTN1 ko5, (1+8)/ (k +k) ko, '8 (1+A")/ (k +k;) m )
-4, 1-4 ko6 (1-8)/ (k,—k) ko, 167 (1-a)/(k —k)\t)

r) 2

Note that incident wave amplitude is taken as 1. Therefore, the transmission and reflection

coefficients can be determined with Eq. (68), and then the transmission ratio is ‘t‘ and

reflection ratio is ‘r‘z. Additionally, absorption ratio is represented wi’chAzl—M2 —‘t‘z.
Other quantities in Eq. (68) are A, = (ikxyL [+ ku)/kl,uv , A} =(ikx,ul /,ufka)/kl,uv ,
6, =exp(ikd;), k12 = a)z/cz cos?6 .

As described in Ref. [8], magnetic superlattices possess two mini-bands with negative group
velocity. When the incident wave is located in the frequency regions corresponding to the
two mini-bands, what are the optical properties of the AF/IC PCs? In the preceding section,
the expressions of transmission and absorption to be used have been derived. To grasp
handedness and refraction properties of the AF/IC PCs, the refraction angle and
propagation direction need to be determined. Therefore, subsequently we give the
expression of the refraction angle. However, this structure possibly possesses a negative
refraction, and generally the directions of the energy flow of electromagnetic wave and the

wave vector misalign. We start with the definition of energy flow (S=Re[ExH']/2) with a
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view to achieving refraction properties. Based on wave solutions of the electric field and
Maxwell equations, the magnetic field components of the forward-going wave in AF layers
are shown as

(k, +ik 1, / L

o= Ky vikop, 14) A, exp(ik,y + ik x —iwt). (69)
O,

H, = Rty TR - axpik y + ik x—iot). (70)

o,

The magnetic field components of the forward-going wave in the adjacent IC layers are

H, = ki, exp(ik,y +ik x —iwt), H, =- kA, exp(ik;y + ik x —iwt). (71)
DLy Yo ’

The amplitudes of two neighboring layers satisfy

[A,,J _[a+aps, A-4y8" [Au] 72
B.) (a-a)s, (1+4,)5," \ B,
According to boundary conditions, the electric and magnetic fields of every layer are
acquired when the incident wave is known. Then the expressions of refraction energy flow
in all layers are written as

§;=Re(E;xH;") [2=Re(-H E,¢, +E H}E,) /2, (j=a,i). (73)
What needs to be emphasized is that we here concentrate only on the refraction, so only the
forward-going wave corresponding to the first term in Eq.(61) is considered and the
backward-going wave is ignored. Owing to refraction angles being different in various

layers, the refraction angle of the AF/IC PCs should be effective one. The angle between the
energy flow and wave vector, and the refraction angle of the AF/IC PCs are defined as

a =arccos[(K-5)/ (\IZHE

) (74)

0" = arctg[( (S, + f25:) (iS4 + 25i)) (75)
with  K=kgé, +( fik, + fzkj)é'y and S=fS,+f,S;, where volume fractions are
fi=d,/(d,+d;) and f,=1-f,, respectively.

Numerical calculations based on FeF:/TIBr PCs. We take the AF layer thickness d, =4um

and the thickness of IC layers d; =1um . The stacking number is N =9 . Figure 14 shows the

transmission spectra with specific angles of the incidence in an external magnetic field
H,=3T. As illustrated in Fig. 14(a), the forbidden band ranges from 0.9@, to 12w,
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Figure 14. Transmission spectra for the fraction f; =0.8 , external magnetic field H,=3T and

stacking number N =9 . (a) the incident angle @ = 0° ; (b) a zoomed view of guided modes in (a); (c
g g g

the incident angle 6 = 45°; (d) a zoomed view of guided modes in (c). After Wang & Ta, 2012.

corresponding to the band gap of magneto-phonon polariton in Ref. [8]. Here the most
interesting may be that guided modes arise in the forbidden band. The two guided modes
lie in the proximity of ®=0.943w, and ®=1.064w, , corresponding to the mini-bands with
negative group velocity in Ref. [8]. At the same time, the magnetic permeability of AF layers
and the dielectric function for IC layers are both negative. To distinctly observe two guided
modes, the partially enlarged Fig. 14(b) corresponding to Fig. 14(a) is exhibited. Seen from
Fig. 14(b), the maximum transmission of the guided mode with lower-frequency is 40% and
that of higher mode is 28.4%. As is well known, the optical thicknesses of films are
determined by the frequency-dependent magnetic permeability and the dielectric function.
Then the optical thicknesses of thin films are varied with the frequency of incident wave.
The optical path of wave in media can also be altered by changing the incident angle. Fig.
14(c) shows the transmission spectrum with incident angle 45° and other parameters are
the same as those in 14(a). The partially enlarged Fig. 14(d) corresponding to Fig. 14(c) is
given. Compared with the normal incidence case, for ##0 the forbidden band becomes
wide and their maximum transmissions are reduced to 27.1% and 21.9%, but two guided
modes keep their frequency positions unaltered.

As already noted, the damping is included and then the absorption appears. We are more
interest in the two guided modes, so only the absorption corresponding to two guided
modes will be considered in Fig. 15 (a) and (c) display the absorption spectra in the case of
right incidence, but (b) and (d) illustrate the absorption spectra for incident angle 6=45°.
We see that the absorption has a great influence on the transmission spectra. In the
absorbing band at @»@=0.9426w,, relative tiny absorption corresponds exactly to the
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maximum transmission. In the absorbing band at @ =1.024w, ,
strengthened with enhancing the incident angle.

the absorption is obviously
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Figure 15. Partially enlarged absorption spectra with f; =0.8, N=9, H;=3Tand H, =1T . (a)
corresponding to Fig. 14(b); (b) corresponding to Fig.14(d); (c) corresponding to Fig. 15(b); (d)
corresponding to Fig. 15(d). After Wang & Ta, 2012.

To capture the handedness and refraction behaviors of the AF/IC PCs, the angle of refraction
and the angle between the energy flow and wave vector are illustrated. Fig. 16 shows the
angle o between the energy flow and wave vector of forward-going wave varies with

frequency for H,=3T and §=45°. As illustrated in Fig. 16, the angles in the vicinities of
®=0.943w, and w=1.064w, are greater than 90°, but less than 180°. It indicates that the

AF/IC PCs possesses a quasi left-handedness in these frequency regions.

Figure 17 shows the refraction angle ' versus frequency under the same condition as Fig.
16. We find the refraction angles are negative in the neighborhood of @=0.943w, and
®=1.064w, . The two frequency ranges for negative angle do not completely coincide with
those of the quasi-left-handedness in Fig. 17. Namely, the frequency regime of negative
refraction near to ®=0.943w, is strikingly greater than that occupied by the quasi-left-
handedness in Fig.17. However, the result is opposite in the vicinity of w=1.064w, .

Therefore, we here reckon the left-handedness is not always accompanied by negative
refraction. FeF:/TIBrsuperlattices have the natures of either negative refraction or quasi left-
handedness, or even simultaneously bear them at the certain frequencies of two guided
modes.

To have a deeper understanding of the negative refraction and quasi- left-handedness of the
AF/IC PCs, subsequently the expressions of the dielectric function

233
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Figure 16. Angle o between energy flow and wave vector of down going wave versus the change of

frequencies at H0 =3T, 0= 45 and f1 =0.8 . After Wang & Ta, 2012.
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Figure 17. Refraction angle @' versus the alteration of frequenciesat H, =3T, 0= 45° and £,=08.
After Wang & Ta, 2012.

& =gh+{(gl—gh)a)%} / (a)%—a)z—iga)) of IC layers and the magnetic permeability of AF

layers are analyzed. We find that when frequency lies in

or <0<(a)e) o, (76)

the dielectric function ¢, is negative, namely the range 0.91520, <@ <2.1835w,. This
completely covers the frequency range of AF resonance, so the dielectric function must be
negative in the region of negative magnetic permeability 4, . It is found from Fig.18 that the
magnetic permeability 4, is negative in certain regions, where the dielectric function &; is
also negative. In our previous work [8], utilizing the effective medium theory, we verified
the effective dielectric function and magnetic permeability are both negative in the long
wavelength limit when 4 and ¢; are negative. In other words, the AF/IC PCs is of negative
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refraction in the limit of long wavelength. Regarding the results arising from the two
methods mentioned above, we conclude that the necessary condition of negative refraction
or left-handedness is that 4, and ¢; are both negative in this PCs.
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Figure 18. Voigt magnetic permeability , versus the different frequenciesat Hy, =3T, 0 = 45° and

£, =0.8 (solid line denotes real parts and broken line indicates imaginary parts). After Wang & Ta,
2012.

5. Summary

This chapter aims to discover optical properties of AF/IC PCs in the presence of external
static magnetic field. First, within the effective-medium theory, we investigated dispersion
properties of MPPs in one- and two-dimension AF/IC PCs. The ATR (attenuated total
reflection) technique should be powerful in probing these MPPs. Second, there is a
frequency region where the negative refraction and the quasi left-handedness appear when
the AF/IC PCs period is much shorter than the incident wavelength. Finally, an external
magnetic field can be used to modulate the optical properties of the AF/IC PCs.
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