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Preface

Exchange coupling between hard and soft magnetic phases at nanometric scale has gained
considerable attention due to associated intriguing physics in the system and their application
in high energy product magnets. Recently, such exchange-coupled hard/soft ferrite
nanocomposite has gained attention in microwave device applications due to large
composition flexibility and wide variation in magnetic properties. Therefore, the main focus
of this work is systematically investigates the processing and properties of various hard/soft
exchange-coupled ferrite composite. In the present work, various series of exchange-coupled
nanocomposites of BaFe;;010/AFe;04, (A = Ni, Zn, Co) were prepared by sol-gel
autocombustion method. The effect of various process parameters; processing methodology,
annealing temperature, soft phase magnetization and weight fraction of soft phase on
structural, magnetic and microwave properties has been investigated and compared. The

carried out work is organized into five chapters. The content of each chapter is given below.

Chapter 1 (Introduction): This chapter gives general introduction of exchange coupling and
exchange-spring mechanism. The classification of different exchange-coupled system with
reference to rare earth based, ferrites based and other composites are shown. A brief
description of hexagonal and spinel ferrites are given and their respective magnetic and
microwave properties are compared. Important applications of exchange-coupled composites

are mentioned. The chapter is concluded with motivation and objectives of the present work.

Chapter 2 (Literature review): In this chapter a brief preamble related to origin of
exchange coupling, its development and various experimental and theoretical studies carried
out on different nanocomposite systems are reviewed. The review is divided into rare earth
alloys and ferrites based composites in bulk and thin films form. Effect of various processing
methods and conditions on exchange coupling between hard and soft phase has been
discussed. The emphasis are given to magnetic and microwave properties of
hexagonal/spinels ferrite nanocomposites. A few other exchange-coupled systems are also

mentioned in the end of the chapter.
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Chapter 3 (Experimental procedure & characterization techniques):In this chapter,
details of processing method adopted for hard magnetic hexagonal ferrite (BaFe;2019), soft
magnetic spinels (NiFe,O4, NigsZngsFe;04, CoFe,04, CogsZngsFe204) and their composites
are explained. A brief description of thin film deposition technique by RF-sputtering is given.
Various techniques, such as X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), vibrating sample magnetometer (VSM) and vector
network analyzer (VNA) used to examine the structural, magnetic and microwave

characterization, are briefly explained.

Chapter 4 (Results and discussions): In this chapter, the structural, magnetic and
microwave properties of hard/soft magnetic exchange-coupled composites are presented. The
results are divided in five sections. In the first section, optimal conditions for preparation of
pure hard and soft magnetic ferrites are discussed. Second section describes the effect of
different processing methodology i.e. physical mixing and single-step method on exchange
coupling. The variation in exchange coupling with annealing temperature is discussed in
third section. In fourth subsection effect of weight fraction of soft phase on magnetic and
microwave properties of composites are discussed. In fifth section effect of soft phase
magnetization on exchange coupling and their respective change in magnetic and microwave

properties are given. In the last, exchange coupling also shown in bilayer.

Chapter 5 (Conclusions): This chapter summarizes the outcomes of the various experiments
described in the previous chapter. The effect of various process parameters on exchange
coupling is outlined. The influence of weight fraction and magnetization of soft phase on
magnetic and microwave properties are discussed and tabulated. The exchange coupling exist
in bilayer NiFe,O4/BaFe;,019 thin film is also showcased. Future scope of the work is
presented at the end of this chapter.
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Chapter 1: Introduction

Chapter 1

Introduction

Overview

This chapter gives general introduction of exchange coupling and exchange-spring
mechanism. The classification of different exchange-coupled system with reference to
rare earth based, ferrites based and other composites are shown. A brief description of
hexagonal and spinel ferrites are given and their respective magnetic and microwave
properties are compared. Important applications of exchange-coupled composites are

mentioned. The chapter is concluded with motivation and objectives of the present work.




Chapter 1: Introduction

1. Introduction

Interfacial exchange coupling between hard and soft magnetic phases at nano-metric scale
has gained considerable attention due to associated intriguing physics in the system and
their application in high energy product ((BH)max) magnets. In 1989 Coehoorn [1]
reported the first experimental evidence of exchange interaction between the phases in
melt spun rapidly quenched NdFeB-Fe3B flakes. In early 1990s, Kneller and Hawing [2]
first proposed the concept of exchange-spring magnets in suitably dispersed hard and soft
magnetic materials. Later in 1993, Skomski and Coey [3,4] interpreted interfacial
interaction with different analytical expressions and micromagnetic modelling. Over a
decade (1990-2000), interfacial coupling were largely investigated for rare earth based
nanocomposite magnets and thin films such as SmCo/Co, SmCo/Fe, Fe/Nd-Fe-B, and
FeNi/FePt [5-8] etc. The exchange mechanism in composites was largely explained for
granular, bilayer/multilayer thin films, where spin switching behavior with different soft
magnetic film thickness was the primary consideration. In late 1990s, Skomski and others
groups [9,10] experimentally verified that exchange-coupled magnets posses high
coercivity(Hc) and (BH)max- They have calculated effective anisotropy (Kes), remanence

(My) and nucleation field (Hy) using following equations:

Kepr = [ (MK (r) ¥ (r)dr = {K(N)p = fiKs + 1K, (1.1)
M, = f;Ms + f,M, (1.2)
ot = 25 (13)

where, v is eigen value calculated using 3-D potential wall model for particular thickness.
f, M, and K are volume fraction, magnetization and magnetic anisotropy respectively. The

subscripts s and h corresponds to soft and hard magnetic phases.

Using equation 1.2 and 1.3, expression for (BH)max Was obtained as:

ﬂo(Ms—Mh)Ms]
2Ky,

1
(BH)max = 11,M2 1= (1.4)
It is clear from the equations that (BH)max Significantly depends upon M;s of soft phase.
In early 2000, it was observed that exchange coupling is not limited to rare earth based

composite magnets but ferrite based composites also exhibit similar phenomenon. Table
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1.1 shows the general classification of exchange-coupled magnets based on respective

hard and soft magnetic phases.

Table 1.1 General classification of exchange-coupled system.

Type Composites
Rare-earth  based | Nd,Fe;sB/a-Fe,  Nd,Fe;4B/FesB, SmyFe17N3/Fe16Coss,
composite systems | Y,Fe14B/FesB, SmCos/Fe, SmCo/Co, SmCo/Fe, Sm,Co;/Co,

Sm,,Co7s/Fe/Sm,,Co7g

SrFe;,019/AFe;04, BaFe2019/AFe;04 BaFe;2010/Y3FesO1s
BaySri-yFe12019/ Nig7C00.9(MNZr)xFez210a,

BaCayFe 60,7/ Fes04, BaFe2019/Fe304, CoFe,O4/Fe304
MnFe,04/CoFe,04, CoFe,04/ZnFe,0y
SrFe;2010/Fe;03,SrFe;2019/FeCo,
CoFe,04/FeCo,CoFe,04/CoFe;, ferrite/Sm,Fe;7N3

(A: Mn, Zn, Ni, Co)

Other  composite | FePt/FesPt, Fe/FePt, FessPtss/FeqRhs;, FePt/FeNi, FeRh/FePt,
systems DyFe,/YFe, MnGa(Bi)/FeCo, PrFeB/NdFeB and CosC-

Coo.35F€0.65

Ferrite based

composite systems

1.1 Exchange-spring mechanism

The exchange-spring phenomenon is considered as interaction of soft and hard magnetic
spins at the interface. These interactions can be understand by demagnetization curves,
and explained considering two types of spin reversal mechanism by V. M Chakka et al.
[11]. If soft and hard magnetic spins coherently switches with reverse magnetic field and
shows smooth hysteresis loop, referred as type-1 reversal mechanism. However, in type-2
soft and hard magnetic spins switch individually and results a kinked demagnetization
curve. The schematic of type-1 and type-2 reversal mechanism are shown in Fig. 1.1. The
existence of coherent and non-coherent demagnetization behaviors are the interplay of
three types of spin interactions i.e. between soft-soft, hard-hard and hard-soft spin
interactions. In type-1 reversal mechanism; hard-soft spin interactions are most dominant
and results a coherent rotation of spins. However, in type-2, swift demagnetization of

uncoupled soft magnetic spins at lower field provides a kink in demagnetization curve.



Chapter 1: Introduction

Moment, M(emu) Moment, M(emu)
A A
No Kink
Saturation magnetization B Saturation magnetization
I 1 % 1 %
m 3 Kink ;
i —_— —_—
—_ —_
Applied magnetic Field :\g
H > H >
¢ H(Oe) ¢
1
1
P
1
1
1
1
1
: ; ;
S S
«— «—

= 1 =

Hardspins  Soft spins

Fig. 1.1 Representative hysteresis (M-H) loops (a) Type-1 coherent rotation and (b) Type-

2 non-coherent rotation.

Such kind of spin reversal mechanism was also explained by S.D. Bader et al. [12,13] for
SmCo/Fe system using spin interaction model for hard and soft magnetic spins. As
exchange coupling is interfacial in nature, hence maximum at the interface and gradually
decrease with distance away from the interface. The distance up to which exchange
coupling dominates is called as exchange length. With the applied field, soft magnetic
spins far from interface are uncoupled and flip independently in the direction of magnetic
field. However, spins which are coupled across the interface switch coherently, whereas
distant spins causes non-coherent reversal. In another way, the angular difference
between hard and soft magnetic spins increases from 0° (at interface) to 180° with field

which causes a spring type spin structure (Fig. 1.2).
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Fig. 1.2 Schematic of hard-soft spin interaction in SmCo/Fe system [12].

Since interfacial exchange coupling is not an intrinsic property, therefore being a
structure sensitive property it can be controlled by effective particle size, film thickness,
relative weight fraction of magnetic phases, and their distribution. In a system, coherent
and non-coherent demagnetization can be obtained subjected to size of the phases.
Hysteresis loop of nanocomposite with particle size/film thickness below the exchange
length will show a smooth demagnetization while higher result in kinked or shouldered

one.

In 1990-2000, studies were mainly focused on rare earth based composite magnets, thin
films and nanopowders as they provide high (BH)max and gives broad pathway for
permanent magnets. In late 2000, exchange-coupled hard/soft ferrite nanocomposite has
gained attention in permanent magnet and microwave device application due to their
chemical stability and magnetodielectric properties in microwave region. In last few
years, tremendous work has been done to investigate the magnetic behavior of such
exchange-coupled ferrites adopting different processing methodologies. However, role of
exchange coupling in the view of its magnetic and microwave properties needs an

attention.
1.2 Exchange-coupled ferrite composite as a new microwave material

Magnetic ferrites includes hexagonal, spinel and garnet were extensively studied for

microwave frequency applications due to their inherited magnetic, dielectric and
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microwave properties [14-16]. General classification of commonly used ferrites is given
in Table 1.2

Table 1.2 Classification of ferrites.

Structure Type General formula | Examples
) Spinel AFe, 0,4 A =Mn, Zn, Ni, Mg, Co
Cubic
Garnet LnsFesOq, Ln=Y, Sm, Eu, Gd,
Th, Dy, Ho, Er, Tm
M-type MFe12019
M= Ba, Sr
X type MsMe;Fes5060 Me:Fe"LZ, Ni+2, Mn*2
Hexagonal W-type M M62F816027
Y-Type MzMezFe12022
Z type M3M62F824041

Ferrites are known to mankind since many centuries, but their application as microwave
material comes into existence in late 1930s. The ferrite were first systematically studied
by Snoek et al. [17,18] for application in devices that send, receive and manipulate
electromagnetic signal at radio frequency, microwave and millimetre wave frequencies.
Till 1990°s ferrites were used as permanent magnets only and later their microwave
absorbing character were explained [19,20].

Spinel and garnets have been investigated for decades due to their useful electromagnetic
properties and their very high specific resistance ( 10® -10'® ohm-meter) makes them
suitable for microwave frequency applications [15,21,22]. However, their cubic spinel
structure (Fig. 1.3); in which divalent metal ions occupy tetravalent sites and trivalent
metal ions distributed over octahedral and tetrahedral sites leads to small
magnetocrystalline anisotropy. Resultant low Ha restricts their operational frequency
below 3 GHz [15,23]. However, operational frequencies can further be increased to X-

band with external biased field with an implication of large device size.



Chapter 1: Introduction

~LEp
y
5t

O

(o]

Fig. 1.3 Unit cell of spinel ferrite (adapted from [14]).

On the other hand, crystal symmetry of hexaferrites leads to high Ha, and FMR frequency
[24]. Among the family of hexaferrite, M-type Ba(Sr)Fe1,019 ferrite is hard magnetic and
received great attention due to their technological applications in permanent magnet, high
density magnetic recording media and microwave devices [25-28]. It’s large uniaxial
Ha(~17 KOe), self-biased nature, low microwave losses i.e. narrow FMR line width ~500
Oe upto K-band and less than 25 Oe above 50 GHz, makes possible material for
microwave and millimetre devices [14,24,29]. Their characteristic magnetic properties
lies in its hexagonal crystal structure in which 24 Fe** ions distributed among five
different crystallographic sites i.e. one tetrahedral (4f;), three octahedral (12k, 4f,, 2a) and

one trigonal bipyramidal site (2b) as shown in Fig 1.4.

The FMR (f;) and operational frequency of ferrite materials directly depends on the
intrinsic magnetic parameters (H, and Ms) and can be further tuned by external magnetic

field evaluated by the relation:
fr =y(H, + H, + 4ITM) (1.5)

where y (2.8 MHzOe) is gyromagnetic ratio, H, is external applied magnetic field and H,

is anisotropic field.

Due to self bias nature of M-type ferrite; minimum external biased field is required,

which greatly reduces the size of device [14,30]. Apart this, suitable cations substitution
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for Fe** jon, remarkably affect it’s H, with a subsequent shift in it’s FMR, and hence the
operational frequency band [31-34]. For example, the substitution of Sc** or In®" for Fe**
ions reduces its operable frequency to X-band [35,36], while the substitution of AI**, Cr**
and Ga*" increase the device operational frequency up to W-band [37-40]. Devices based
on BaM and its substitution systems can be operable from 1 to 100 GHz. Magnetic and

microwave properties of different ferrites are tabulated in Table 1.3.

Tetrahedral (4f,)

Octahedral (12k)

Octahedral (2a)
‘ 7a
| &
' A

7 'q3

Trigonal bipyramidal (2b) Octahedral (4f,)

Fig. 1.4. Unit cell and different crystallographic sites of M-type hexaferrite.

The magnetism in a system is originated due to Kramers-Anderson superexchange. In complex
oxide systems such as ferrites; superexchange interactions occurs through oxygen ions in which
spins of the neighboring metallic ions are linked via intermediate oxygen ion (Me-O-Me). The
magnitude of exchange interaction depends upon the distance and angle formed by Me-O-Me
bond. A semi-empirical rule based on the symmetry relations and electron occupancy referred as
Goodenough-Kanamori rule is used to measure magnetic properties of ferrite materials on the
quantitative level.
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Table 1.3 Properties of different type of ferrites and composites commonly used at

microwave frequencies.

Type Example Operable M; H. Ha AH
Microwave (G) (Oe) (Oe) (Oe)
frequency

(f)
NiFe,O,4 3200 350

— CoFe,04 ~750MHz

E 5300[41] 1566[42] | 6800[41] 2509

(&)

g MgFe,0, <1MHz 2150 [43] 173[44] 648

Y3Fes015[45] <1GHz 1750 82 0.6
M Upto 36GHz | 4000(BaM)[46] | 3187[48] | 17460[48] 530

=) 4320(SrM) [47] | 3193[49] | 20000[50] (X &K

) band)

~ 16 (60GHz)

gt X[51,52] 3GHz 3400 50 9500

% Z[53] 1.3 GHz 3300 23 12000 750

3 W[54] 3GHz 4800 80 21000 42

Y[55] Uptol4GHz 2300 60 9500 18(at 9GHz)
® BaFe;,0,4/NiFe,0,

% %’ BaFelgolg/COFe204 1-100GHz --- --- === -==-

% 8_ SrFelgolgl

5 5 | MnoszZngssCogisFe

o ,0,

It can be seen that there is a vast difference in the properties of spinels, garnets and
hexaferrites. This difference in the properties is suitably exploited for wide variety of
application from microwave absorbers to non reciprocal devices and as magnetodielectric
substrate material for antenna miniaturization [15,16]. For an ideal shielding material
broad band width (AH), high saturation magnetization (Ms), high permittivity (e;) and
permeability (u) is required. Also for antenna miniaturization at microwave frequencies;
high & with high p, of magnetodielectric material is required. A single ferrite material
cannot fulfill the demands for application in wider frequency band. Hence, along with
suitably substituted ferrite, a composite of hard (high Ha) and soft (low Ha) ferrites could
be an alternative material. Presence of effective interfacial coupling between high M soft
phase and high Ha hard phase composite may modify the magnetic and microwave
properties for high frequency microwave applications [56]. The few studies on exchange-
coupled nanocomposite ferrites with modified magnetic properties for microwave

absorbers have already reported [57,58].
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1.3 Applications of exchange-coupled composites

The application of exchange-coupled composites depends upon the magnetic properties of
constituent materials. The Exchange-coupled rare earth based composite of hard-soft
phase (Sm,Co;/FeCo) [59] gives (BH)max of 17.6 MGOe which is much higher than the
single-phase Sm,Co; (4 MGOQe). These magnets has larger share in permanent magnets
market. On other hand, the exchange-coupled ferrite composite are largely exploited as
magnetodielectric materials. These ferrites have also shown good shielding characteristic,
and used as microwave absorber above X-band. The co-existence of high Y, and & in
exchange coupled ferrite can be potentially used for antenna miniaturization [60]. Also
both rare earth and ferrites based exchange-coupled composites provide a new pathway to
electronic industry. Apart from the electronic industry, magnetic nanoparticles of
composite ferrites always have drawn their attention in biomedical applications as a
biosensor and in hyperthermia. Recently, composite system of SrFe;,019 coupled with -
Fe O3 and CoFe,O4-NiFe,O, have been proposed as a possible hyperthermia agent

because of their large magnetic losses.
1.5 Motivation

Magnetic ferrites includes hexagonal, spinel and garnet has gained attention for
microwave frequency applications due to their inherited magnetic, dielectric and
microwave properties such as moderate magnetization, high permeability, high
permittivity and low losses. However, large difference in their anisotropic field and FMR
frequency restricts application of individual ferrite in wide frequency range.
Alternatively, the composites of hard and soft ferrite may cater to high frequency device
application with a large band width from 1-100 GHz. Large amount of work has been
varied out with individual soft and hard ferrites. However studies based on soft/hard
ferrite composites for high frequency application is very limited. Only a few reports
investigated their microwave absorbing properties in X- and K- band. Therefore, the main
focus of this work systematically investigates the processing and properties of various
hard/soft exchange-coupled ferrites.

10
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1.6 Objectives

1. Preparation of M-type hexaferrite-spinel nano/micro composite by sol-gel and solid
state synthesis method.

2. To investigate the effect of various structural and compositional parameters on
magnetic and microwave properties of composite ferrites.

3. Processing of composite NiFe,04/BaFe1,019 thin films by sputtering and its magnetic

characterization.

11
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Chapter 2

Literature review

Overview

In this chapter, a brief preamble related to origin of exchange coupling, its development
and various experimental and theoretical studies carried out on different nanocomposite
systems are reviewed. The review is divided into rare earth alloys and ferrites based
composites in bulk and thin films form. Effect of various processing methods and
conditions on exchange coupling between hard and soft phase has been discussed. The
emphasis are given to magnetic and microwave properties of hexagonal/spinels ferrite
nanocomposites. A few other exchange-coupled systems are also mentioned in the end of
the chapter.
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2.1 Preamble

The interfacial interaction in composites comprises of hard magnetic and soft magnetic
phase was first introduced by Kneller and Hawing in early 1990 [2] and referred as
“exchange-spring system” or “exchange-hardened system”. The purpose was to develop
exchange-coupled permanent magnets with high energy product ((BH)max) by exploiting
high saturation magnetization (Ms) of soft phase and high anisotropy of hard phase
simultaneously. Such exchange-coupled magnet gives choice of different soft and hard
magnetic material and large compositional flexibility as well. The exchange-spring
mechanism between the phases was further explained by Skomski and Coey [3,9,61]
using several theoretical models and experimental studies with an emphasis on structure
property relationship. Over a decade (1990-2000); studies were mainly focused on
development of novel rare earth based alloys nanocomposite magnets with high (BH)max
and provided a new paradigm to permanent magnets. The exchange-spring phenomenon
was also studied for thin film composites structures for better understanding of inherited
mechanism [7,12,62]. In 2004, exchange coupling in ferrite based nanocomposite system
has gained attention and investigated. Such exchange-coupled ferrites showed promising

properties for microwave absorbers and other high frequency applications.

Large number of studies was conducted to verify the understanding with different soft
and hard magnetic phases. Apart from choice of materials, researchers have also done
considerable work on microstructural aspects of interfacial coupling in nanopowders and
thin films. It was found that interfacial coupling strongly depends upon film thickness,
and powder/grain size, which vanishes above a critical size. Hence, different processing
methodologies were adopted to investigate the role of optimizing particle size, film
thickness and relative weight fraction of soft and hard magnetic phase.

The following section provides a summary of research carried out for different exchange-
coupled systems classified as rare earth alloy composite and ferrites based composites in

bulk and thin films form.

13
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2.2 Rare earth based composite magnets

Since 1990’s various research groups were actively involved on processing of rare earth
based exchange-coupled nanocomposite permanent magnets with enhanced (BH)max-
Most of the theoretical and experimental studies were focused on Nd;Fe14B/o-Fe,
SmyFe7Ns/FesCoss, YoFesB/FesB, Sm,Cos/FeCo, and SmCos/a-Fe magnets. The
primary aim was to increase interfacial coupling by structural and compositional
modifications, which consequently enhances the magnetic properties. The important

research studies and their findings in mentioned system are summarized below.

After the introduction of exchange coupling phenomenon, extensive theoretical
and numerical calculations on magnetization reversal mechanism in two phase permanent
magnet were given by T. Schrift [63-66], and showed that size of soft magnetic grain
should be smaller or twice the domain wall width of hard magnetic grain for maximum
exchange interaction. In other numerical calculations proved that reducing the grain size
of soft phase by half the domain wall width of hard phase can help in significant
reduction of coercivity (Hc). Ralph Skomski and Coey et al. [3,4,9] have calculated
nucleation field (Hy) and (BH)max Of exchange-coupled SmyFe;;Ns/FeisCoss with different
particle size of soft phase. E. H. Feutrill et al. [67], have done the theoretical simulation
for exchange-coupled mixture and showed H¢, Ms and (BH)max directly depends on the
size of soft magnetic phases which significantly enhanced by size optimization. R.
Fischer et al. [68] given another analytical treatment using a simulation model to explain
relation between magnetic properties and microstructure of Nd,Fe;sB/a-Fe permanent
magnet composite. The maximum (BH)max 0f 400 kd/m?® with 10 nm size of a-Fe was
simulated. W. C. Feng et al. [69] showed the effect of phase distribution and grain size on
H., exchange coupling and effective anisotropy using theoretical modelling. The results
showed that when the size of soft grain is larger than exchange coupling length, the
presence of uncoupled soft magnetic spins are evidenced as a shoulder in demagnetization
curve. Apart from the grain size; magnetic phase distribution also affects the exchange
coupling interaction between the phases.

With various theoretical studies, the dependence of exchange coupling on grain size was
simultaneously verified experimentally for similar systems. Choong Jin Yang et al. [70]
prepared the composite of Nd,Fe;4B with soft magnetic FesB and o-Fe phase. The results

showed that decreasing grain size of soft magnetic phase by 20%, coupling increases and

14
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resulted in enhanced remanence (M;) (12.5 kG) and (BH)max (15.8 MGOQe) by 30%. Also,
Youhui Gao et al. [5,6], studied the effect of Hf and Ga on crystallization and coupling of
nanocomposite Nd,Fe;4B/FesB magnet. In the presence of Hf and Ga; composite
annealed at 680 °C and 700 °C showed maximum exchange coupling with (BH)max of
15.3 MGOe and 14.6 MGOe respectively.

D.H. Ping et al. [71] studied the magnetic and microstructural properties of a-
Fe/Nd,Fe14B composite with Nb, Zr, Cu and Ga addition. The results showed that Ga and
Zr improved the magnetic properties and provide a fine structure by controlling the grain
growth of a-Fe particles. With Zr addition high H. (4961 A/m) and (BH)max (134 ki/m®)
were obtained due to large interfacial interaction between a-Fe and Nd,Fe14B phase. Later
Zhao-hua Cheng et al. [72] observed similar effect of Zr on Sm,Fe;sGa,Cy/a-Fe

nanocomposite.

R. W. Gao et al. [73] studied the effect of intergrain exchange coupling on anisotropy and
Hc. in Nd;FeysB/o-Fe composite. The anisotropy of the composite was calculated
statistically between hard-hard, soft-soft and hard-soft grains. Anisotropy found to
decrease with decrease in grain size and increase in weight fraction of soft phase. They
concluded that grain size in the range of 10-15 nm and soft phase weight fraction below
0.50 gives higher (BH)max. Later F.T. Parker et al. [74,75] prepared Nd,(FeCo)14B/a-Fe
and Prgg3Fegs 7Nby 30/a-Fe nanocomposite and showed that exchange-spring coupling
directly depends on the size of soft magnetic phases. L. H. Lewis et al. [10], V. Neu et al.
[76] and T. Hopfinger et al. [77] also observed similar results for Fe;4sNd,B/a-Fe

composite magnets.

Toru Maeda et al. [78] showed the effect of annealing temperature on hard Y,Fe;4B and
soft FesB magnet on the microwave properties and resonance frequency. The composite
annealed at 1003 K and 1123 K showed single phase behavior with relative high H,
compared to annealed at 973 K. Excellent microwave properties (reflection loss (RL) = -
32 dB; permeability (u™) = 0.38) at higher frequencies (39.5 GHz and 44 GHz) were

observed and justified as microwave absorber material.

N.V. Rama Rao et al. [79] and Yanglong Hou et al. [80], investigated the exchange-
spring interaction in mechanically milled SmCos with different weight percent of soft

magnetic Fe. The exchange coupling was observed for 5% of Fe content, with a
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maximum H. of 8.9 kOe. X.Y. Xiong et al. [81] studied the distribution of a-Fe particles
in SmCo/Fe permanent magnet. Different distribution of a-Fe particle with constant
weight fraction was induced by varying ball milling time. The result showed that Ms and
(BH)max increases with milling time as consequence of better coupling in well distributed
phases. Narayan Poudyal et al. [59] has prepared SmCo/Fe and SmCo/Co nanocomposite
with different weight ratio by high energy ball mill method. Maximum interfacial
coupling was observed for Sm,Co7(60%)/Fe(40%) nanocomposite which was larger than
theoretical calculated using Stoner-Wohlfarth model. Much larger (BH)max (17.6 MGOe)
compared to single-phase Sm,Co7 (4 MGOe) were observed. These studies on rare earth
based composite revealed that well exchange-coupled composites are promising way to

produce high performance permanent magnet.
2.3 Rare earth based composite thin films

Apart from the exchange-coupled composite permanent magnets; the exchange-spring
mechanism in thin film system were also extensively investigated. S.D Bader et al.[12,13]
first revealed detailed systematic understanding of exchange interaction in thin film
layered composite structure. A theoretical explanation on magnetic reversal and role of
critical thickness of soft layer were explained. Using his theoretical model, alloy based
thin films was also grown and their behaviour was experimentally studied. A brief
summary of important findings are given below:

M. Shindo et al. [82] fabricated a-Fe/Nd-Fe-B multilayer by radio frequency magnetron
sputtering. The effect of a-Fe film thickness on intralayer and interlayer coupling were
investigated and supported by micromagnetic calculations. It was observed that H.
strongly depends upon film thickness whereas interlayer coupling strength is independent
of thickness. J.S. Jiang et al. [83] investigated the exchange coupling behaviour with Fe
film thickness and annealing temperature on magnetron sputtered Sm-Co/Fe bilayers.
Their results showed that films annealed below 400 °C and thickness less than 10 nm are
not optimum for interfacial exchange-spring mechanism. Bilayer of Sm-Co (20 nm) and
Fe (10 nm) annealed at 400 °C gives single phase like behavior with the maximum H, (6
kOe) and (BH)max (27.7 MGOe). Joseph E. Davies et al. [84] studied the magnetization
reversal behavior in Fe/SmCo and compared it with non rare earth based FeNi/FePt
systems using theoretical first order reversal curves (FORC) technique and vector
magnetometry. A single sharp drop in Ms and simultaneous switching in FORC was
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observed in FeNi/FePt films. Single onset found to be more gradual and prominent for
thin soft (Fe & FeNi) phase layer. Their FORC and experimental results showed that
exchange coupling and magnetic parameters can be controlled by thickness of soft phase.
Daniel R. Cornejo et al. [85] deposited bilayer of SmCo/Fe on Si substrate by magnetron
sputtering and studied the effect of Fe film thickness. Preisach model was used to
evaluate reversible and irreversible magnetization component of the composite. The
obtained Henkel plots and Preisach parameter (kn) confirmed that demagnetization
interaction between SmCo and Fe depends on Fe layer thickness. X. H. Liu et al. [86]
deposited trilayer of Smy,Cozg/Fe/Smy,Co7g on Cr/glass substrate using multiple gun
sputtering. All the samples showed in-plane anisotropy and single phase magnetization
behavior irrespective of Fe thickness. From magnetic interactions studies, they proved
that exchange coupling are thickness dependent and magnetostatic interaction are
dominant above coercive field. T. Schrefl et al. [8] calculated the magnetic properties of
SmCo/Fe and SmCo/Co systems for different soft layer thickness using Landau Lifshitz
Gilbert equation. It was observed that magnetization reversal strongly depends on soft
magnetic layer thickness. SmCo/Co system with 10 nm thick Co film showed maximum
(BH)max of 389 kJ/m® and was comparable to theoretical calculated (396 kJ/m®).

V Neu et al. [87] deposited epitaxial SmCo0,5(25 nm)/Fe/SmCo,5(25 nm) trilayer on MgO
substrate using pulse laser deposition (PLD) system and showed the effect of soft Fe film
thickness on exchange coupling. When thickness of Fe layer (6 nm) was twice of Bloch
wall of SmCoys (2-3 nm), the coupling found to be dominant. The maximum H; of 1.5 T
and (BH)max Of 224 kdm™ (28 MGOe) was observed with 16 nm thick Fe film. To
understand the interfacial profile between Sm-Co and Fe layers, Y. Choi et al. [88]
deposited Sm—Co/Fe bilayers of different thickness on MgO substrate by magnetron
sputtering. Their results concluded that interfacial profile and exchange coupling can also
be tailored by alternating sublayer deposition. In later [89] recoil loop for SmCo/Fe
system were measured and compared with micromagnetic simulated data. The results
showed that recoil loops of the composite system are strongly dependent on anisotropy of

hard phase as well as interphase coupling.

Yuzi Liu et al. [90] has given the microstructural analysis of SmCo/Fe bilayer system.
STEM micrograph showed that Fe layer diffused into textured SmCo layer and
responsible for exchange-spring coupling and high (BH)max. S. Sawatzki et al. [91]
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deposited a trilayer of SmCos/Fe/SmCos with different Fe film thickness using PLD and
reported maximum energy density of 312 kim™. Wei-Bin Cui et al. [92] deposited the
anisotropic thin films of Nd,Fe;4B/FeCo by magnetron sputtering. Their results showed
that by controlling distribution of Nd and Fe, the (BH)nax can be enhanced to 480 kJm™
which was close to the theoretical calculated (486 kim™) value. J. Zhang et al. [93] also
obtained maximum (BH)max of 32 MGOe for exchange-coupled Sm(Co,Cu)s/Fe

multilayer.

Recently, X. J. Weng et al. [94] and Wenjing Si et al. [95] given the theoretical
interpretation on coercivity mechanism in hard/soft bilayer system by changing the
thickness of soft layer. They used 1-D and 3-D micromagnetic methods to understand
spin distribution and showed that larger thickness of soft phase widen spin angle
difference that weakens the exchange-coupling.

2.4 Ferrite based exchange-coupled nanocomposite

After extensive research on rare earth based high (BH)mnax composite magnets, the focus
of researchers was shifted to explore the similar exchange mechanism in hard/soft ferrite
based composite. They have prepared a large variety of composite ferrites and established
that exchange phenomenon also exists at nanoscale. Their chemical stability, ease of
processing, magnetodielectric nature and wide variety of application were the key driven
force to explore magnetic and microwave properties of such ferrites. Among the choices
of hard and soft magnetic phases; the hexagonal M-type hard ferrite and soft spinel
ferrites are the primary one. However, a few works on different kind of ferrites were also
reported. In the present section, various works pertaining to hard/soft exchange-coupled
ferrites are discussed. The emphasis is laid on their processing, properties and

applications.

In 2006, Han Zhidong et al. [96] successfully synthesized the exchange-coupled
nanocomposite of BaFe;,0:9/MFe,O4(M=Co, Mn) by sol-gel method. Their structural
measurements by XRD and SEM confirmed that both the phases coexist independently
without any intermediate phase. Followed by its work, the magnetic studies on these
composite ferrites confirmed the exchange coupling among the phases, which are
predominantly processing dependent. K. W. Moon et al. [97] prepared

BaFe;2010/NiZnFe,O, nanocomposite by two different processing techniques and
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studied the change in interfacial coupling. Their results showed that self propagation

method was an adequate way to obtain exchange-coupled composite.

Effect of particle size and volume fraction of soft phase on exchange coupling was
investigated by Debangsu Roy et al. [98] for BaFe;2019/NiggZng2Fe,0,4 system. It was
found that suitable particle size and composition give rise to exchange-spring mechanism
and enhances (BH)max Of composite magnet. Single phase magnetization behavior of
composite corresponds to exchange-coupled system. Similar studies were extended for
BaCayFe;50,7-Fe30,4 system and identical behaviour was observed [99]. Later, theoretical
calculations [100] were performed to understand magnetization reversal behavior in
NiggZng2Fe,04/BaFe;,019 composite. Results showed that pinning mechanism and
interfacial spin interaction plays a dominant role in magnetization reversal. Further,
reversible and irreversible magnetization mechanisms of exchange-coupled and non-
exchange coupled CoFe,04/SrFe;,019 composite with fixed weight ratio (1:8) were
investigated by FORC. The studies showed single maxima for exchange-coupled system
whereas non exchange system gives two maxima as confirmed from FORC. Obtained two
maxima in non exchange-coupled composite proved that ferromagnetic interactions
between hard and soft phases were more prominent in exchange-coupled system
compared to non-exchange coupled system [101]. Later V. Harikrishnan et al. [102,103]
extended experimental studies on BagsSrosFe;2019/CoFe;O4 system and showed that
exchange coupling and structural properties of the composites can be controlled by

adequate processing, annealing temperature and soft phase content.

Subhenjit Hazra et al. [104] prepared (NiFe,O4)x—(BaFe12019)1.x COmposites by one-pot
and physical mixing method to understand exchange-spring mechanism. The one-pot
composite showed maximum interfacial coupling and gives high Ms and H.. Later, Rui
Xiong et al. [105] studied the exchange-spring behavior in BaFe12,019/Nigs5ZNngsFe,04
composites. The presence of exchange-spring interaction between hard and soft phases
was confirmed by M-H loops and their respective Henkel plots. They showed that
magnetic properties can be tailored by adopting adequate technique and controlling

dipolar as well as interfacial interactions.

Fuzhan Song et al. [106,107] prepared hollow nanofibers of SrFe1,019/NigsZngsFe,04 by
sol-gel process and size dependent coupling were observed. In similar system, exchange

coupling was also verified with enhanced M, and H for certain composition. Shahab
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Torkian et al. [108] studied the magnetic properties of sol-gel synthesized
SrFe10Al,019/Nip,Cog gFe,0, composites and showed that exchange coupling and
magnetic parameters can also be controlled by weight fraction of individual phases.
Recently, they also showed [109] an enhancement in (BH)max by 10.5% compared to pure
hard phase. Jiuyang Xia et al. [110,111] studied the exchange-spring behavior in
Mng sZng 4Fe204/Sr gsBag 15F€12019 and NigsZngsFe,04/SrFe;2019  composites
synthesized by ball milling method. Their results showed that two step ball milling
method was suitable to obtain exchange-coupled magnets. Wen Chen et al. [112] carried
out similar studies on Liy3C05Zng2Fe,04/SrFe 2019 core/shell composite system. Their
results also supported that interfacial coupling and Ms can be enhanced by adopted

suitable processing.

M. A. Almesseire et al. [113] also synthesized the exchange-coupled
CuFe,04/Srq 3Bag 4Pbg 3Fe1,019 composite with enhanced magnetic properties. J. N. Dahal
et al. [114] successfully prepared the exchange-coupled composite of SrFe;,O19/La-
xSrMnOs and studied their magnetic properties. Higher M,/M; ratio (0.58) and H; (6.29
kOe) were observed for composite with 60/40 weight ratio. Their results showed that by
controlling the magnetization of soft ferrite; (BH)max and exchange coupling can be
tailored. Dongyun Li et al. [115] studied the effect of grinding time and soft phase weight
content on exchange coupling in SrFe;,019/CoFe,O4 and SrFe;;0;9/Fe-B composite.
Their results showed that grinding time as well as magnetic properties of soft phases
simultaneously helps to control the interfacial interaction and magnetic properties of

composite system.

Li Zhao et al. [116] showed the effect of soft phase weight fraction on magnetic
properties of (1-x)CoFe,O4/xSrFe1,019 composites. The interfacial coupling and magnetic
properties found to depend on composition. Faezeh Tavakolinia et al. [117] also studied
the magnetic properties for SrFe;2019/C0p5ZnosFe,04 system. Results showed that
exchange coupling and magnetic properties depends on soft phase content and processing
method. Composite showed maximum Ms (91 emu/g) and H. in one-pot assisted method
for 60/40 weight ratio. S. Manjura Hoque et al. [118] studied the effect of calcination
temperature on exchange coupling and magnetic properties of
BaFe;,010/CoFe,04/MgFe,O, composite. Exchange coupling and Ms both found to be
temperature dependent. Composite calcined at 1000 °C and 1100 °C showed high (BH)max
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as a result of interfacial coupling. Haibo yang et al. [119,120] prepared exchange-coupled
BaFe;,010/CoFe,04/CaFe,O, and BaFe;,019/Y3FesO1, composites with enhanced
(BH)max by 15% and 107% respectively. The existing interfacial coupling found to be
responsible for this giant enhancement.

Yan Wang et al. [121] studied the effect of calcination temperature and presintering on
exchange coupling of BaFe;2,019/NiggZng2Fe,04 composite. The composite calcined at
1100 °C with 3 hour presintering at 400 °C showed increased M; (63 emu/g), Hc (2750 G)
and M, (36 emu/g) compared to pure hard and soft phases. Their results suggested that
interfacial interaction can be increased by presintering. Ailin Xia et al. [122] studied the
exchange coupling behavior in SrFe;,019/(Ni,Zn)Fe,04 composites. Effect of different
mass ratio (2:1, 1:1 and 1:2) and sintering temperature (700 °C & 900 °C) on magnetic
properties were investigated. Their results showed that grain size influence the exchange
coupling interaction and magnetization. In later studies [123,124], exchange interaction in
SrFe12010/(Ni,Zn)Fe,0Q4, SrFe;,019/CoFe,04 and SrFe;20;9/Fe-B composites were also
confirmed by single peak in Henkel (6M-H) plots. Miao Liu et al. [125] successfully
synthesized exchange-coupled composites of BaFe;»,0:9/CoFe,O, and reported 10%
enhancement in (BH)max. Recently, N. A. Algarou et al. [126,127] studied the effect of
various soft phases MFe,O, (M= Co, Ni, Cu, Zn, Mn) with SrCog 02Zr0.02F€11.06019 and
SrTboo1Tmgo1Fe11.08019 hard phases on exchange coupling for fixed weight fraction. It
was observed that different soft phase remarkably affect interfacial coupling and

magnetic properties.

Later, few research groups also studied the dielectric behaviour along with magnetic
properties of such exchange-coupled composites. Andzrej Hilczer et al. [128] studied the
dielectric behavior in exchange-coupled SrFe;,0O;9/CoFe,O, composites. Their results
were explained on the basis of Koop’s theory based on Maxwell-Wagner model. Later,
R. K. Kotnala et al. [129] investigated the effect of interfacial coupling on magnetic and
dielectric properties of xBaFe12019/(1-X)Mng2Nig4Zng4Fe2,04 composite. Change in
dielectric behavior with hard phase weight fraction was also explained by Maxwell-
Wagner model. Obtained high H; and Ms corresponded to existence of interfacial
coupling. It was showed that dielectric losses directly depend on weight fraction of hard
phase and interfacial coupling. The similar dielectric studies were reported on exchange-

coupled BaFe;1.7A10.15ZN0.15010/Mng sMgo 2Fe,04 composite by S. F. Mansour et al. [130].
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The dielectric studies on exchange-coupled composites were not only limited to low
frequency. Ferrites as a good microwave absorber and a magnetodielectric material;
studies on high frequency microwave applications were also investigated. Na Chen et al.
[131] first investigated the microwave absorption properties of exchange-coupled
SrFe12010/ZnFe,O4 composite system. The effect of soft phase weight fraction on
permittivity (¢), permeability (u) and microwave absorption were reported in the
frequency range of 5-15 GHz. The results showed that p increases with ZnFe,O,4 content
as a consequence of interfacial coupling. RL shift toward lower frequency band and a
minimum of -37 dB was observed for 15 wt% ZnFe,O,4. Liuyang Zhang et al. [132]
studied the microwave absorption behavior of SrFe;,014/CoFe,O4 nanocomposite. Core
shell nanoparticles of composites showed maximum RL at 14.5 GHz compared SrFe;,019.
M. Mehdipour et al. [133] compared the magnetic and microwave properties of
SrFe12019, NiFe,O4 with exchange-coupled SrFe;,019/NiFe,O4 composites. Results
showed that magnetic and microwave properties can be modified with the exchange
coupling. Maximum loss of -18 dB at 11 GHz was obtained for the composite sintered at
1200 °C.

Silvia E. Jacobo et al. [56] prepared SrpsCrosNdosFei05019/NiFe,O4 composites in
different weigh ratio and compared their microwave properties in X-band. Strong
exchange coupling were observed for 30:70 and 50:50 composition with single phase
magnetization behavior. Loss dip of -34.4 dB at 11.1GHz with the bandwidth of 3.5 GHz
was observed for 50:50 compositions. Sachin Tyagi et al. [134] prepared nanocomposite
of SrFe;2,019 with NiFe,O4 and ZnFe,O4 by coprecipitation method. Obtained high Mg
(59.79 emu/g) and RL dip of -29.36 dB at 10.21 GHz of composites showed that such
exchange-coupled systems are suitable for RADAR absorbing materials.

Subhenjit Hazra et al. [135,136] studied microwave absorption properties for (NiFe,Og4)x-
(SrFe12019)1-x and (Nig.esZNg 35F€204)x-(SrFe12019)1x Systems and maximum loss dip of -
17 dB and -21 dB were observed respectively. S.R. Saeedi Afshar et al. [137] studied the
microwave properties for SrFe;,019/NigeZng4Fe,04 composite system and showed
absorption of -23.5 dB at 9.9 GHz. Later, Vipul Sharma et al. [138] measured the
microwave properties of BaFe;;019/Y3Fes012 in 8-35 GHz frequency range for
microwave patch antenna substrate. Maximum absorption of -26 dB at 28 GHz and high

operational frequency of the notch filter (35 GHz) at the applied field of 1 T was reported.
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FMR linewidth (AH) found to be varied between 2 kOe to 0.2 kOe with the composition.
Haibo yang et al. [139] compared the microwave absorption properties of
BaFe;,010/CoFe,04 and PANI/BaFe;,019/CoFe,O4 composites. Enhanced microwave
properties in PANI/ BaFe;,019/CoFe,O4 with RL of -36.4 dB at 9.8GHz in broad
frequency range (7-14 GHz) were observed. Yin Liu et al. [140] also obtained maximum
RL of -31.6 dB at 12.7 GHz for (0.3)SrFe12014/(0.7)NiFe,O4 composite. Kunal Pubby et
al. [141] observed RL of -42.02 dB for Nig7C09(MnZr).Fes.204/BaySry.yFe12019
composite synthesized by physically mixing method. Ying Lin et al. [142] analysed the
microwave absorption properties of BaFe1,019/Fe30,4 core-shell nanocomposites prepared
by hydrothermal method. Maximum absorbance of -33.6 dB at 11.6 GHz frequency was
obtained for the composite which was twice as compared to BaM in the studied frequency
band (2-18 GHz).

Besides microwave properties, such ferrite could also be used as antenna substrates due to
its magnetodielectric nature. The simultaneous existence of high permeable soft phase
and high & hard phase in exchange-coupled composites can reduce the antenna size.
Ashish Saini et al. [58] group prepared NigsZno3Coo2Fe,O4/BaFe;;019  and
Mng5Zng 35C00.15F€,04/SrFe1,019 [60] composites and showed that size of patch antenna

can be reduced by suitable adjustment of p and ¢ below 1 GHz.
2.5 Ferrite based bilayer system

Apart from powder composite; few studies were also conducted on hard/soft ferrite
bilayer system to understand the exchange-spring mechanism. CoFe,04/ZnFe;0y,
MnFe,04/CoFe,Q4, ZnFe,04/CoFe,04, and CoFe,O4/Fe30, bilayers films were deposited
by different deposition techniques. The role of annealing temperature and film thickness
on magnetization reversal behavior were explained [143-146].

Last but not least, the other ferrite based systems that includes SrFe;,O19/Fe,03,
SrFe2019/FeCo [147-150], CoFe,O4/FeCo [151-160] and ferrite/SmyFe;7N7 [161] were
also investigated with an aim to understand exchange-spring mechanism between the two
different magnetization phases. The studies on such systems give the systematic
understanding of geometrical shape and particle size on exchange coupling and magnetic
properties.

The important work carried out on exchange-coupled ferrite composite and their

respective microwave properties in last decade are summarized in Table 2.1.
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Table 2.1 Summarized microwave properties of hard/soft ferrite composites.

Exchange-coupled Processing Microwave properties
hard/soft ferrite composite method
SrFe12019/ZnFe;04 Sol-gel RL=-31 dB at 8.7 GHz
£=23.8,¢&"=1.5, u'=1.5, u"=3
SrFe12019/NiFe;04 Co-precipitation | RL=-11dB at 11GHz
SrFe;,019/NiFe;04 Solid state route | RL=-31.6dB at 12.7GHz, tan§,=1
Absorber thickness=2.5 mm
Srp5C005NdosFe11. 5010/ Self combustion | RL=-34.4 dB at 11GHz
NiFe,O4 AH= 3.5 GHz
SrFe12010/NiFe; 04 Co-precipitation | RL=-29.36 dB at 10.21GHz
SrFe15019/NiFe, 04 Sol-gel RL=-17 dB at 8.2GHz
Absorber thickness=3.2mm
BaFelzolg/Nio_55zn0_35|:6204 SOl-gEl RL=-21 dB at 9.86 GHz

£=1.1,¢"=0.2, W'=0.9, u"=0.31
Absorber thickness=3.05 mm

BaFe;2010/Nig5Zng 35Fe20,4 | Physical mixing | RL=-6.65dB at 9.67 GHz
£=17,¢"=0.8, =15, u"=0.35

SrFe15019/Nig eZNng 4Fe04 Self propagation | RL=-23.5dB at 9.9GHz

combustion £=3.3,¢"=0.5, u=1.1, u"=0.5

Absorber thickness=3.5 mm
BaFe;2010/Y3FesO12 Sol-gel RL=-26 dB at 28 GHz
BaFe;,010/CoFe,04 Sol-gel RL=-36.4 dB at 9.8 GHz

£=8, ¢"=4, W'=1, u"=0.8
Nio.7C00.9(MnZr)4Fe,. Physical mixing | RL=-42.4 dB at 31.63 GHz
2xQ4/BaySr1.yFe12019 e'=7,¢&"=2, ”'=1.6, u"=1

Absorber thickness=2.3 mm
BaFe;2019/Fe304 Hydrothermal RL=-33.6 dB at 11.6 GHz

2.6 Other composite system

Few alloy based nanocomposite and bilayer system such as FePt/FesPt [162], Fe/FePt,
FessPtss/FesRhs:, FeRh/FePt [163-165], DyFe,/YFe, [166] MnGa(Bi)/FeCo [167,168]
and PrFeB/NdFeB [169] etc. were also studied by different researchers. In these
composite systems role of processing method, annealing/calcination temperature, film
thickness, particle size and distribution of phases on exchange coupling were reported.
Their results also suggested that particle size and film thickness of soft phase greatly
affect the magnetization reversal behavior and magnetic properties of the composite

system.
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Chapter 3

Experimental procedure & characterization techniques

Overview

In this chapter, details of processing method adopted for hard magnetic hexagonal ferrite
(BaFe1,019), soft magnetic spinels (NiFe;O4, NigsZngsFe,04, CoFe,04, CogsZNngsFe,04)
and their composites are explained. A brief description of thin film deposition technique
by RF-sputtering is given. Various characterization techniques used to study structural,
morphological, magnetic and microwave properties are briefly explained.
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3.1 Synthesis of nanopowders

Nanopowders of barium hexaferrite (BaFe12019), spinel ferrite (AFe.O4; A = Ni, Co, Zn)
and their composite ferrites were synthesized by sol-gel autocombustion method.
Analytical grade (<99%, Sigma Aldrich) metal nitrates; iron nitrate nonahydrate
(Fe(NO3)3.9H,0, barium nitrate  (Ba(NO3),, nickel(ll) nitrate  hexahydrate
(Ni(NO3),.6H,0, zinc nitrate hexahydrate (Zn(NOs),.6H,0, cobalt(ll) nitrate hexahydrate
(Co(NO3),2.6H,0, and citric acid anhydrous (CgHgO;) were used as precursors. The
stoichiometric amount of desired metal nitrates and citric acid were dissolved in
deionized water. The mixture was stirred continuously at room temperature (RT) till a
homogeneous reddish brown transparent solution was obtained. Further NH3; (25%)
solution was added drop by drop during stirring to maintain pH ~7 of the solution. The
solution was continuously stirred and heated at 70-80 °C until it turns into viscous gel.
The as-prepared gel was kept on heating till its combustion and formation of grayish
black powder. As-obtained powders were annealed at different temperatures (900 °C -
1200 °C) for 3 hours in the muffle furnace. During annealing; heating as well cooling rate
were kept constant to 5 °C/min. Process flowchart of sol-gel autocombustion method

are shown in the Fig. 3.1.

Stoichiometric amount of required metal nitrates

4

Dissolved in distilled water and stirring for 3 hours

4

NH; addition to maintain pH~7

J

Stirring at 70 °C till gel formation

Il

Autocombustion

J

a 3

Annealing in muffle furnace at 900 °C-1200 °C

\ v

Fig. 3.1 Process flowchart of sol-gel autocombustion method.
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3.2 Preparation of composites

The composite of BaFe;,0;9 (BaM) and spinel ferrites were prepared by adopting two

different methodologies i.e. physical mixing and single-step method.

In physical mixing method; individually prepared BaFe;1,019 and spinel ferrites by sol-gel
autocombustion method (as described above) were weighed in the desired weight ratio
and wet mixed for 1 hour in acetone media using planetary ball mill. The ball to charge
ratio and RPM were kept constant to 1:10 and 150 respectively. The as-mixed powders
were dried at RT and named as physically mixed (PM) composites. Further, the powder
were mixed with 5% aqueous of polyvinyl alcohol (PVA) binder and dried. The dried
lumps were pulverized, sieved and pelletized in desired shape (cylindrical and
rectangular) using hydraulic press at a pressure of 50 MPa. As pressed powder were
sintered at different temperature ranging from 1100 °C — 1200 °C for one hour in muffle
furnace. Heating and cooling rate were kept constant to 5 °C/min during sintering. Fig.
3.2 shows the flow chart of PM method. The composite series prepared by PM method

are:

1. (1-x) BaFey,01 - xNiFe;04 (x = 0.1, 0.2, 0.3, 0.4, 0.5)
2. (1-X) BaFelzolg - XNio_5zno_5F9204 ( x=0.1,0.2,0.3,0.4, 05)

(1-x)BaFe12019 xAFe,O,4

A ¥4 A ¥4

Wet mixing in planetary ball mill for 1 hour

U Drying
Binder addition (5% PVA)

{

Uniaxial pressing at 50 MPa

I}

( )

Sintering at 1100 °C -1200 °C for 1 hour in
muffle furnace

LI}

Characterization
XRD, VSM, SEM, TEM and VNA

. J

Fig. 3.2 Process flowchart of physical mixing method.
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In single-step method, stoichiometric composition of metal nitrates solutions for BaM and
spinel were individually prepared. The as-prepared solution of BaM and spinel were
mixed in desired composition and stirred together for 3 hours to obtain homogeneous
solution. The solution was then subjected to sol-gel autocombustion method as explained
earlier. The autocombusted powders were calcined, pressed into pellets and sintered in the
conditions mentioned above. Fig. 3.3 shows the flow chart of single-step method. The

composite series prepared by single-step method are:

(1-x) BaFe;2019-xNiFe;,04 (x = 0.1, 0.2, 0.3, 0.4, 0.5)

(1-x) BaFe;2019-XNig5ZnosFe,04 (x = 0.1, 0.2, 0.3, 0.4, 0.5)
0.7 BaFe;2019-0.3NixZn;4<Fe;04 (x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5)
(1-x) BaFe12019-xCoFe,04 (x=0.1,0.2,0.3, 0.4, 0.5)

(1-x) BaFe12019-xC0o5Zng5Fe,04 (X = 0.1, 0.2, 0.3, 0.4, 0.5)

o > W e

Nitrite solution for BaM Nitrite solution for Spinel

. I}

Mixing of nitrite solutions for 3 hours

|

Stirring at 70 °C till gel formation

]

( )
Auto combustion and formation of grayish

black powder

4

Annealed at 900 °C-1200 °C

4

Uniaxial pressing at 50 MPa

]

Sintering at 1100 °C -1200 °C for 1 hour

{

Characterization
XRD, VSM, SEM, TEM and VNA

Fig. 3.3 Process flowchart of single-step method.
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3.3 Processing of exchange-coupled thin films

First, sputtering targets (two inch dia.) of BaFe1,019 and NiFe,O,4 were prepared by solid-
state synthesis method. As prepared target were used for deposition of BaFe;;0i,
NiFe,0,4, and BaFe;,019/NiFe;04 thin film. Films on Al,O3 substrate were deposited by
RF sputtering. Prior to film deposition base pressure was maintain better than 5.5*107
mbar. Pure and bilayer films were deposited at sputter pressure of 4.2*107 mbar in argon
atmosphere for 60 minutes. Post deposition annealing of the films were carried out at 800
°C.

3.4 Material Characterization

The structural characterization of powders and composites were carried out by X-ray
diffractometer (XRD), scanning electron microscope (SEM) and transmission electron
microscope (TEM). To confirm the exchange coupling in composite ferrite room
temperature (RT) and high temperature (HT) magnetic studies were performed by
vibrating sample magnetometer (VSM). RT microwave properties of composites were
measured by vector network analyzer (VNA). The brief details for adopted

characterization measurement are described below:
3.4.1 X-ray Diffractometer (XRD)

The phase analysis of hexagonal, spinels and composites were carried out by X-ray
diffractometer (XRD) model X’PERT Pro-Panalytical (PANalytical), using Cu-K
radiation. The diffraction patterns were recorded at room temperature in 26 range from
20° to 80° with a step size of 0.013°. The obtained diffraction peaks were matched with
standard ICDD card no. 84-0757, 78-0133, 39-1433, 72-0738 for hexagonal BaFe;,019
(space group P6s/mmc) and 74-2081, 44-1485, 74-1913, 52-0278, 52-0277 for spinel
(space group Fd3m) phase. To calculate crystallite size (C.S); peak position 20 (Bragg’s
angle) and full width at half maxima (FWHM) of the peaks were measured by X-ray line
profile fitting technique using Gaussian function method. The average crystallite size of
the samples was calculated from Scherrer formula [170] and define as:

kA

€.5= B Cos6

(3.1)

where, k is dimensionless shape factor taken as 0.92 , A is the wavelength (1.54 A) , 0 is
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Bragg’s angle in degree and p is FWHM of 26 vs. intensity profile.

3.4.2 Scanning Electron Microscope (SEM)

The morphological and microstructural features of the fractured surfaces of the sintered
sample were examined by scanning electron microscope (SEM) model JSM-1T100 at
different magnification. Prior to SEM measurement, thin Au layer (< 5 nm) was deposited
on sample surface by sputtering to avoid charging. Elemental compositions of composites
were verified with energy dispersive spectroscopy (EDS) attached with SEM. To measure

the grain size axio vision software was used.
3.4.3 Transmission electron microscope (TEM)

Transmission electron microscope (TEM) model (Tecnai G3, F30) was used to confirm
the existence of hexagonal and spinel phases in the composite nanopowders. Prior to
measurements, sonicate the sample for 20 minutes to disperse the particles in ethanol
media. The dispersed particles were spread on copper coated TEM grid (200 mesh and 3

mm diameter).
3.4.4 Vibrating Sample Magnetometer (VSM)

Magnetic hysteresis (M-H) loops of the powders and composite were measured by (VSM)
using Lake Shore model 7404 with maximum applied field of +10 kOe to -10 kOe. From
the M-H loops; Ms, Hc, and M, of the composites were measured. The nature of exchange
coupling in the composite was characterized by plotting switching field distribution
(SFD) curves (dM/dH vs H) for second quadrant of M-H loop. Temperature dependent
magnetization (M-T) measurements (300 K to 850 K) were carried out at 1000 Oe field.
The Curie temperature (T.) of composites were measured by plotting dM/dT vs. T curves.

The sharp peak in the curve corresponded to T, of the respective material.

The in-plane magnetic measurement of the thin films was performed with maximum
applied field of 1T.

3.4.5 Vector Network Analyzer (VNA)

Vector network analyzer (VNA) is widely used for high frequency dielectric
measurements. VNA generally gives the frequency dependent scattering (S) parameters

i.e. reflection (S11) and transmission (S,;) coefficients.
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VNA measurements in K,-band (12.4 - 18 GHz) of sintered rectangular pellet (15.74 mm
x 7.96 mm) were carried out by Agilent model N5225A PNA series. Prior to
measurement two port calibrations was done on the test setup to eliminate error due to
source/load mismatch and isolation [171]. The complex permittivity (p, = p'- ju”) and
permeability (e = ¢ - je") was calculated by Agilent software module 85071 using
obtained S parameters. Further, dielectric loss (tan J.) and magnetic loss tangent (tan J,,)

were calculated from obtained p and ¢ using following equation:

dielectric loss tangent(tand, ) = i— (3.2

magnetic loss tangent (tang,) = % (3.3)

Frequency dependent reflection losses (RL) were also measured from S-parameters using

following equations:
Reflection loss (dB) = 2010010 [S11] (3.4

Transmission loss (dB) = 2010010 |S12| (3.5

Reflection losses were simulated for different thickness by following equations:

(Zin _ZO )

Zin +25) (3.6)

RL=2010g‘

Zinis given by

2nft

)R )

Zin = Zy htanh{j(

&r

where, f is the frequency, t is the thickness of sample, c is the velocity of the light, Z, is

the impedance of air and Z;, is the input impedance at the absorber surface.
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Chapter 4

Results and discussion

Overview

In this chapter, the structural, magnetic and microwave properties of hard/soft magnetic
exchange-coupled composites are presented. The results are divided in five sections. In
the first section, optimal conditions for preparation of pure hard and soft magnetic ferrites
are discussed. Second section describes the effect of different processing methodology i.e.
physical mixing and single-step method on exchange coupling. The variation in exchange
coupling with annealing temperature is discussed in third section. In fourth subsection
effect of weight fraction of soft phase on magnetic and microwave properties of
composites are discussed. In fifth section effect of soft phase magnetization on exchange
coupling and their respective change in magnetic and microwave properties are given.
Finally, an attempt has also been made to deposit exchange-coupled BaFe;,0;14/NiFe;O4
bilayer thin films.
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The obtained results from various studies are divided and discussed in the following
section:

1. Preparation of single phase BaFe;,019 and spinel phase.

2. Effect of processing method.

3. Effect of annealing temperature.

4. Effect of soft phase weight fraction.

5. Effect of soft phase magnetization.

4.1 Preparation of single phase BaFe;,019 and spinel ferrite

To prepare hexagonal BaFe;,0;9 (BaM) and spinel phases, respective autocombusted
powders were annealed at different temperature (950 °C - 1150 °C). Fig. 4.1 shows
the XRD patterns of BaM and representative spinel phase annealed at 950 °C, 1050
°C and 1150 °C. It is observed that single hexagonal and spinel phase are formed for
all studied temperature and average crystallite size were lie in the range of 25 nm to
45 nm. To select the appropriate temperature, the M-H loops of all annealed powders
were measured and analyzed their magnetic properties. Fig. 4.2 shows the M-H loops
of BaM, and representative spinel phases i.e. NiFe;O4 (NiF) and NigsZngsF,04
(NZFO) powders. It is clear from the graphs that BaM shows characteristic feature of
hard magnetic phase while NiF and NZFO shows the soft magnetic behaviour. Table
4.1 lists the magnetic properties of all annealed powders. From the table, it is well
evident that within the studied temperature range maximum magnetization (M) of
both ferrites were achieved at 1050 °C and selected as suitable annealing temperature
for composite processing. Hence, remaining set of experiments were performed at

1050 °C by considering it optimal annealing temperature.

Table 4.1 Magnetization of BaM, NiF and NZFO powders.

Magnetization (M) at 1T (emu/g)
950 °C 1000 °C 1050 °C 1100 °C 1150 °C

BaM 53.2 53.71 54.69 54.12 53.96
NiF 46.02 45.18 46.18 46.12 46.07
NZFO 73.15 73.55 74.41 73.74 71.36
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Fig.4.1. X-ray diffraction patterns of (a) BaM and (b) Spinel (NZFO) annealed at
different temperature.
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Fig. 4.2 Representative M-H loops of (a) BaM, (b) NZFO and (c) NiF nanopowders.
4.2 Effect of processing method

To understand the role of processing methodology on exchange coupling; series of
BaM/NiF nanocomposites were prepared by physically mixing (PM) and single-step (SS)
method. All composite powders were calcined at 1050 °C and sintered at 1100 °C in
ambient atmosphere. Effect of processing method on structural, magnetic and microwave

properties are systematically compared and shown in below section.
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4.2.1 XRD analysis

Fig. 4.3 (a-c) shows the XRD patterns of pure BaM, NiF and BaM/NiF nanocomposites
prepared by SS and PM methods. In pure BaM and NiF, all the diffraction peaks
correspond to hexagonal (space group P6s/mmc) and cubic (space group Fd3m) phases
respectively without any impurity. Representative XRD patterns of composite confirmed
the co-existence of BaM and NiF phases. From the figure, it is clear that the intensity of
the NiF increases with the NiF content. All individual peaks of BaM and NiF in
composites were considered for crystallite size (C.S) calculations. Average C.S for BaM
(~45 nm) and NiF (~38 nm) phase in pure and composite samples found nearly same
irrespective to processing method. Since C.S primarily depends upon the annealing

temperatures, which are kept same (1050 °C) for both the methods.
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Fig. 4.3 X-ray diffraction patterns of (a) BaM and NiF (b) PM, & (c) SS nanocomposites

with different composition.
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4.2.2 Microstructure analysis

Fig. 4.4 (a-d) shows the SEM micrographs of pure BaM, NiF and SS 70/30, PM 70/30
composites sintered at 1100 °C. Microstructure of pure BaM shows large elongated grains
with an aspect ratio ~ 3.0. Elongated grains are characteristic property of sintered BaM as
observed earlier [172]. NiF grains are nearly spherical in shape with an average size of ~2
pm. On comparing the microstructural features of SS 70/30 and PM 70/30 composites
(Fig. 4.4 (c-d)); the SS 70/30 shows the well distinguished grains of BaM and NiF. The
larger grain corresponds to the BaM, while smaller represents the NiF phase. On other
hand no well distinguished particles are observed in PM 70/30 composite. This shows that
the processing method plays an important role in defining the microstructure of
composite. The C.S of BaM and NiF in sintered composites are also calculated and found
~50 nm and ~45 nm respectively. A slight increase in C.S, as compared to powder, is due
to the higher sintering temperature (1100 °C). Hence, the larger grains as observed by

SEM in sintered samples are basically the agglomerates of several nanosize crystallites.

5543 x10000  fym WD11mm SS48 x15000 1pm

Fig. 4.4 SEM micrographs of (a) BaM , (b) NiF (c) SS 70/30 composite, and (d) PM
70/30 composite.
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4.2.3 Magnetic measurements

Fig. 4.5 (a-f) shows the M-H behavior of pure BaM, NiF and nanocomposite samples
prepared by SS and PM methods. BaM phase shows higher M compared to NiF and in
agreement with the previously reported one [172,173]. M-H behavior of nanocomposites
prepared by SS and PM methods are well distinct. In PM samples, stepped M-H loops
were observed while SS composite shows a smooth curve without any step. Stepped M-H
loops corresponds to the individual switching of hard and soft phases which is a
characteristic behavior of uncoupled hard and soft phases. While the simultaneously
switching of BaM and NiF suggest the existence of exchange coupling among the phases.
The difference in the demagnetization behavior is interplay of three types of spin
interactions in the composites i.e. between soft-soft phase, hard-hard phase and hard-soft
phases. For exchange-couple systems, the interfacial interaction between hard and soft
phases should be dominating. and grain size of soft phase should not be larger than the
domain wall width of the hard phase [63,98]. If the spin interactions of individual phases
are stronger than interfacial interaction, the independent switching of soft phase occurs at
relatively lower field than that of hard phase. The observed step in demagnetization curve
is consequence of spin torque effect of the soft phase on to hard phase [12]. The step is

more pronounced in the composite with higher NiF content.
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Fig. 4.5 Comparative M-H loops of (a) BaM & NiF, (b-f) SS & PM nanocomposites with

different composition.

To confirm exchange coupling between hard and soft phases, switching field distribution
(SFD) curves i.e. dM/dH vs. applied field of second quadrant were plotted for SS and PM
nanocomposites (Fig. 4.6 (a & b)). Single peak in dM/dH for SS nanocomposites
irrespective of composition indicates the strong exchange coupling between hard and soft
phases. The SFD curves of PM composite shows two distinct peaks, which corresponds to
individual switching of hard and soft magnetic spins.

Further, composites prepared by SS and PM were sintered, and their magnetic behavior
was observed. Fig. 4.7 shows the representative M-H loops of PM 70/30 and SS 70/30

with a confirmation of distinct loop in the sintered composite magnets.
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Fig. 4.6 dM/dH vs. applied field curves of (a) SS and (b) PM nanocomposites.
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Variation in magnetization (M), residual magnetization (M) and coercivity (Hc) with NiF
content in SS and PM composites is shown in Fig. 4.8 (a-c). It is well evident that M and
M, behavior are different for SS and PM samples. M found to increase initially with the
NiF content and then decrease, while a continuous decrease is observed for PM samples.
For 70/30 composition, the M and M, for SS composites are 57.7 emu/g and 30.1 emu/g
respectively. While for PM composites low values of M (50.6 emu/g) and M, (23.5
emu/g) are obtained. The high M and M, of SS composites is a consequence of interfacial
coupling driven alignment of more magnetic moments. Further, decrease in M and M is
due to the higher NiF content which dominates over the exchange coupling dependent
magnetization enhancement. On other hand, a linear decrease in M and M is observed in
PM composites as it is well reported that non-exchange coupled system follows the rule
of mixture [3]. Employing it in a present system, M of composite can be expressed as:

M¢c = (1 —x)Mpgy + XMy 4.1)

where, Mgay and Myie are the measured M of BaM and NiF respectively and x is the
weight fraction of NiF. Similarly, the M, and H. of composites can also be calculated.
Therefore, the decrease in magnetic parameters (M, M;) of PM composites is merely due
to the low M of NiF and decreases linearly with its content. H, is found to decrease with
NiF content in both the samples due to its soft magnetic nature. However, exchange-
coupled sample shows an asymptotic decrease in H, compared to linear decrease in non-
coupled samples. This depicts that SS method is more appropriate for well exchange
coupled system [136].

Fig. 4.8 (a-c) represents the experimentally observed and theoretically calculated values
of M M, and Hc. It is clear that experimentally observed magnetic properties for non-
coupled composites are very close to theoretically calculated values while wide deviation
is observed in exchange-coupled samples. In summary, exchange coupling among the

BaM and NiF, strongly affect the magnetic properties of nanocomposite.
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Fig. 4.8 (a-c) Variation in M, M, and H. with NiF content in SS and PM nanocomposites.

Fig. 4.9 shows the magnetization vs temperature (M-T) behavior of pure BaM, SS 70/30
and SS 50/50 at 1000 Oe. The decrease in M with temperature is due to thermal effect.
Curie temperature (T.) is measured by plotting derivative of M (dM/dT) with respect to T
(Fig 5(b)). The T, was also found to increase from 497 °C to 517 °C which also confirms

the existence of exchange coupling between hard and soft phases.
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Fig. 4.9 High temperature M-T plots for BaM and SS 70/30 & SS 50/50 nanocomposites.

4.2.4 Microwave studies

RT microwave absorption properties of BaM, SS 70/30, SS 50/50, PM 70/30 and PM
50/50 were investigated by VNA in the frequency range of K,-band (12.4-18 GHz).
Complex permittivity (¢) and permeability (i) were calculated using Nicolson and Ross
technique [174]. The variation of ¢ and p with frequency are shown in Fig. 4.10 (a-b).

From Fig. 4.10 (a) it

nanocomposites because of high uniaxial anisotropy and large H. of hexaferrites [175].
Nearly constant ¢ is observed for PM composites in the measured frequency range and
found to decreases with NiF content. On other hand, the large fluctuations in ¢ spectra are
observed in the SS composites. The SS 50/50 composition shows more variation in ¢

is clear that the ¢ of pure BaM is high as compared to the
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between 13-16 GHz frequency range. As in exchange-coupled system, the spin-spin
interaction or interfacial dipoles may exist and in phase at a particular applied field
frequency, which are responsible for the observed peaks in permittivity spectra. Fig. 4.10
(b) shows the permeability spectra of BaM and nanocomposite samples. It is clear from
the figure that permeability spectrum of BaM, PM 70/30 and SS 70/30 are nearly same
(1.18 to 1.25 at 12.4 GHz) and shows the similar behavior with frequency. However, a
slight variation in p with composition and processing is ascribed to different
magnetization behaviour of PM and SS composites.
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Fig. 4.10 (a) Complex permittivity (¢) & (b) Complex permeability (1) of BaM, SS 70/30,
SS 50/50, PM 70/30 & PM 50/50 nanocomposite.

Reflection loss vs. frequency plots for BaM and nanocomposites are shown in Fig. 4.11.
The dip of the plots demonstrates the minimum reflection loss (RL) and maximum
absorption. It was observed that with increasing the NiF content, microwave absorption
properties were decreased in the studied frequency range. The observed minimum RL of
pure BaM was -27.6 dB at 13.2 GHz frequency. For composite SS 70/30, RL are found at
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5.3 GHz and 16.3 GHz, whereas PM 70/30 shows loss at only 13.2 GHz. The SS 50/50
composite exhibits losses at 13.9 GHz, 16.7 GHz and 17.5 GHz. PM 50/50 composites
exhibits RL at 17 GHz. The observed loss peaks for the SS composites gets shifted to the
higher frequency bands as compared to the pure BaM and PM nanocomposites. This
enhancement in matching frequency in nanocomposites prepared by SS method might be
due to the exchange coupling between hard and soft ferrite. The reflection and absorption

loss can further be improved by varying the thickness of the sample [135].
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Fig. 4.11 Reflection loss vs. frequency plots for (a) BaM, PM 70/30, PM 50/50 & (b) SS
70/30, SS 50/50 nanocomposites.

The obtained magnetization behaviour, magnetic and microwave properties evidence that
single-step sol gel method is appropriate methodology to obtain exchange—coupled
composite. To verify the role of processing method, BaM/NigsZnosFe;04 (NZFO) series
were also prepared by PM method. M-H loops and respective SFD curves (Fig. 4.12) also

confirmed that PM method is not an adequate way to obtain exchange-coupled composite
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and is independent of soft magnetic phase.
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Fig. 4.12 M-H loops and SFD curves of physically mixed BaM/NZFO nanocomposite.

4.3 Effect of annealing temperature

Apart from the adopted processing methodology; annealing temperature of ferrite
nanopowders is also one of the process parameter to influence their structural, magnetic
and microwave properties. To study the effect of annealing temperature on exchange
coupling; BaM/NZFO nanocomposite in the weight ratio of 70/30 were prepared by
single-step sol-gel method and annealed at 950 °C, 1000 °C, 1050 °C, 1100 °C, 1150 °C
and 1200 °C. Their structral, magnetic and microwave properties have been compared

and described in the given section.
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4.3.1 XRD analysis

XRD patterns of BaM/NZFO nanocomposites annealed at 950 °C, 1050 °C and 1150 °C
are shown in Fig. 4.13. The XRD peaks confirm co-existence of both BaM and NZFO
phases. The average C.S for BaM & NZFO peaks in composites was calculated and
shown in Table 4.2. The minimum C.S of NZFO and BaM in the nanocomposite was 29

nm and 21 nm at 1050 °C respectively.
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Fig. 4.13 X-ray diffraction patterns of BaM/NZFO nanocomposite annealed at 950 °C,
1050 °C and 1150 °C.

Table 4.2 Crystallite size of BaM and NZFO in composite with annealing temperature

Crystallite Size(nm)
Temperature(°C) NZEO | BaM
950 36.7 40.1
1050 29.4 20.7
1150 34.0 29.3

4.3.2 Microstructure analysis

Fig. 4.14 (a & b) shows TEM micrographs of BaM and BaM/NZFO nanocomposite
powders. In BaM; all particle shows hexagonal morphology. In composite (Fig. 4.14(h))
smaller NZFO particles are coagulated with larger BaM particles. The stacking of

particles is due to their mutual magnetic attraction [176].
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Fig. 4.14 TEM micrographs of (a) BaM (b) BaM/NZFO nanocomposite powders
annealed at 1050 °C.

Fig. 4.15 (a-c) shows the fractured surface micrographs of NZFO, BaM and BaM/NZFO
composite sintered at 1200 °C. Microstructure of NZFO shows well distinguished
equiaxed grains whereas, BaM shows randomly oriented elongated grains. The
microstructure of composite shows distinct feature from BaM and NZFO with cleavage
fracture and smaller grains. All microstructure shows dense morphology without any

measurable porosity.
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Fig. 4.15 SEM micrographs of (a) NZFO, (b) BaM and (c) BaM/NZFO nanocomposite
annealed at 1050 °C and sintered at 1200 °C.

4.3.3 Magnetic measurements

Fig. 4.16 (a-c) shows the representative M-H plots of NZFO, BaM and BaM/NZFO
composite powders annealed at different temperature ranging from 950 °C - 1200 °C.
Higher M of NZFO compared to BaM is in agreement with previous studies [177,178].

M-H loops of nanocomposites showed coherent demagnetization due to simultaneous
switching of NZFO and BaM spins. The observed switching suggests that the system is
well exchange-coupled in the studied temperature range. It is well reported that non-
exchange coupled system shows a kink or shoulder in demagnetization curve[101].
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Fig. 4.16 Comparative M-H loops of BaM, NZFO and BaM/NZFO nanocomposite

powders annealed at different temperature.

Variation in M and H, for BaM, NZFO and BaM/NZFO nanocomposite as a function of
annealing temperature are shown in Fig. 4.17 (a & b). M and H; were also theoretically

calculated using equation 4.2 [3].
M= O-7MBaM + O-3MNZFO (42)

where, Mgav and Myzro are the measured M of BaM and NZFO respectively. Similarly,

theoretical H; was calculated and compared to experimental values.

The M of BaM and NZFO increase with annealing temperature and then decrease (Fig.
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4.17 (a)). The maximum observed values for BaM and NZFO at 1050 °C is 54.7 emul/g
and 74.4 emul/g respectively. The increase in M with temperature is due to the distribution
of cations at ferromagnetically favourable sites. A drastic increase in M of BaM/NZFO
nanocomposite has been observed with temperature from 950 °C to 1050 °C (58 emu/g to
65 emu/g) followed by slight decrease. At 1150 °C and 1200 °C no change in M was
observed. It is well evident that experimentally observed M of nanocomposites are higher
than theoretically calculated, which suggests that system is well exchange- coupled. Also,
the variation in M with temperature reflects that extent of exchange coupling is
temperature dependent. Since the coupling between phases is interfacial in nature;
therefore powders with optimum crystallite size may prevail higher exchange coupling.
The high M of nanocomposite at 1050 °C is ascribed to higher coupling associated with
minimum crystallite size of BaM and NZFO phase (Table 4.2).

Contrary to magnetization behavior, the H. values of nanocomposite are well below the
theoretically calculated values for studied temperatures. The H is primarily governed by
crystal anisotropy and particle/crystallite size of magnetic phases. Since the composition
of BaM/NZFO is constant, hence the role of crystal anisotropy of the composite on Hc
can be ignored. A sharp decrease in H, of nanocomposite with temperature may ascribe to
variation in crystallite size (Table 4.2). However, a minimum H, value is observed for the
composite with lower crystallite size suggests the dominance of exchange coupling over
structural parameters. Therefore, low H. of nanocomposites than the theoretically
calculated values may due to strong intervening coupling between the phases where
switching of soft magnetic spins at low nucleation field drive away the hard magnetic

spins.
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Fig. 4.17 Variation in theoretical and experimentally observed (a) M and (b) H. of BaM.
NZFO and BaM/NZFO powders with annealing temperature.

The M-T plots of BaM, NZFO and BaM/NZFO nanopowders annealed at 1050 °C are
shown in Fig. 4.18 (a). The sharp dip represents the T. of respective phases. The T, for
BaM and NZFO was found to be 497 °C and 337 °C respectively. The observed T, for
exchange-coupled nanocomposite is 473 °C which is close to BaM due to its higher
weight fraction. For non-exchange coupled system independent values of T, for NZFO
(347 °C) and BaM (527 °C) were observed as shown in Fig. 4.18 (b). A single T, value
for BaM/NZFO nanocomposite also demonstrates that the phases are well exchange-

coupled.
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Fig. 4.18 (a) High temperature M-T plots for BaM, NZFO and BaM/NZFO annealed at
1050 °C, (b) M-T plot and M-H loop (inset) for non-exchange coupled BaM/NZFO.

Similar, temperature dependent magnetic properties were also studied for BaM/NiF and
BaM/CoFe,04(CFO) composite system. The representative M-H plots for BaM/NiF,
BaM/CFO composite are shown in Fig. 4.19 (a & b) and obtained magnetic parameters
are tabulated in Table 4.3. The high magnetization of 1050 °C annealed BaM/NiF and
BaM/CFO nanocomposites was also ascribed to higher coupling as observed in
BaM/NZFO.
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Fig. 4.19 M-H loops of (a) BaM/NiF (70/30) and (b) BaM/CFO (70/30) composites
annealed at 950 °C, 1000 °C, 1050 °C and 1100 °cC.

Table 4.3 Magnetic properties of BaM/NiF and BaM/CFO composites.

BaM/NiF

950 °C 1000 °C 1050 °C 1100 °C
M (emu/qg) 41.10 48.40 57.74 54.91
H. (Oe) 2395 2303 1493 1077
M, (emu/g) 21.96 26.53 29.93 26.53

BaM/CoFe,;04

950 °C 1000 °C 1050 °C 1100 °C
M (emu/g) 58.36 58.90 64.01 60.94
H. (Oe) 2518 2058 287 256
M, (emu/qg) 33.82 32.03 19.41 16.90
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4.3.4 Microwave studies

Microwave properties for BaM and BaM/NZFO composite annealed at 950 °C, 1050 °C
and 1150 °C were measured in Ky-band. Fig. 4.20 shows the variation of magnetic loss
tangent (tan J,) with frequency. For BaM, tan ¢, remains constant in studied frequency
range, however, low losses were observed for the samples annealed at higher temperature.
For BaM/NZFO composite; variation in tan , along with resonance peaks at different
frequency were observed. Sample annealed at 950 °C showed a sharp resonance peak at
16 GHz. However, composites annealed at 1050 °C and 1150 °C showed resonance peaks
in broad frequency range. In the composite system, spin-spin interaction and interfacial
dipole may exist and are in phase at a particular applied field, which are responsible for
peaks in loss tangent. Also, resonance peaks found to shift towards lower frequency with
annealing temperature. The observed variation in tan J, may arise due to varied exchange

coupling between hard/soft phases.
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Fig. 4.20 Frequency dependent magnetic losses of BaM and BaM/NZFO nanocomposites
annealed at 950 °C, 1050 °C and 1150 °C.

Fig. 4.21 shows the reflection loss plots for sintered BaM and BaM/NZFO. For BaM, no
losses were observed in the studied frequency band (12.4-18 GHz) irrespective to
annealing temperature. The absence of reflection dip may ascribe to higher FMR
frequency of BaM (36-43 GHz) [30,179]. The composites annealed at 950 °C, 1050 °C
and 1150 °C showed well defined RL dips at 16.9 GHz, 15.8 GHz and 16.3 GHz
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respectively. The RL are well above -10 dB (absorption more than 90%) with a maximum
value of -38 dB for composite annealed at 1050 °C. It is also evident that the RL
frequency depends upon the coupling, since sample with higher exchange coupling
(annealed at 1050 °C) shows losses at lower frequency. The results suggest that the extent
of exchange coupling depends on annealing temperature and hence affect absorption
losses. Compared to BaM, the loss peaks for composites system observed at lower
frequencies as a consequence of lower ferromagnetic frequency of NZFO. Such
composite could play a dominant role in microwave device application with tunable

frequency.
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Fig. 4.21 Reflection loss vs. frequency plots for BaM and BaM/NZFO nanocomposites

annealed at 950 °C, 1050 °C and 1150 °C.

4.4 Effect of soft phase weight fraction

To understand the effect of soft phase weight fraction, three series of exchange-coupled
composites BaM/NZFO, BaM/CoFe,04(CFO) and BaM/Cogs5ZngsFe,04 (CZFO) with
different soft phase content were prepared. The effect of weight fraction of soft phase on

structural, morphological, magnetic and microwave properties were investigated.
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4.4.1 BaM/NZFO series
4.4.1.1 XRD analysis

Fig. 4.22 shows the representative XRD patterns of BaM/NZFO composite powders for
the 70/30 and 50/50 weight ratio. XRD patterns confirmed the co-existence hexagonal
and spinel phases in the composites. No intermediate phase was formed during annealing
and sintering of composites. The NZFO peak intensity found to increase with its content.
All individual peaks of BaM and NZFO were considered for C.S calculations. Table 4.4
shows the average C.S calculated for different composition. It is clear that the C.S is
independent to the relative weight ratio. Since the annealing temperature is constant

(1050 °C), therefore no obvious changes in C.S were on expected lines.

# + BaM

# NZFO + 50/50
#

F

# 4

intensity(a.u)

30 40 50 60 70
Angle(20)

Fig. 4.22 X- ray diffraction patterns of 70/30 and 50/50 BaM/CFO nanocomposite

powders.

Table 4.4 Crystallite size of BaM and NZFO in the composite samples.

Composition Crystallite Size(nm)

(BaM/NZFQ) NZFO BaM
100/0 - 37.4
70/30 37.6 385
50/50 39.5 38.6
0/100 38.0 -
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4.4.1.2 Microstructure analysis

Fig. 4.23 (a-c) shows the fractured surface micrographs of BaM, NZFO and BaM/NZFO
(70/30) composite sintered at 1200 °C. Randomly oriented elongated grains were
observed in BaM whereas; NZFO grains posses equiaxed morphology. In BaM/NZFO
composite; well distinguished hexagonal BaM platelets along with small NZFO grains
were observed. The corresponding EDS spectrum (Fig. 4.23 (d)) confirms the presence of

all elements (Ba, O, Fe, Ni and Zn) in the composite.

Fig. 4.23 SEM micrographs of (a) BaM, (b) NZFO, (c) BaM/NZFO (70/30), and (d) EDS

of sintered composite.

4.4.1.3 Magnetic measurements

Fig. 4.24 (a & b) shows M-H loop of BaM, NZFO and their nanocomposite (90/10, 80/20,
70/30, 60/40, 50/50) powders respectively. Smooth demagnetization curve without any
kink (Fig. 4.24(b)) suggests that BaM/NZFO phases are well exchange-coupled in
composites. This smooth demagnetization of composite system is a consequence of

coherent rotation of hard and soft spins with applied magnetic field.
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Fig. 4.24 Comparative M-H loops of (a) BaM & NZFO and (b) BaM/NZFO

nanocomposites with different weight ratio.

The measured M and H. of BaM, NZFO and their respective composites are shown in
Table 4.5, The M and H; of composites lies between their constituents magnetic
properties. Fig. 4.25 (a & b) shows the variation in measured and theoretical calculated M
and H. of composites with NZFO content. The theoretical M and H. were calculated using

rule of mixture.
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Table 4.5 Magnetic properties of BaM, NZFO and BaM/NZFO nanocomposites

Magnetic BaM/NZFO weight ratio

properties BaM 90/10 80/20 70/30 60/40 50/50 NZFO

M(emu/g) 52.14 53.63 57.21 64.44 63.62 64.31 74.40
Hc. (Oe)  3615.38  2204.9 1079 691.18 5223  481.6 22.5

Mi(emu/g)  32.16 27.97 22.79 22.81 17.98 18.39 3.3

The M of nanocomposites drastically increased from 53.63 emu/g (x = 10) to 64.44 emu/g
(x = 30). Further, M found to be nearly constant for higher NZFO content (Fig. 4.25(a)).
Contrary to magnetization behavior, sharp decrease in H; was observed for x = 30 (Fig.

4.25(b)) followed by marginal decrease. It is to be noted that, the change in M and Hc is

nonlinear and vastly deviates from theoretical calculated values. This anomalous

behaviour suggest that spin interactions between hard-soft phases were maximum for

certain composition (x = 30). Reportedly, any change in M and H. of the composite is a

consequence of three types of spin interactions i.e. between soft-soft phase, hard-hard

phase and hard-soft phases [73]. In the present case, enhancement in magnetization was

dominated by interfacial spin interaction of soft and hard phase.
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Fig. 4.25 Variation in theoretical and experimentally observed (a) M and (b) H. of
BaM/NZFO composite with NZFO content.

To understand the anomalous increase in M, the spin alignment behaviour of BaM in
exchange-coupled composites with different NZFO content was compared. The schematic
(Fig. 4.26) represents interfacial surface spins of composites with and without magnetic
field. In the absence of field, both hard and soft magnetic spins are randomly oriented. At
H=10 KOe, it is shown that the fraction of aligned spins in BaM are increasing with
NZFO content.

Schematic represents that in pure BaM; major fraction of spins is aligned in the field
direction. The remaining spins are not able to align (hindered spins) due to grain
boundary hindrance to spin alignment in polycrystalline materials. Such hindered spins
may require larger field or an additional driving force to align. With addition of NZFO,
the interfacial spin interactions between hard/soft phases occurs, which increases with its
content. Owing to soft magnetic nature of NZFO, spins get swiftly align at much lower
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magnetic field and provide a torque to hard hindered spins. As a result, higher fraction of
spin alignment increases the magnetization (53.6 emu/g to 64.5 emu/g). In schematic, it is
also depicted that interfacial interactions are optimal for 70/30 weight ratio where all
possible spins of BaM are aligned. As a consequence of optimum spins orientation causes
an abrupt increase in magnetization. However, further increase in NZFO content
magnetization remains nearly same, which suggests that hard/soft interfacial interactions
reached to its saturation. The torque due to soft magnetic spins and coherent
demagnetization caused a corresponding sharp decrease in H, of composites (Fig. 4.25(b).

~ 1 \\ ‘
"----"'\ /‘ oo’ 90/10 80/20
TH =10 kOe

hindered surface spins

alignment of hindered surface spins

Fig. 4.26 Schematic representation of surface spins interactions of exchange-coupled
BaM/NZFO composites.
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4.4.1.4 Microwave studies

Fig. 4.27 (a-d) shows the real and imaginary parts of complex permittivity (¢ = &'- je")
and permeability(u = - ju") of BaM, NZFO and BaM/NZFO composites in K,-band
(12.4-18 GHz). The real part (¢’ and p') shows the storage capacity and imaginary part (&"
and u") represents the loss of electric and magnetic energy respectively. It is clear that &'
and W’ found to increase initially with the NZFO content and then decreases. For higher
NZFO content large fluctuations were observed. The similar variation was also observed
for ¢” and u". To understand the effective loss mechanism in the composite; complex
permittivity (¢) and permeability (1) of BaM, NZFO and BaM/NZFO composites were
plotted as shown in Fig. 4.28 (a & b).
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Fig. 4.27 (a) Real (¢'), (b) imaginary (¢") part of complex permittivity and (c) real (i'), (d)
imaginary (1") part of complex permeability of BaM, NZFO & BaM/NZFO composite.

It is clear that ¢ and p remains constant for BaM, NZFO and 90/10, 80/20 & 70/30
composites. However, oscillatory behaviour of ¢ and p were observed for higher weight
ratio of NZFO as in real and imaginary part. The large variations in ¢ between 13 to 16

GHz frequency range may ascribe to the resonance of interfacial dipolar interaction with
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applied field frequency (14.8 GHz and 15.4 GHz). For low NZFO content, the p found to
be nearly constant. This may due to the overlapping of precession motion of different
magnetization vector. However, fluctuation in i may correspond to individual precession

of the magnetic vectors of hard and soft phases, which dominates for higher NZFO

content.
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Fig. 4.28 Frequency dependent (a) Complex permittivity (&) & (b) Complex permeability
(1) of BaM, NZFO & BaM/NZFO composite.

The variation in ¢ and p with the NZFO content at 12.5 GHz frequency is shown in Fig.
4.29. Both ¢ and p found to increase initially with the NZFO content. The initial increase
in ¢ of the composite is due to the hindrance to charge motion caused by NZFO particles.
Also, capacitive action caused by low resistive NZFO phase separated by high resistive
BaM; results in higher . At higher NZFO content, low resistive continuous channels

forms that facilitate charge conduction with a subsequent decrease in e.
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The measured p of NZFO and BaM at 12.5 GHz are 0.6 and 1.5 respectively which are in
agreement with the previously reported data [136,180]. The maximum value of p is
observed for 70/30 weight ratio. Strong exchange coupling between high and low
permeable phases might be the reason for high p of composite.
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Fig. 4.29 Permittivity and permeability of the composite with NZFO content.

Fig. 4.30 shows the reflection loss plots for BaM/NZFO composites and compared with
individual BaM and NZFO phases. For BaM, RL of -27 dB was observed at 13 GHz,
whereas no losses were seen for NZFO due to its low FMR [15]. In the composite, RL
were observed at higher frequencies. The maximum RL of - 41 dB (absorption > 99%)
was obtained for 70/30 weight ratio. The results suggest that RL and their loss frequency

strongly depend upon the exchange coupling.
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Fig. 4.30 Reflection loss vs. frequency plots for BaM, NZFO and BaM/NZFO

nanocomposites for different NZFO content.

4.4.2 BaM/CFO and BaM/CZFO series

4.4.2.1 Phase Analysis

Fig. 4.31 (a-e) shows the representative XRD patterns of pure and composites powders
calcined at 1050 °C. Single BaM and CFO/CZFO phase were observed for pure powders
whereas nanocomposites showed co-existence of both the phases. No evidence of any
intermediate phase was found. Calculated average C.S size for both the phases is shown
in Table 4.6. It is evident that crystallite size of CFO and CZFO were suppressed in
composites despite similar annealing temperature (1050 °C). The lower C.S may ascribe

to the pinning force by hexagonal phase.

Table 4.6 Average crystallite size of pure and composite nanopowders.

Sample Crystallite Size (nm)
BaM 355
CFO 58.3
CZFO 62.9
BaM/CFO 31.5/30.5
BaM/CZFO 30.7/30.4
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Fig. 4.31 X-ray diffraction patterns of (a) BaM, (b) CFO, (c) CZFO, (d) BaM/CFO(70/30)
and (e) BaM/CZFO(70/30).

4.4.2.2 Microstructure analysis

The representative microstructure of sintered BaM, CFO, CZFO and their composites are
shown in Fig. 4.32 (a - €). Well distinguished equiaxed grains were observed for CFO and
CZFO whereas; BaM showed signature isotropic elongated grains with random
orientation. In composites, large hexagonal platelets correspond to BaM while smaller
grains represent the CFO/CZFO. The respective EDS analysis (Fig. 4.33(a & b)) showed

the presence of Ba, O, Fe, Co and Zn elements in the system.
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Fig. 4.32 SEM micrographs of (a) BaM, (b) CFO, (c) CZFO, (d) BaM/CFO (70/30) & (e)
BaM/CZFO (70/30).
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Fig. 4.33 EDS spectra of (a) BaM/CFO and (b) BaM/CZFO composites.
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4.4.2.3 Magnetic measurements

Fig. 4.34 (a-f) shows the M-H loops of CFO, CZFO, BaM and their nanocomposites at
maximum field of 10 kOe. An obvious higher M of soft(CFO/CZFQO) phase were
observed and in agreement with the previously reported data [172,181]. The obtained
smaller H; (55 Oe) of CZFO compared to CFO is due to the presence of non-magnetic
Zn** jons [181]. The smooth demagnetization behavior of composites demonstrates

coherent switching of hard and soft magnetic spins as a consequence of interfacial

coupling.
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Fig. 4.34 Comparative M-H loops of (a) BaM, CFO & CZFO, (b-f) BaM/CFO &

BaM/CZFO nanocomposites with different composition.
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The measured magnetic properties of pure and composite powders are given in Table 4.7.
It is evident that M and H. of the exchange-coupled composites lies in between their
constituent properties. Obtained high M and low Hc in comparison to theoretical values
suggest that exchange length is comparable to their C.S which is a prerequisite condition
for interfacial coupling.

Table 4.7 Magnetic properties of pure (BaM, CFO, CZFO) and nanocomposite
(BaM/CFO & BaM/CZFO) powder.

Magnetic properties CFO weight content (wt%o)
0 10 20 30 40 50 100

M Experimental 52.05 57.52 58.95 63.66 64.40 63.9 70.74
(emu/g) Calculated 52.05 53.91 55.78 57.65 59.52 61.39 70.74
H. (Oe) | Experimental 3920 1734 361 272 316 498 949

Calculated 3920 3623 3326 3029 2732 2435 949
CZFO weight content (wt%o)

M Experimental 52.05 60.23 69.17 70.73 70.97 71.85 72.58
(emu/qg) Calculated 52.05 54.1 56.15 58.21 60.26 62.31 72.58
H: (Oe) | Experimental 3920 1152 237 272 140 146 55

Calculated 3920 3533 3164 2759 2373 1986 55

Fig. 4.35 (a & b) shows the relative percent change in M and H, with CFO/CZFO phase
content. A non-linear change in M and H. showed their strong dependence on relative
weight fraction. The initial enhancement in M is due to the interfacial spin interaction
where swift alignment of soft magnetic spins in the direction with field releases the
hindered hard magnetic spins. Above a certain composition, nearly constant M is due to

spin interaction saturation and dominance of soft phase magnetization.
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Fig. 4.35 Percentage change in (a) M and (b) H. of BaM/CFO and BaM/CZFO composite

with soft phase content.

One of the interesting feature to note that M of composite strongly depends upon the
nature of soft magnetic phase. The marginal difference (2.6%) in M of CFO (70.74
emu/g) and CZFO (72.58 emu/g) shows notable changes in composite magnetization. The
composite with CZFO shows 19.6 % higher magnetization compared to CFO for 80/20
weight fraction. It is also evident that an abrupt increase in M was observed for 20 wt %
of CZFO, whereas similar trend was observed for 30 wt % of CFO. The presence of Zn**
ions in CZFO provide large number of uncoupled surface spins and promote interfacial
coupling which activate hard hindered spins at much lower weight fraction compared to

CFO. On contrary to M; a sharp percentage decrease in H¢ (Fig. 4.35(b)) were observed
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for 20 wt % soft phase content followed by a marginal change. Obtained higher
percentage decrement (> 90%) in Hc values is due to switching of hard magnetic coupled
spins at much low nucleation field. Obtained variations in M and H. of the composite
suggest that the spin interactions strongly depend upon magnetic behaviour of soft phase

and their relative composition.

4.4.2.4 Microwave studies

To understand the magnetodielectric behavior of the composites; the frequency dependent
complex permeability (u) and permittivity (¢) behavior of BaM, BaM/CFO and
BaM/CZFO composite is shown in Fig. 4.36 (a & b). The ¢ found to decrease while a
slight increase in p was observed with the frequency. Large variation in ¢ and p were
observed in two exchange coupled-composite system. In BaM/CFO; both & and p found
to increase despite the presence of low anisotropic soft phase. Increase in ¢ is due to the
capacitive actions caused by low resistive soft magnetic (CFO/CZFOQ) grains separated by
high resistive BaM grains. The higher CFO content, promotes more capacitive action that
results in higher ¢. In BaM/CZFO composite, similar capacitive mechanism with low
CZFO content (30 wt %) responsible for enhancement in ¢ of the material. However, at
higher CZFO content the decrease in ¢ is ascribed to higher conduction losses due to
presence of non-magnetic Zn** ions. The u of the composites is also found to be
composition dependent. It can be seen from the figure that high ¢ and p are parallelly

achieved in BaM/CFO composites.
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Fig. 4.36 Frequency dependent (a) Complex permittivity (&) & (b) Complex permeability
(u) of pure and composite systems.

Fig. 4.37 shows the comparative reflection loss vs. frequency plot of BaM, BaM/CFO and
BaM/CZFO systems. For pure BaM; the maximum RL of -40 dB (absorption >99%) was
observed at 15.9 GHz frequency. A small dip of -13 dB at 17.5 GHz frequency has also
been obtained for BaM/CFO (50/50) composite. The composites without reflection dip
may show losses either in high or low frequency band. The observed changes in the loss

behavior may ascribe to different FMR frequency and interfacial exchange coupling.
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Fig. 4.37 Reflection loss vs. frequency plots for BaM BaM/CFO and BaM/CZFO

systems.

4.5 Effect of soft phase magnetization

To understand the role of soft phase magnetization on exchange coupling; composite of
BaM and NijZne, O, in the weight ratio of 70/30 were prepared by sol-gel
autocombustion method. Different values of soft phase magnetization were induced by
substituting (x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5) non magnetic Zn?* ions. The effect of different

soft phase magnetization on magnetic and microwaves properties was investigated.

4.5.1 XRD analysis

Fig. 4.38 shows the representative XRD patterns of BaM/Ni;«Zn,Fe,04 (x = 0.0, 0.1, 0.2,
0.3, 0.4, 0.5) nanocomposites. The diffraction patterns confirmed the coexistence of
hexagonal (BaM) and spinel (NiyxZnyFe,O,4) phases in all the composites. No secondary
and impurity phase was formed during annealing of powders. The average C.S for

hexagonal and spinel phases in the composite were calculated and are shown in Table 4.8.
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Table 4.8 Average crystallite size of BaM and NijxZnFe,O4 in the composite system

Composite Crysatallite size (nm)
BaM/NiF 45/38
BaM/Nio_ano,lFezOA, 37.03/32.9
BaM/Nio_gznoleezo4 33.1/32.62
BaM/Nio.7zn0_3F8204 27.18/23.16
BaM/Nio,GZn0_4FezO4 28.13/27.1
BaM/Nio.5zn0_5F8204 38.8/37.6
o = o
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Fig. 4.38 X-ray diffraction patterns of BaM/NiZn,Fe,O,4 (x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5)

nanopowders.

4.5.2 Magnetic measurements

M-H loops of NiyxZnsFe,O4 and BaM/NiyZnyFe,04 (70/30) nanopowders are shown in
Fig. 4.39 (a & b). The M-H plots of NijZn,Fe,O4 showed the soft magnetic nature,
however, M found to increase with the Zn substitution and maximum of 75 emu/g was
obtained for x = 0.4 and 0.5. Increase in M is might be due to the preferential occupation
of non magnetic Zn** ions at antiparallel sites of Ni** ions [182]. The representative M-H
loops of BaM/Niy.xZnsFe,O4 composites are shown in Fig. 4.39 (b). Obtained smooth
demagnetization curve without any kink (Fig. 4(b)) suggests that hard/soft phases were
well exchange-coupled. The measured M and H. of Ni;ZnsFe, 04 and BaM/Nij.
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«ZNyFe,04 composites are shown in Table 4.9.

Table 4.9 Magnetic properties of Ni;«ZnyFe,O4 and BaM/NiyZnsFe,O4 nanopowders.

Nil.xanF6204

X 0.0 0.1 0.2 0.3 0.4 0.5
M (emu/g) 46.3 56.8 67 71 74.4 75
Hc (Oe) 102 67 57 40 32 22.5
BaM/NiyxZnyFe;04
X 0.0 0.1 0.2 0.3 0.4 0.5
M(emu/g) 57.7 54 57 60 62 64
Hc (Oe) 1068 869 720 679 665 690
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Fig. 4.39 M-H loops of Ni;«ZnFO and BaM/NiyxZnyFe,O4 nanopowders.

The variation in magnetization of composites with the soft phase magnetization is shown
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in Fig. 4.40. Magnetization was also theoretically calculated by rule of mixture and
compared to experimental value. The relative high experimental M compared to
calculated one is the consequence of interfacial coupling. From the graph it is clear that M
of soft phase increases linearly with the Zn substitution. On contrary, M of the composite
varied non linearly with the magnetization of soft phase. Since the weight ratio of the
composite was kept constant to 70/30 hence, obtained variation in M of composite is due
to the change in interfacial magnetic spin interaction in the presence of Zn** ions. From
the figure it is clear that, when the difference between the magnetization of hard (53
emu/g) and soft (46 emu/g) phases is large; increase in M of composite (57.7 emu/g) was
observed. Further, when M of hard-soft phase are comparable i.e. 53 & 57 emu/g; M of
composite found to decrease (53 emu/g). Further, a linear increase in M was observed
with relative high M soft phase (x=0.3-0.5) as magnetization of hard-soft phases are
largely deviated. This anomalous behaviour suggests that interfacial spin interactions
between hard and soft phases are soft phase magnetization dependent. The interfacial spin
interactions are maximum if the difference in the M of hard and soft phases is large that
further results an enhancement in M of the composite.
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Fig. 4.40 Variation in M of composite with soft phase magnetization.
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4.5.3 Microwave studies

Fig. 4.41 shows the complex permeability (i) and permittivity (¢) spectra of BaM and
BaM/Niy.xZn,Fe,0, composites. It is clear that ¢ and 1 remains constant for BaM and
BaM/NiF composites. However, oscillatory behaviour in ¢ and p were observed for Zn
substituted soft phase composite. The large variations in ¢ and p spectra are observed
between 13.5-16.5 GHz frequency range. In exchange-coupled system presence of spin-
spin interactions or interfacial dipoles is the cause of observed peak in & spectra as
described in earlier sections. For BaM/NiF composite, p found to be nearly constant,
however, large fluctuation in p spectra for Zn substituted soft phase composite is
observed. In these composites; the presence of non magnetic Zn®* ions decrease the
ferromagnetic coupling and results a change in precession motion of magnetic spins and
resultant fluctuations in p. The observed variation in L may arise due to varied exchange
coupling between hard/soft phases as a result of different magnetization vector of soft

phase.

Both & and p of the composites found to be relative high compared to BaM. The increases
in ¢ of the composite is due to the capacitive actions caused by low resistive soft magnetic
grains and create hindrance to charge motion. However, decrease in ¢ for x = 0.4 & 0.5
composite is ascribed to higher conduction losses due to presence of large non-magnetic
Zn?* ions. The relative high p of the composite is due to the strong exchange coupling
between high and low permeable phases.
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Fig. 4.41 Frequency dependent complex (a) permittivity (¢) & (b) permeability (1) of
BaM/Ni.ZnsFe,O4 (x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5) composite.

Reflection loss vs. frequency plots for pure BaM and BaM/NiiZnyFe,O, composites are
shown in Fig. 4.42. For BaM, RL dip of -27.6 dB was obtained at 13.2 GHz, whereas
exchange-coupled composite shows losses at multiple frequencies. The RL peak of the
composites gets shifted to the higher frequencies. In BaM/NiF, loss dips were found at
5.3 GHz and 16.3 GHz where BaM/Nig¢Zng1Fe,O, composite showed loss dips at 13.3
GHz, 15.5 GHz, 16 GHz and 16.8 GHz frequencies. Composite BaM/Nigs5ZngsFe,04
shows maximum RL of -12 dB and -25 dB at 15.9 GHz and 16.4 GHz frequencies
respectively. Since, the composite BaM/NiF and BaM/NigsZng sFe20,4 showed maximum
RL (< - 20 dB) which confirms that their absorbance is > 99% and can be considered as

good microwave absorbing material. These results suggest that RL and loss frequency of
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composites strongly depend upon nature of soft phase material that further affects the

absorption losses.
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Fig. 4.42 Reflection loss vs. frequency plots for BaM and BaM/Niy.xZnsFe;O4 (x = 0.0,
0.1, 0.2, 0.3, 0.4, 0.5) composite.

4.6 Magnetic studies of BaFe1,019/NiFe;O4 bilayer thin film

To investigate the exchange coupling in ferrite thin films; an attempt has been made to deposit
bilayer thin film of NiFe,O, /BaFe;;O19 and its magnetic behavior was compared with pure
BaFe;,019, and NiFe,O, thin films. Fig. 4.43(a) shows the hysteresis loops of pure and bilayer
films annealed at 800 °C. The obtained smooth demagnetization and single peak in respective
SFD curve confirms the exchange coupling between NiFe,O, and BaFe;;0O,9 layer. This
observation of exchange coupling in hexagonal/spinel ferrite bilayer system paved the way for

future investigation.
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Fig. 4.43 (a) Hysteresis loops of BaFe;2019, NiFe,O4 and bilayer BaFe1,019/NiFe;O4 thin
films, (b) SFD curve of bilayer system.
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Chapter 5

Conclusions

Overview

This chapter summarizes the outcomes of the various experiments described in the
previous chapter. The effect of various process parameters on exchange coupling is
outlined. The influence of weight fraction and magnetization of soft phase on magnetic
and microwave properties are concluded and tabulated. The exchange coupling are exist in
bilayer NiFe,O,/BaFe;;,01q thin film is also showcased. Future scope of the work is presented

at the end of this chapter.
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In the present work, exchange-coupled composites of BaFe;,O19/NiFe;0,4, BaFe;2019/
NigsZngsFe,04, BaFe;,019/CoFe,04 and BaFe12019/Cogs5ZngsFe204 in different weight
ratio (90/10, 80/20, 70/30, 60/40 & 50/50) were prepared by sol-gel autocombustion
method. The effect of various process parameters, annealing temperature, soft phase
magnetization and weight fraction of soft phase on structural, magnetic and microwave
properties has been investigated and compared. The important findings and conclusions

drawn from the work are as follows:

e Firstly, exchange-coupled and non-exchange coupled BaM/NiF nanocomposites were
prepared by adopting two different processing methods i.e. single-step (SS) and
physical mixing (PM) and to describe the role of processing methodology. XRD
patterns confirmed the co-existence of BaM and NiF phases in composites without any
secondary phase. SEM micrographs showed the well distinguished BaM and NiF
grains in exchange-coupled composites. Smooth hysteresis loops were observed for
exchange-coupled composites in contrast to non-exchanged coupled, which showed
stepped-loops for all studied compositions. M-H loops confirm that interfacial
interaction is predominant in exchange-coupled nanocomposites. Higher M was found
in exchange-coupled composites. Whereas, M showed a linear decrease with NiF
content in non-coupled composites. H, found to decrease with NiF content with
distinct trend among the two systems. T, also found to increase with the soft NiF
content, which confirms the exchange coupling. Frequency dependent complex
permittivity and permeability showed large variation between the two systems.
Reflection losses at multiple frequencies were observed in exchange-coupled
composites and maximum loss of -23.9 dB was obtained at 15.3 GHz frequency. These
magnetic and microwave analysis suggests that single-step method is appropriate to

prepare exchange-coupled system.

e Second, exchange-coupled BaM/NZFO composite in 70/30 weight ratio were prepared
and effect of annealing temperature (950 °C-1150 °C) has been investigated. The X-
ray diffraction pattern confirms co-existence of both BaM and NZFO phases for all
studied temperature. TEM micrographs showed well distinguished particles of BaM
and NZFO with different symmetry in the composites. Magnetic measurement

confirmed the existence of exchange coupling between hard and soft phases. Higher M
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and low H; than theoretical calculated values suggested that phases were well
exchange-coupled. For 1050 °C; M increased from 58 emu/g to 65 emu/g with drastic
decrease in coercivity Hc. A sharp T, (473 °C) for exchange-coupled composite was
observed, however, in non-exchange coupled system independent values of T. for
NZFO (347 °C) and BaM (527 °C) were observed. The variation in M and H.
demonstrated that annealing temperature has strong influence on exchange coupling.
Reflection losses in K,-band were found to increase with a maximum value of —38 dB
for the composite annealed at 1050 °C. Loss frequency also shifted toward lower

values as a consequence of annealing temperature and exchange coupling.

Series of exchange-coupled nanocomposites of BaM/NZFO were prepared and the
effect of relative weight fraction has been investigated. Co-existence of BaM and
NZFO phases in all composites were confirmed by XRD patterns. Well distinguished
hexagonal BaM platelets along with small NZFO grains were observed in composite
system. Coherent demagnetization curve for all studied composition demonstrated that
BaM and NZFO phases were well exchange coupled. The drastic increase in M with
corresponding sharp decrease in H; for 70/30 weight ratio was observed. Complex
permeability and permittivity in K,-band showed oscillatory behaviour for higher
weight fraction of NZFO. Reflection loss frequency also found to depends on NZFO
content and maximum loss of -41 dB was observed for 70/30 weight ratio at 13.8 GHz

frequency.

Series of exchange-coupled BaM/CFO and BaM/CZFO composites were synthesized
and effect of soft (CFO/CZFO) phase weight fraction on the properties of composites
has been investigated and compared. Phase identification and microstructural analysis
confirmed the presence of BaM and CFO/CZFO phases in the composites. Existence
of interfacial coupling was verified by smooth demagnetization behavior and single
peak in corresponding dM/dH curves. M and H. showed strong dependence on relative
weight fraction and nature of soft phase. Parallel existence of high permeability () as
well as high permittivity (¢) was obtained in these exchange-coupled composite
systems. Such exchange-coupled composite could be a promising magnetodielectric

material for microwave applications.
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e Composite of BaM and NijxZnsFe,O4 (x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5) in the weight
ratio of 70/30 were prepared and effect of soft phase magnetization on exchange
coupling were explained. Different values of soft phase magnetization were induced
by substituting non magnetic Zn** ijons. The diffraction patterns confirmed the
coexistence of BaM and spinel phases in all the composites. M and H, showed strong
dependence on nature of soft phase. Composites with x =0.1 and 0.5 soft phase showed
reflection losses at multiple frequencies. Permittivity and permeability spectra also
varied with soft phase magnetization.

e A successful attempt has been made to deposit bilayer thin film of NiFe,O4
/BaFe;,019. Smooth demagnetization and single peak in respective SFD curve

confirms the exchange coupling between NiFe,O, and BaFe;,019 layer.

Obtained properties from different series are shown in Table 5.1.

Table 1.1 Comparative properties of studied composite systems.

Composite M H. Reflection loss Dielectric
(emu/qg) (Ce) properties
BaFe;,014(70)/NiFe,0,(30) 57.7 1068 | -23.9dBat 15.3 GHz e=11
-21.2 dB at 16.3 GHz p=1.26
BaFe;,014(70)/Nig 7Zng 3Fe,04(30) 60 679 -5dB at 15.5 GHz €=18.7
p=1.9
BaFe;,014(70)/Nig Zng.4Fe,04(30) 62 665 -4 dB at 15.6 GHz €=27.2
pu=1.8
BaFe;1,019(70)/NigsZng sFe;0,4(30) 64.5 690 -41 dB at 13.8 GHz e=11
p=1.26
BaFe;,019(50)/CoFe,04(50) 63.9 498 -41 dB at 18 GHz e =47
p=1.7
BaFe12019(50)/C00,5Zn0_5F6204(50) 71.8 146 | 00 ----- =24
p=1.2
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Future Scope

The result indicates that exchange coupling between hard and soft phases, remarkably
affect it magnetodielectric properties in microwave region. It was concluded that both
permittivity and permeability can be simultaneously enhanced in the microwave
frequency bands (12.4 - 18 GHz) for exchange coupled ferrites.

Such exchange-coupled composite are widely explored as microwave absorber, however
their realization as magnetodielectric material operable in GHz range need an attention.
For instance, exchange-coupled magnetodielectric with high permittivity and

permeability could be exploited as antenna substrate for miniaturization.
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Phase formation and microstructural changes were analyzed by X-ray diffraction (XRD) and Scanning
electron microscopy (SEM) respectively. Effect of exchange coupling on magnetic and microwave
properties (in Ku-band) were studied by vibrating sample magnetometer and vector network analyzer
respectively. XRD patterns confirmed the co-existence of BaM and NiF phases in composites without any
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contrast to non-exchanged coupled, which showed stepped-loops for all studied compositions. Higher
saturation magnetization (Ms) was also found in exchange coupled composites. Whereas, Mg showed a
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1. Introduction

Recently, magnetic ferrites including hexagonal, spinel and
garnets has gained a considerable attention for microwave fre-
quency applications due to their moderate magnetization, high
permeability, high permittivity and low losses [1—3]. Among the
hexagonal ferrites, M-type hard ferrite such as BaFe12019 (BaM) is
unique for its high magnetocrystalline anisotropic field Hy
(~17 kOe), and high natural ferromagnetic resonance (FMR) fre-
quency (~36 GHz) [1]. Moreover, suitable cations substitution for
Fe>* ion, remarkably affect it's Hy with a subsequent shift in its
FMR, and hence the operational frequency band. For example, the
substitution of Sc3* or In>* for Fe3* ions reduces its operable fre-
quency to X-band [4,5], while the substitution of AI**, Cr** and
Ga3* increase the device operational frequency up to W-band
[6—9]. In summary, devices based on BaM and its substitution

* Corresponding author.
E-mail address: puneet.sharma@thapar.edu (P. Sharma).

http://dx.doi.org/10.1016/j.jallcom.2017.07.220
0925-8388/© 2017 Elsevier B.V. All rights reserved.

systems can be operable from 1 to 100 GHz. In contrast to BaM, the
operation frequencies of magnetically soft spinel and garnets with
cubic symmetry are limited to 3 GHz due to low Hy [2]. However,
the presence to biased field can further increase their operational
frequencies upto X-band with an implication of large device size.
In addition, composite ferrites with high and low Hx could be an
alternative methodology to develop tunable microwave devices.
Moreover, wide flexibility of composition variation as compared to
substitution may further provide a broad operating frequency band.
It is well reported that hard/soft magnetic composite shows size
dependent exchange coupling, which is predominantly an interface
phenomenon [10]. In 1991, E. F. Kneller first proposed the idea of
exchange coupled composite magnets consisted of two mutually
exchange coupled phases [11]. After this, large data were reported
on exchange coupled alloy composites based permanent magnets
like SmCos, Nd,Fe14B, FePt and hard/soft thin films like SmCo/Fe,
SmCo/Co and FeNi/FePt etc [12—17]. Later, the exchange coupling
behavior in ferrite base nanocomposites bilayer was also reported
[18,19]. Irrespective to the form of composite, one common obser-
vation is that the exchange coupling vanishes above a critical size of
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the powder or the film thickness. With respect to composite
nanopowders, the processing methods strongly influence the ex-
change coupling and well differentiated by the nature of magnetic
hysteresis loop. A well exchange coupled composite shows smooth
demagnetization behavior with coherent rotation of spins, while
non-coupled system shows a stepped-curve which indicates non
coherent rotation of spins [20].

In last few years, tremendous work has been done to investi-
gate the magnetic behavior of exchange coupled ferrites adopting
different processing methodologies and reported accordingly
[21—-23]. However, role of exchange coupling in the view of its
magnetic and microwave properties needs an attention. A sys-
tematic comparison based on composition and processing may
paved the way to exploit them for a better magnetic and micro-
wave applications. In the present work, exchange coupled and
non-exchange coupled composite ferrites of BaM and NiFe;04
(NiF) with varying composition were prepared. The effect of
coupling on the magnetic and microwave properties are system-
atically studied and compared. It is observed the exchange coupled
composite shows better magnetic properties as compared to non-
exchange coupled ferrites. The microwave reflection losses at
multiple frequencies are observed in Ku band in exchange coupled
composite, while non-exchange coupled system showed losses at
single frequency. Such exchange coupled ferrites could be poten-
tial candidate for microwave absorber for wide working frequency
range.

2. Experimental details

In the present work, BaM/NiF nanocomposite ferrites with
different weight ratio i.e. 90/10, 80/20, 70/30, 60/40 and 50/50 were
prepared by two different processing methods.

In the first method, stoichiometric amount of analytical grade
metal nitrates Fe(NO3)3-9H,0, Ba(NO3),, Ni(NOs3),-6H,0 and citric
acid (CgHgO7) were weighed and dissolved in deionized water in
the single step. A pH of ~7 was maintained by adding NH3 solution
during stirring. The solution was heated at 70—80 °C to turn into
viscous gel. This gel was ignited in air resulting in the formation of
black color powder. As obtained composite powder were calcined
at 1050 °C for 3 h in a resistance furnace. The composite powders
were further pressed into pellets and sintered at 1100 °C for one
hour in ambient atmosphere. Hence, composites with different
composition prepared by this method are named as single step
method (SS) and labelled as SS90/10, SS80/20 and SS70/30 and so
on.

In the second method, BaM and NiF were individually prepared
as mentioned above. The desired compositions were physically
mixed and wet milled in a planetary ball for one hour. Further the
powder were pressed and sintered at 1100 °C in resistance furnace
for one hour. Composites prepared by this method is named as
physically mixed (PM) and labelled as PM90/10, PM80/20 and
PM70/30 and so on.

The phase analysis of pure BaM, NiF and composites were car-
ried out by X-ray diffraction (XRD) (PANalytical), using Cu-Ky; ra-
diation. Room temperature (R-T) magnetic hysteresis (M-H) loops
and Magnetization vs temperature (M-T) measurements were
performed by vibrating sample magnetometer (VSM) using Lake
Shore model 7404 with maximum applied field of 1 T. Micro-
structure analysis was carried out by scanning electron microscope
(SEM) model JEOL (JSM-IT100). The reflection losses (Rr), perme-
ability (p) and permittivity (e) of the pure BaM and composites
were measured by vector network analyzer (Agilent N5225A PNA
series) in the frequency range of 12—18 GHz (Ky-band).

3. Results and discussion
3.1. XRD analysis

X-ray diffraction (XRD) patterns of pure BaM, NiF and BaM/NiF
nanocomposites prepared by SS and PM methods are shown in
Fig. 1(a—c). In pure BaM and NiF, all the diffraction peaks corre-
spond to single phase without any impurity. Representative XRD
patterns of composite confirmed the co-existence of BaM and NiF
phases. From the figure, it is clear that the intensity of the NiF in-
creases with the NiF content. Crystallite size for BaM (~45 nm) and
NiF (~38 nm) phase was calculated by Scherrer equation in pure and
composite samples, and found nearly same irrespective to pro-
cessing method. Since crystallite size primarily depends upon the
calcination temperatures, which are kept same (1050 °C) for both
the methods.

3.2. Magnetic measurements

Fig. 2 (a—f) shows the M-H behavior of pure BaM, NiF and
nanocomposite samples prepared by SS and PM methods. Pure BaM
and NiF shows characteristic M-H loop of hard and soft magnetic
materials respectively. BaM phase shows higher saturation
magnetization compared to NiF and in agreement with the previ-
ously reported one [24,25|. M-H behavior of nanocomposites pre-
pared by SS and PM methods are well distinct. In PM samples,
stepped M-H loops were observed while SS composite shows a
smooth curve without any step. Stepped M-H loops corresponds to
the individual switching of hard and soft phases which is a
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Fig. 1. X-ray diffraction patterns of (a) BaM and NiF (b) PM, & (c) SS nanocomposites
with different composition.
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Fig. 2. Comparative M-H loops of (a) BaM & NiF, (b—f) SS & PM nanocomposites with different composition.

characteristic behavior of uncoupled hard and soft phases. While
the simultaneously switching of BaM and NiF suggest the existence
of exchange coupling among the phases. The difference in the
demagnetization behavior is interplay of three types of spin in-
teractions in the composites i.e. between soft-soft phase, hard-hard
phase and hard-soft phases. For exchange couple systems, the
interfacial interaction between hard and soft phases should be
dominating. And grain size of soft phase should not be larger than
the domain wall width of the hard phase [26,27]. If the spin in-
teractions of individual phases are stronger than interfacial inter-
action, the independent switching of soft phase occurs at relatively

lower field than that of hard phase. The observed step in demag-
netization curve is consequence of spin torque effect of the soft
phase on to hard phase [28]. The step is more pronounced in the
composite with higher NiF content.

Variation in Ms, M, and H. with NiF content in SS and PM
composites is shown in Fig. 3(a—c). It is well evident that Mg and M,
behavior are different for SS and PM samples. M; found to increase
initially with the NiF content and then decrease, while a continuous
decrease is observed for PM samples. For 70/30 composition, the M;
and M; for SS composites are 57.7 emu/g and 30.1 emu/g respec-
tively. While for PM composites low values of Ms (50.6 emu/g) and
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M (23.5 emu/g) are obtained. The high M and M; of SS composites
is a consequence of interfacial coupling driven alignment of more
magnetic moments. Further, decrease in Ms and M; is due to the
higher NiF content which dominates over the exchange coupling
dependent magnetization enhancement. On other hand, a linear
decrease in M and M, is observed in PM composites as it is well
reported that non-exchange coupled system follows the rule of
mixture [29,30]. Employing it in a present system, M of composite
can be expressed as:

M¢ = (1-Xx)Mpam + XMNniF (1)

where, Mpgy and Mpyjr are the measured M of BaM and NiF

respectively and x is the weight fraction of NiF. Similarly, the M, and
H. of composites can also be calculated. Therefore, the decrease in
magnetic parameters (Ms, M;) of PM composites is merely due to
the low M; of NiF and decreases linearly with its content. H, is found
to decrease with NiF content in both the samples due to its soft
magnetic nature. However, exchange-coupled sample shows an
asymptotic decrease in H. compared to linear decrease in non-
coupled samples. This depicts that SS method is more appro-
priate for well exchange coupled system [23].

Fig. 3 represent the experimentally observed and theoretically
calculated values of M5, M, and H.. It is clear that experimentally
observed magnetic properties for non-coupled composites are very
close to theoretically calculated values while wide deviation is
observed in exchange-coupled samples. In summary, exchange
coupling among the BaM and NiF, strongly effect the magnetic
properties of nanocomposite. Further, composites prepared by SS
and PM were sintered, and their magnetic behavior was observed.
Fig. 4 shows the representative M-H loops of PM70/30 and SS70/30
with a confirmation of distinct loop in the sintered composite
magnets.

Fig. 5 shows the magnetization vs temperature (M-T) behavior of
pure BaM, SS70/30 and SS50/50 at 1000 Oe. The decrease in M with
temperature is due to thermal effect. Curie temperature (T¢) is
measured by plotting derivative of M (dM/dT) with respect to T
(Fig. 5(b)). The T, was also found to increase from 497 °C to 517 °C
which also confirms the existence of exchange coupling between
hard and soft phases [31].

3.3. SEM analysis

Fig. 6 (a—d) shows the SEM micrographs of pure BaM, NiF and
S$S70/30, PM70/30 composites sintered at 1100 °C. Microstructure
of pure BaM shows large elongated grains with an aspect ratio ~3.0.
Elongated grains are characteristic property of sintered BaM as
observed earlier [32]. NiF grains are nearly spherical in shape with
an average size of ~2 um. On comparing the microstructural fea-
tures of SS70/30 and PM70/30 composites (Fig. 6(c—d)); the SS70/
30 shows the well distinguished grains of BaM and NiF. The larger
grain corresponds to the BaM, while smaller represents the NiF
phase. On other hand no well distinguished particles are observed
in PM 70/30 composite. This shows that the processing method
plays an important role in defining the microstructure of compos-
ite. The crystallite size of BaM and NiF in sintered composites are
also calculated by debye-scherrer formula, and found ~50 nm and
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Fig. 4. M-H loops of PM 70/30 & SS 70/30 sintered composite magnets.
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~45 nm respectively. A slight increase in crystallite size, as
compared to powder, is due to the higher sintering temperature
(1100 °C). Hence, the larger grains as observed by SEM in sintered

samples are basically the agglomerates of several nanosize
crystallites.

3.4. Microwave absorption study

R-T microwave absorption properties of BaM, SS70/30, SS50/50,
PM70/30 and PM 50/50 were investigated by VNA in the frequency
range of Ky-band (12—18 GHz). Permittivity (¢) and permeability ()
were calculated using Nicolson and Ross technique [33]. The vari-
ation of ¢ and p with frequency were plotted in Fig. 7(a—b). From
Fig. 7 (a) it is clear that the ¢ of pure BaM is high as compared to the
nanocomposites because of high uniaxial anisotropy and large H. of
hexaferrite [34]. Nearly constant e is observed for PM composites in
the measured frequency range and found to decreases with NiF
content. On other hand, the large fluctuations in e spectra are
observed in the SS composites. The SS50/50 composition shows
more variation in ¢ between 13—16 GHz frequencies range. As in
exchange coupled system, the spin-spin interaction or interfacial
dipoles may exist and in phase at a particular applied field fre-
quency, which are responsible for the observed peaks in permit-
tivity spectra. Fig. 7(b) shows the permeability spectra of BaM and
nanocomposite samples. It is clear from the figure that perme-
ability spectra for BaM, PM 70/30 and SS 70/30 is nearly same
(1.18—1.25 at 12.4 GHz) and shows the similar behavior with fre-
quency. However, a slight variation in permeability with composi-
tion and processing is ascribed to different magnetization behavior
PM and SS composites.

Reflection loss curves were simulated using electromagnetic
properties for 1.3 mm thick BaM and nanocomposites pellet using:

(Zin =2p )
RL =20 log| 21—~ 2~ 2
8(Zn+20) 2)
Zin is given by
. (2mft
Zin = Zo, | ?tﬁnh{l (%) v Brér } (3)
T

where, f is the frequency, t is the thickness of sample, . = p'- ju”
and ¢ = ¢ - j¢’ are the complex relative permeability and

WD11mm SS48

x15000  1pm

Fig. 6. SEM micrographs of (a) BaM, (b) NiF (c) SS 70/30 composite, and (d) PM 70/30 composite.
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permittivity of the sample, c is the velocity of the light, Zg is the
impedance of air and Zj, is the input impedance at the absorber
surface [35].

Fig. 8 shows reflection loss curves for pure BaM and nano-
composite samples. The dip of the plots demonstrates the mini-
mum reflection loss and maximum absorption. It was observed that
with increasing the NiF content, microwave absorption properties
were decreased in the studied frequency range. The observed
minimum reflection loss of pure BaM was —27.6 dB at 13.2 GHz
frequency. For composite SS 70/30, reflection losses are found at
5.3 GHz and 16.3 GHz, whereas PM70/30 shows loss at only
13.2 GHz. The SS 50/50 composite exhibits reflection losses at
13.9 GHz, 16.7 GHz and 17.5 GHz. PM 50/50 composites exhibits
reflection loss at 17 GHz. The observed reflection loss peaks for the
SS composites gets shifted to the higher frequency bands as
compared to the pure BaM and PM nanocomposites. This
enhancement in matching frequency in nanocomposites prepared
by SS method might be due to the exchange coupling between hard
and soft ferrite. The reflection loss and absorption loss can further
be improved by varying the thickness of the sample [36].

4. Conclusion

Exchange coupled and non-exchange coupled BaFe;3019/
NiFe,O4 nanocomposite ferrites were prepared by SS and PM
method and their structural, magnetic and microwave properties
have been investigated. XRD patterns confirm the co-existence of
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Fig. 8. Reflection loss vs frequency plots for (a) BaM, PM 70/30, PM50/50 & (b) SS 70/
30, SS50/50 nanocomposites.

both hard and soft phases in the composite systems. Magnetic
measurement confirms the existence of exchange coupling be-
tween hard and soft phases in composite prepared by SS method.
M-H loops confirm that interfacial interaction is predominant in
exchange coupled nanocomposites. Exchange coupled composites
shows enhanced M; compared to non-exchange coupled system. T
is found to increase with the soft NiF content, which confirms the
exchange coupling. SEM shows well distinguished BaM and NiF
grains in SS nanocomposite. These magnetic and microwave anal-
ysis suggests that SS method is appropriate to prepare exchange
coupled system. Reflection losses in Ky—band found to depends on
NiF content. Also exchange coupled nanocomposites shows
reflection losses at multiple frequencies. These exchange coupled
composite can be used for tunable microwave device applications.
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ARTICLE INFO ABSTRACT

Keywords:
Barium hexaferrite

Exchange coupled hard/soft nanocomposite ferrites consist of BaFe;2,019/ Nig.sZng sFe,04 (BaM/NZFO) in 70/
30 wt ratio were prepared by sol-gel auto combustion method. Effect of annealing temperature (950 °C-1150 °C)
on structural, magnetic and microwave properties have been investigated. The X-ray diffraction pattern confirms
co-existence of both BaM and NZFO phases without any secondary phase. TEM micrographs showed well dis-
tinguished particles of BaM and NZFO with different symmetry. Saturation magnetization (M) increased from
58 emu/g to 65 emu/g with drastic decrease in coercivity (H,). Higher M, and low H, than theoretical calculated
values suggested that phases are well exchange coupled. A sharp Curie temperature (473 °C) for the composite
was observed. The variation in M; and H. demonstrated that annealing temperature has strong influence on
exchange coupling. Reflection losses in K,-band were found to increase with a maximum value of —38 dB for the
composite annealed at 1050 °C. Loss frequency also shifted toward lower values as a consequence of annealing

Nickel zinc ferrite

Exchange coupled composites
Magnetic properties
Microwave properties

temperature and exchange coupling.

1. Introduction

Exchange coupling between hard and soft magnetic phases at nano-
metric scale has gained considerable attention due to associated intri-
guing physics in the system and their application in high energy pro-
duct magnets [1-4]. In early 1990s, Kneller and Hawing first proposed
the concept of exchange-spring magnets in suitably dispersed hard and
soft magnetic materials [5]. The studies on such system were largely
focused on hard/soft magnetic bilayer thin films and oxide based nano-
powders. Reportedly, exchange coupling between the phases is pre-
dominantly interfacial in nature; primarily governed by film thickness
and size of powders [6-8]. A strongly coupled system shows coherent
rotation of hard/soft magnetic spins and represent smooth demagneti-
zation curve [9]. Hard/soft bilayer films also depicted a kink in de-
magnetization curve which referred as exchange-spring magnets. The
observed kink was due to pinning of soft magnetic spins by hard
magnetic spins at the interface [10]. In similar concept, exchange-
spring behavior was well demonstrated in Sm-Co/Fe, FeNi/FePt, Fe/
Nd-Fe-B, SrFe;50,9/y-Fe>03 systems [11-13].

Contrary to films, kinked and smooth demagnetization curves of
hard/soft magnetic composite powders were referred as non-exchange
and exchange coupled systems respectively [14,15]. Exchanged cou-
pled nanocomposites also showed high energy product upto a certain

* Corresponding author.
E-mail address: puneet.sharma@thapar.edu (P. Sharma).

https://doi.org/10.1016/j.jmmm.2019.03.127

composition and could be used for permanent magnets [3,16,17]. Such
composite systems are also potential materials for microwave absorbing
materials [18,19]. The magnetization reversal behavior of hard/soft
composite nanopowders is strongly governed by processing methods
which consequently affects particle size and exchange coupling. It is
well reported that individually mixed nano-powders does not show
exchange coupling, whereas powders prepared by one pot chemical
method, reflects exchange coupling with smooth hysteresis loop
[20-22]. Among the various processing parameters, annealing of ferrite
nanopowders strongly influence their magnetic and structural proper-
ties. Accordingly, in hard/soft magnetic nanocomposites, the magneti-
zation of individual phase and their particle size can be varied with
annealing temperature, which may directly affect the interfacial cou-
pling.

In the present work, exchange coupled BaFe;5019/Nig s5Zng sFe;04
nanocomposite powders were prepared by sol-gel auto combustion
route. The effect of annealing temperature on structural, magnetic and
microwave properties were systematically investigated. The focus of the
study is to develop exchange coupled composite ferrites with varied
coupling for microwave device application.
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2. Experimental details

In the present work, nanocomposite ferrite of BaFe 50,9 (BaM)/
NigsZngsFe,04 (NZFO) in weight ratio of 70/30 were prepared by
sol-gel auto combustion method. Analytical grade metal nitrates; Fe
(NO3)39H,0, Ba(NO3),, Ni(NO3),6H,0, Zn(NO3),-6H,0 and citric acid
(CeHgO7) of 99.9% purity were used. The precursors were weighed in
the stoichiometric ratio and dissolved in deionized water. NH3 solution
was added during stirring to maintain pH ~7 of the solution. The so-
lutions were heated at 70-80 °C to turn into viscous gel till ignited in air
resulting powder formation. The powders of BaM, NZFO and BaM/
NZFO were annealed at 950 °C, 1000 °C, 1050 °C, 1100 °C and 1150 °C
for three hours in a resistance furnace. The annealed powders were
further pressed into rectangular pellets (21 mm X 11 mm) and sintered
at 1200 °C for one hour in ambient atmosphere. The phase analysis of
BaM, NZFO and composite powders were carried out by X-ray diffrac-
tion (XRD) (PANalytical) using Cu-K,; radiation. Room temperature
(R-T) magnetic hysteresis (M —H) loops and Magnetization vs tem-
perature (M —T) measurements were performed by vibrating sample
magnetometer (VSM) using Lake Shore model 7404 with maximum
applied field of 1 T. Microstructure analysis was carried out by scanning
electron microscope (SEM) model JEOL (JSM-IT100) and Transmission
electron microscope (TEM) model (Tecnai G3, F30). Prior to SEM,
surface was made conducting by Au sputtering to avoid any charging
during measurement. For magnetic and reflection losses; sintered pel-
lets were ground to the size of wave guide -cavity
(15.74mm X 7.96 mm) and measured by vector network analyzer
(Agilent N5225A PNA series) in the frequency range of 12-18 GHz (K-
band).

3. Results and discussion
3.1. Phase analysis

X-ray diffraction (XRD) patterns of BaM/NZFO nanocomposites
annealed at 950 °C, 1050 °C and 1150 °C are shown in Fig. 1. The XRD
peaks confirm co-existence of both BaM and NZFO phases. The average
crystallite size for BaM & NZFO peaks in composites was calculated by
Scherrer equation [23]. The minimum crystallite size of NZFO and BaM
in the nanocomposite was 28 nm and 21 nm at 1050 °C respectively.
The variation in crystallite size with the annealing temperature is
shown in Table 1.

1150°C
1050°C
s bl # #* *
s
2
[}
1= 950°C
2
=

Angle (20)

Fig. 1. X-ray diffraction patterns of BaM/NZFO nanocomposite annealed at
950 °C, 1050 °C and 1150 °C.

62

Journal of Magnetism and Magnetic Materials 484 (2019) 61-66

Table 1
Crystallite size of BaM and NZFO in composite with annealing temperature.

Temperature (°C) Crystallite Size (nm)

NZFO BaM
950 36.7 40.1
1050 29.4 20.7
1150 34.0 29.3

(b)

Fig. 2. TEM micrographs of (a) BaM (b) BaM/NZFO nanocomposite powders
annealed at 1050 °C.

3.2. Microstructure analysis

Fig. 2(a & b) shows TEM micrographs of BaM and BaM/NZFO na-
nocomposite powders. In BaM; all particle shows hexagonal mor-
phology. In composite (Fig. 2(b)) smaller NZFO particles are coagulated
with larger BaM particles. The stacking of particles is due to their
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Fig. 3. SEM micrographs of (a) BaM, (b) NZFO & (c) BaM/NZFO nanocomposite

annealed at 1050 °C and sintered at 1200 °C.

mutual magnetic attraction [24].

Fig. 3(a—c) shows the fractured surface micrographs of NZFO, BaM
and BaM/NZFO composite sintered at 1200 °C. Microstructure of NZFO
shows well distinguished equiaxed grains whereas, BaM shows ran-
domly oriented elongated grains. The microstructure of composite
shows distinct feature from BaM and NZFO with cleavage fracture and
smaller grains. All microstructure shows dense morphology without any
measurable porosity.

3.3. Magnetic measurements

Fig. 4(a—c) shows the representative M — H plots of NZFO, BaM and
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Fig. 4. Comparative M — H loops of BaM, NZFO and BaM/NZFO nanocomposite
powders annealed at (a) 950 °C, (b) 1000 °C and (c) 1150 °C.
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BaM/NZFO composite powders annealed at 950°C, 1050°C and
1150 °C. M—H loops of BaM and NZFO shows the characteristic be-
havior of hard and soft magnetic materials respectively. Higher sa-
turation magnetization (M;) of NZFO compared to BaM is in agreement
with previous studies [25,26].

M —H loops of nanocomposites showed coherent demagnetization
due to simultaneous switching of NZFO and BaM spins. The observed
switching suggests that the system is well exchange coupled in the
studied temperature range. It is well reported that non-exchange cou-
pled system shows a kink or shoulder in demagnetization curve [21].

Variation in M; and H, for BaM, NZFO and BaM/NZFO nano-
composite as a function of annealing temperature are shown in Fig. 5(a
& b). M; and H, were also theoretically calculated by the rule of mixture
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Fig. 5. Variation in theoretical and experimentally observed (a) M; and (b) H,
of BaM, NZFO and BaM/NZFO powders with annealing temperature.

using Eq. (1) [21].

M = 0.7Mggy + 0.3Mnzro (€D)]

where, M. and Mpyzro are the measured M of BaM and NZFO re-
spectively. Similarly, theoretical H, was calculated and compared to
experimental values. In our previous work, we have shown that non-
exchange coupled system nearly follows the rule of mixture [21]. The
M; of BaM and NZFO increase with annealing temperature and then
decrease (Fig. 5(a)). The maximum observed values for BaM and NZFO
at 1050 °C is 54.7 emu/g and 74.4 emu/g respectively. The increase in
M; with temperature is due to the distribution of cations at ferro-
magnetically favourable sites. A drastic increase in My of BaM/NZFO
nanocomposite has been observed with temperature from 950 °C to
1050 °C (58 emu/g to 65 emu/g) followed by slight decrease. It is well
evident that experimentally observed M; of nanocomposites are higher
than theoretically calculated, which suggests that system is well ex-
change coupled. Also, the variation in M; with temperature reflects that
extent of exchange coupling is temperature dependent. Since the cou-
pling between phases is interfacial in nature; therefore powders with
optimum crystallite size may prevail higher exchange coupling. The
high M; of nanocomposite at 1050 °C is ascribed to higher coupling
associated with minimum crystallite size of BaM and NZFO phase
(Table 1).

Contrary to M, behavior, the H, values of nanocomposite are well
below the theoretically calculated values for studied temperatures. The
H, is primarily governed by crystal anisotropy and particle/crystallite
size of magnetic phases. Since the composition of BaM/NZFO is con-
stant, hence the role of crystal anisotropy of the composite on H, can be
ignored. A sharp decrease in H, of nanocomposite with temperature
may ascribe to variation in crystallite size (Table 1). However, a
minimum H, value is observed for the composite with lower crystallite
size suggests the dominance of exchange coupling over structural
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Fig. 6. (a) High temperature M—T plots for BaM, NZFO and BaM/NZFO an-
nealed at 1050 °C, (b) M—T plot and M—H loop (inset) for non-exchange
coupled BaM/NZFO.

parameters. Therefore, low H, of nanocomposites than the theoretically
calculated values may due to strong intervening coupling between the
phases where switching of soft magnetic spins at low nucleation field
drive away the hard magnetic spins.

The Curie temperature of BaM, NZFO and BaM/NZFO nanopowders
annealed at 1050 °C was measured by plotting derivative of M (dM/dT)
with respect to temperature. The sharp dips in Fig. 6(a) represents the
T, of respective phases. The T, for BaM and NZFO was found to be
497°C [21] and 337 °C respectively. The observed T, for exchange
coupled nanocomposite is 473 °C which is close to BaM due to its higher
weight fraction. For non-exchange coupled system independent values
of T, for NZFO (347 °C) and BaM (527 °C) were observed as shown in
Fig. 6 (b). The inset in Fig. 6(b) depicts the representative M — H loop of
non-exchange system. A single T, value for BaM/NZFO nanocomposite
also demonstrates that the phases are well exchange coupled.

3.4. Microwave absorption studies

Microwave absorption studies for BaM and BaM/NZFO composite
annealed at 950°C, 1050°C and 1150 °C were measured by vector
network analyzer in K,-band. Fig. 7 shows the variation of magnetic
loss tangent (tan §,) with frequency. For BaM, tan §, remains constant
in studied frequency range, however, low losses were observed for the
samples annealed at higher temperature. For BaM/NZFO composite;
variation in tan §, along with resonance peaks at different frequency
were observed. Sample annealed at 950 °C showed a sharp resonance
peak at 16 GHz. However, composites annealed at 1050 °C and 1150 °C
showed resonance peaks in broad frequency range. In the composite



C. Pahwa, et al.

—=— BaM/NZF0950°C
2.0 4 —— BaM/NZF01050°C
| ——BaM/NZFO1150°C
—v— BaM950°C
1.5 4 —¢— BaM1050°C
—— BaM1150°C

) L)
12 13 14 15 16 17 18
Frequency (GHz)

Fig. 7. Frequency dependent magnetic losses of BaM and BaM/NZFO nano-
composites annealed at 950 °C, 1050 °C and 1150 °C.
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Fig. 8. Reflection loss vs frequency plots for BaM and BaM/NZFO nano-
composites annealed at 950 °C, 1050 °C and 1150 °C.

system, spin-spin interaction and interfacial dipole may exist and are in
phase at a particular applied field, which are responsible for peaks in
loss tangent. Also, resonance peaks found to shift towards lower fre-
quency with annealing temperature. The observed variation in tan §,
may arise due to varied exchange coupling between hard/soft phases.

To evaluate microwave absorption, reflection loss curves were si-
mulated for 2.2 mm thick BaM and BaM/NZFO composites (calcined at
950 °C, 1050°C and 1150 °C) pellets (sintered at 1200 °C) using fol-
lowing equations:

(Zin - ZO)

RL=201o
& (Zin + Zo)

@

Z;, is given by

My . 27Tft) }
Zin = Zo, | = tanh §j| Z— | Jim &
0 e {J( c 13 3)

where, f is the frequency, t is the thickness of sample, ¢, = ¢’ — je”” and
W = W — ju” are the complex relative permittivity and permeability of
the sample, c is the velocity of the light, Z, is the impedance of air and
Z;y, is the input impedance at the absorber surface.

Fig. 8 shows the reflection loss vs frequency plots for BaM and BaM/
NZFO composite sintered at 1200 °C. For BaM, no reflection losses were

Journal of Magnetism and Magnetic Materials 484 (2019) 61-66

observed in the studied frequency band (12-18 GHz) irrespective to
annealing temperature. The absence of reflection dip may ascribe to
higher ferromagnetic resonance frequency of BaM (36-43 GHz)
[27,28]. The composites annealed at 950°C, 1050°C and 1150 °C
showed well defined reflection loss dips at 16.9 GHz, 15.8 GHz and
16.3 GHz respectively. The reflection losses are well above —10dB
(absorption more than 90%) with a maximum value of —38dB for
composite annealed at 1050 °C. It is also evident that the reflection loss
frequency depends upon the coupling, since sample with higher ex-
change coupling (annealed at 1050 °C) shows losses at lower frequency.
The results suggest that the extent of exchange coupling depends on
annealing temperature and hence affect absorption losses. Compared to
BaM, the reflection loss peaks for composites system observed at lower
frequencies as a consequence of lower ferromagnetic frequency of
NZFO. Such composite could play a dominant role in microwave device
application with tunable frequency.

4. Conclusion

Exchange coupled BaFe;,019(BaM)/Nig s5Zng sFe;04(NZFO) nano-
composite ferrites were prepared by sol-gel auto combustion method
followed by annealing. Their structural, magnetic and microwave
properties have been investigated. XRD patterns confirmed the co-ex-
istence of BaM and NZFO phases. TEM micrographs for composite de-
monstrated that NZFO particles were coagulated with BaM particles.
Magnetic measurement confirmed the existence of exchange coupling
between hard and soft phases. The extent of coupling found to vary
with annealing temperature. A sharp Curie temperature was observed
for exchange coupled composite. Microwave studies in K,-band sug-
gested that the exchange coupling significantly affect microwave ab-
sorption losses which can be suitably tuned with annealing temperature
for microwave application. In summary, exchange coupled composites
with tunable magnetic and microwave property can be used as micro-
wave absorption materials.
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In the present work, exchange-coupled BaFe12019 (BaM)/Nig5ZngsFe;04 (NZFO) nanocomposites with
different weight ratio were prepared by sol-gel autocombustion method. The effect of relative weight
fraction on structural, morphological, magnetic and microwave properties were investigated. X-ray
diffraction patterns of composites confirmed the co-existence of BaM and NZFO phases without any
secondary phase. Smooth hysteresis loops without kink confirmed that BaM/NZFO phases were well
exchange-coupled. Non linear change in magnetization (Ms) and coercivity (H¢) with NZFO content were
observed. The drastic increase in M; with corresponding sharp decrease in H. for 70/30 wt ratio was
observed. The change in Mg and H. was explained with the schematic model of interfacial spin in-
teractions. Complex permeability and permittivity in K,-band showed oscillatory behaviour for higher
weight fraction of NZFO. Reflection loss frequency found to depends on NZFO content and maximum loss
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(—41 dB) was observed for 70/30 wt ratio at 13.8 GHz frequency.
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1. Introduction

Exchange-coupled hard/soft magnetic nanocomposite has
gained attention in permanent magnet and microwave device
application due to large compositional flexibility and wide varia-
tion in magnetic properties [1-5]. In early 1990s, Kneller and
Hawing proposed the concept of exchange-coupled composite
system consisted of two mutually exchange coupled phases [6]. The
studies on such system were focused on hard/soft magnetic bilayer
thin films and oxide based nanopowders [7,8]. The coupling be-
tween hard/soft phases is primarily interfacial in nature and greatly
affected by processing methods [9,10]. A well exchange-coupled
composite shows smooth demagnetization behaviour with
coherent rotation of spins, while non-coupled system shows a
stepped hysteresis curve due to individual switching of hard-soft
spins [11—13]. Interfacial coupling has been largely investigated
for alloy based composite magnets, thin films and nanopowders i.e.
SmCo/Co, SmCo/Fe, Fe/Nd-Fe-B, and FeNi/FePt etc. [14,15]. The
existing coupling were strongly depends on film thickness, and
powder/grain size which vanishes beyond a critical size [16,17]. A
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0925-8388/© 2019 Elsevier B.V. All rights reserved.

well exchange-coupled nanocomposite permanent magnets
showed higher energy product in many systems [1,5]. Later, ex-
change coupling in ferrite based bilayer system and nanocomposite
powders such as (Mn, Zn) Fe;04/CoFe;04, SrFe2019/vFey0s,
SrFe;,019/NiFe;04 etc. were also investigated [18—20]. Comparing
with alloy based composite magnets; the exchange-coupled fer-
rites are also used for microwave devices operable in wide fre-
quency range.

Hard ferrite such as BaFe{;019 can be operable upto W- band
due to its high magneto-crystalline anisotropy and high ferro-
magnetic resonance frequency (~35GHz) [21]. On contrary, low
anisotropic soft spinel ferrite limits their microwave application
upto 1 GHz [22]. Therefore, combination of high anisotropic hard
ferrite and low anisotropic soft ferrite can be an alternate for
various microwave device applications. The studies on exchange-
coupled nanocomposite ferrites for microwave absorbers were
already reported [23,24]. Apart from the microwave application;
the magneto-dielectric nature with high permittivity (e;) and
permeability (u;) of exchange-coupled composite ferrites could
replace dielectric only substrates for antenna miniaturization. The
dielectric studies on such composites were studied at low fre-
quencies (upto 1GHz) [25,26]. However, the magneto-dielectric
behavior of such composites on high frequencies (12—18 GHz) is
scarcely investigated.
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In the present work, exchange-coupled nanocomposite ferrites
of BaFe2019 (BaM)/Nig5Zng sFe;04 (NZFO) with varying composi-
tion were prepared by sol-gel autocombustion method. The effect
of BaM/NZFO weight ratio on magnetic and microwave properties
was systematically investigated.

2. Experimental details

Exchange-coupled nanocomposite ferrites of BaFe1,019 (BaM)/
Nig5ZngsFe;04 (NZFO) with different weight ratio (90/10, 80/20,
70/30, 60/40, and 50/50) were prepared by sol-gel auto combustion
method. Stoichiometric amount of analytical grade metal nitrates;
Fe(NO3)3-9H,0, Ba(NOs3),, Zn(NOs3),-6Hy0, Ni(NOs),-6H,0 and
citric acid (CgHgO7) of 99.9% purity were used as precursors. The
detailed description of powder processing is described earlier [27].
The obtained powders were calcined at 1050°C for 3 h in the
resistance furnace. The calcined powders were further pressed into
pellets (21 mm x 11 mm) and sintered at 1200 °C for 1 h in ambient
atmosphere.

The phase analysis of BaM, NZFO and BaM/NZFO composites
were carried out by X-ray diffraction (XRD) (PANalytical), using Cu-
K, radiation. Microstructures of sintered pellets were examined by
scanning electron microscope (SEM) model JEOL (JSM-IT100).
Magnetic hysteresis (M-H) loops were measured by vibrating
sample magnetometer (VSM) using Lake Shore model 7404 with
maximum applied field of 1 T. The permeability (p), permittivity (&)
and reflection losses (RL) in Ky-band were measured by vector
network analyzer (Agilent N5225A PNA series).

3. Results and discussion
3.1. XRD analysis

XRD patterns of BaM, NZFO and BaM/NZFO composite powders
in the weight ratio of 70/30 and 50/50 are shown in Fig. 1(a—d). All
diffraction peaks of BaM and NZFO corresponds to hexagonal BaM
(space group P63/mmc) and cubic NZFO (space group Fd3m) phase.
Representative XRD patterns of BaM/NZFO nanocomposites
confirmed the co-existence of both the phases. No intermediate
phase was formed during calcination and sintering of composites.
The NZFO peak intensity found to increase with its content. The
average crystallite size was calculated by Debye Scherrer equation
[28]. All individual peaks of BaM and NZFO were considered for
crystallite size calculations. Table 1 shows the average crystallite
size calculated for different composition. It is clear that the crys-
tallite size is independent to the relative weight ratio. Since the
annealing temperature is constant (1050 °C), therefore no obvious
changes in crystallite size were on expected lines.

3.2. Microstructure analysis

Fig. 2(a—c) shows the fractured surface micrographs of BaM,
NZFO and BaM/NZFO (70/30) composite sintered at 1200 °C.
Randomly oriented elongated grains were observed in BaM
whereas; NZFO grains posses equiaxed morphology. In BaM/NZFO
composite; well distinguished hexagonal BaM platelets along with
small NZFO grains were observed. The corresponding EDS spec-
trum (Fig. 2(d)) confirms the presence of all elements (Ba, O, Fe, Ni
and Zn) in the composite.

3.3. Magnetic measurements
Fig. 3(a and b) shows magnetization curves (M-H loop) of BaM,

NZFO and their -nanocomposite (90/10, 80/20, 70/30, 60/40, 50/50)
powders respectively. The M-H loops of BaM and NZFO (Fig. 3(a))

(d) 4

(®) NZFO

intensity(a.u)

(a) BaM

L A L i 1 i 1 A
30 40 50 60 70
Angle(20)

Fig. 1. X-ray diffraction patterns of (a) BaM, (b) NZFO, (c) 70/30, (d) 50/50 nano-
composite powders.

Table 1
Crystallite size of BaM and NZFO in the composite samples.

Composition (BaM/NZFO) Crystallite Size (nm)

NZFO BaM
100/0 - 374
70/30 37.6 385
50/50 39,5 38.6
0/100 38.0 -

confirmed the hard and soft magnetic nature respectively. Smooth
demagnetization curve without any kink (Fig. 3(b)) suggests that
hard/soft phases are well exchange coupled in composites. It is also
well reported that the smooth demagnetization of exchange-
coupled composite is a consequence of coherent rotation of hard
and soft spins with applied magnetic field. Composite of BaM and
NZFO was also prepared by physical mixing method where a kink in
demagnetization behavior was observed inset Fig. 3(b). The
signature kink is a characteristic feature depicting individual
switching of hard and soft magnetic spins. Such systems are termed
as non-exchange system [12]. We have also observed similar kind of
behavior in our previously reported studies [29].

To confirm exchange-coupling between hard and soft phases,
switching field distribution (SFD) i.e. dM/dH vs applied field were
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Fig. 2. SEM micrographs of (a) BaM, (b) NZFO, (c) BaM/NZFO (70/30), and (d) EDS of sintered composite.

plotted (Fig. 4). Single peak in dM/dH for nanocomposites indicates
the strong exchange-coupling between hard and soft phases. The
SFD of non-exchange coupled composite shows two distinct peaks,
which corresponds to individual switching of hard and soft mag-
netic spins (inset Fig. 4).

The measured magnetization (M;) and coercivity (H:) of BaM,
NZFO and their respective composites are shown in Table 2. The M;
and H, of composites lies between their constituents magnetic
properties.

Fig. 5(a and b) shows the variation in measured and theoretical
calculated M and H. of composites with NZFO content. The theo-
retical M and H. were calculated using Eq. (1) [30].

X = (1-x) Xpam + XXnzro (1)

where, Xpgy and Xnzro are experimentally measured M/H. of BaM
and NZFO respectively and x is the weight fraction of NZFO.

The M; of nanocomposites drastically increased from 53.63
emu/g (x =10) to 64.44 emu/g (x =30). Further, M; found to be
nearly constant for higher NZFO content (Fig. 5(a)). Contrary to
M behavior, sharp decrease in H. was observed for x =30 (Fig. 5
(b)) followed by marginal decrease. It is to be noted that, the
change in Mg and H; is nonlinear and vastly deviates from
theoretical calculated values. This anomalous behaviour suggest
that spin interactions between hard-soft phases were maximum
for certain composition (x =30). Reportedly, any change in M;
and H. of the composite is a consequence of three types of spin
interactions i.e. between soft-soft phase, hard-hard phase and
hard-soft phases [31]. In the present case, enhancement in
magnetization was dominated by interfacial spin interaction of
soft and hard phase.

To understand the anomalous increase in M, the spin alignment
behaviour of BaM in exchange-coupled composites with different
NZFO content was compared. The schematic (Fig. 6) represents
interfacial surface spins of composites with and without magnetic
field. In the absence of field, both hard and soft magnetic spins are
randomly oriented. At H= 10 KOQe, it is shown that the fraction of
aligned spins in BaM are increasing with NZFO content.

Schematic represents that in pure BaM; major fraction of spins is
aligned in the field direction. The remaining spins are not able to
align (hindered spins) due to grain boundary hindrance to spin
alignment in polycrystalline materials. Such hindered spins may
require larger field or an additional driving force to align. With
addition of NZFO, the interfacial spin interactions between hard-
soft phases occurs, which increases with its content. Owing to
soft magnetic nature of NZFO, spins get swiftly align at much lower
magnetic field and provide a torque to hard hindered spins. As a
result, higher fraction of spin alignment increases the magnetiza-
tion (53.6 emu/g to 64.5 emu/g). In schematic, it is also depicted
that interfacial interactions are optimal for 70/30 wt ratio where all
possible spins of BaM are aligned. As a consequence of optimum
spins orientation causes an abrupt increase in magnetization.
However, further increase in NZFO content M remains nearly same,
which suggests that hard-soft interfacial interactions reached to its
saturation. The torque due to soft magnetic spins and coherent
demagnetization caused a corresponding sharp decrease in H. of
composites (Fig. 5(b)).

3.4. Microwave studies

Fig. 7(a—d) shows the real and imaginary parts of complex
permittivity and permeability of BaM, NZFO and BaM/NZFO com-
posites in Ky-band (12.4—18 GHz). The real part (¢’ and p’) shows
the storage capacity and imaginary part (¢" and p") represents the
loss of electric and magnetic energy respectively. It is clear that ¢’
and p’ found to increase initially with the NZFO content and then
decreases. For higher NZFO content large fluctuations were
observed. The similar variation was also observed for " and p". To
understand the effective loss mechanism in the composite; com-
plex permittivity (e = ¢’- je") and permeability (u = p'’- ju") of BaM,
NZFO and BaM/NZFO composites were plotted as shown in Fig. 8(a
and b).

It is clear that ¢ and p remains constant for BaM, NZFO and 90/
10, 80/20 & 70/30 composites. However, oscillatory behaviour of e
and p were observed for higher weight ratio of NZFO as in real and
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Table 2
Magnetic properties of BaM, NZFO and BaM/NZFO nanocomposites.

BaM/NZFO weight ratio
BaM 90/10 80/20 70/30 60/40 50/50 NZFO

M; (emu/g) 5214 5363 5721 6444 6362 6431 7440
H, (Oe) 361538 22049 1079 691.18 5223 4816 225
M; (emu/g) 3216 2797 2279 2281 1798 1839 33
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Fig. 5. Variation in theoretical and experimentally observed (a) Ms, and (b) H. of BaM/
NZFO composite with NZFO content.

imaginary part. The large variations in ¢ between 13 and 16 GHz
frequency range may ascribe to the resonance of interfacial dipolar
interaction with applied field frequency (14.8 GHz and 15.4 GHz).
For low NZFO content, the p found to be nearly constant. This may
due to the overlapping of precession motion of different magneti-
zation vector. However, fluctuation in g may correspond to indi-
vidual precession of the magnetic vectors of hard and soft phases,
which dominates for higher NZFO content.

The variation in ¢ and p with the NZFO content at 12.5 GHz
frequency is shown in Fig. 9. Both ¢ and p found to increase
initially with the NZFO content. The initial increase in ¢ of the
composite is due to the hindrance to charge motion caused by
NZFO particles. Also, capacitive action caused by low resistive
NZFO phase separated by high resistive BaM; results in higher .
At higher NZFO content, low resistive continuous channels forms
that facilitate charge conduction with a subsequent decrease
in e.
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50/50
alignment of hindered surface spins

Fig. 6. Schematic representation of surface spins interactions of exchange-coupled
BaM/NZFO composites.

The measured permeability of NZFO and BaM at 12.5 GHz are 0.6
and 1.5 respectively which are in agreement with the previously
reported data [10,32]. The maximum value of p is observed for 70/
30wt ratio. Strong exchange-coupling between high and low
permeable phases might be the reason for high p of composite.

Reflection losses of BaM, NZFO and BaM/NZFO composites were
calculated using following equations:

(Zin —Zo)

RL = 20 log|-= — ~ 2
8 Zn+20) @)

Zin is given by

Zy = 2 \[Ftanh(] (225 v | 3)

where, f is the applied frequency, t is thickness of specimen, c is
velocity of the light, Zg is the impedance of air and Z;; is the input
impedance at the absorber surface.

Fig. 10 shows the reflection loss plots for BaM/NZFO composites
and compared with individual BaM and NZFO phases. For BaM,
reflection loss of —27 dB was observed at 13 GHz, whereas no losses
were seen for NZFO due to its low ferromagnetic resonance fre-
quency (FMR) [22]. In the composite, reflection losses were
observed at higher frequencies. The maximum reflection loss of -
41 dB (absorption > 99%) was obtained for 70/30 wt ratio. The re-
sults suggest that reflection losses and their loss frequency strongly
depend upon the exchange coupling. Such composites could play a
dominant role in tunable microwave device application.
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Fig. 7. (a) Real (¢), imaginary (") part of complex permittivity and (c) real (i), (d) imaginary (pn") part of complex permeability of BaM, NZFO & BaM/NZFO composite.
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4. Conclusion

Exchange-coupled nanocomposites of BaFe3019 (BaM)/
Nig 5Zng sFe;04 (NZFO) in different weight ratio were prepared by
sol-gel autocombustion method. Their structural, morphological,
magnetic and microwave properties has been investigated. Co-
existence of BaM and NZFO phases in composites was confirmed
by XRD patterns. Coherent demagnetization curve for all studied
composition demonstrated that BaM and NZFO phases were well
exchange coupled. Magnetization (M;) found to increase with NZFO
content. Maximum M; was obtained for 70/30 nanocomposite. On
contrary, coercivity (H.) of the composites found to decrease. Large
variation in complex permeability and permittivity were observed
for composites with high NZFO content. Reflection losses found to
vary with NZFO content and maximum (—41 dB) was observed for
70/30 wt ratio. In conclusion magnetic and microwave property
strongly depends upon interfacial exchange coupling and such
composites can be used for tunable microwave application.
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