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Abstract

The functional behavior of two-phase composites consisting of piezoelectric and magne-
tostrictive components is a manifestation of the coupled nature of their constituent phases,
known as magnetoelectric (ME) effect. It has a promise in it to a progress in the modern
electronic industry by not only improving the existing properties but also reducing the
size of microelectronic components. However, the demand for miniaturization has not
seized because it is now accompanied by the demand of environment-friendly materials.
Therefore, the primary aims of this dissertation are to develop new lead-free multiferroic
materials and to study the relationship between the intrinsic properties of piezoelectric
and magnetostrictive components and the resulting ME coupling between them. The
ferroelectric component with excellent piezoelectric properties combined with the compo-
nent with excellent magnetostrictive properties would lead to enhanced ME coupling and
value-added understanding of the science behind it.

At first, a piezoelectric composition in the system of (1-z)(Ba,Ca)TiO3 -zBa(Zr,Ti)O3
with z = 0.5 was identified (BCT50-BZT) with piezoelectric coefficient of value greater
than 500 pC/N in order to utilize it as the piezoelectric phase. The converse ME coeffi-
cient of 0.5(Ba,Ca)TiO3 - 0.5Ba(Zr,T1)03-15% CoFeaO4 was found to be around 6 ps/m.
It was discovered that the constituent electromechanical coupling factor and magnetome-
chanical coupling factor might play a role on the ME response. To understand the role
of magnetostrictive phase, it was modified with a non-magnetic A3t ion. The composite
of 0.5(Ba,Ca)TiO3 - 0.5Ba(Zr,Ti)O3 - 50% Co(Fe; 5Aly 504 was found to possess 3-times
larger converse ME coefficient compared to its unmodified counterpart. This enhancement
was attributed to the improved effective piezomagnetic coefficient d\/dH and increased
initial permeability of the AI** modified CFO.

Secondly, using the knowledge from the BCZT-CFO composites, NiFeoO4 (NFO) was
introduced as the magnetostrictive phase which has initial magnetic permeability of 39
that is much larger than that of CFO. This provided an enhancement of around 400
% in the ME coupling in BCZT-30%NFO (converse ME coefficient of 45 ps/m) sample
as compared with that of BCZT-50%CFO(Al) (11 ps/m). Hence it gave a substantial
evidence that the most important properties to be considered to improve the ME response
of two-phase composites are the initial magnetic permeability of the ferrite phase and the
maximal elastic compliance of the piezoelectric phase. This discovery has a potential to
open new horizons for tailoring of new ME materials.

Thirdly, a two-phase system consisting of relaxor ferroelectric Ba(Ti, Sn)O3 combined
with CFO was studied. This system is a unique example of two-phase systems in which
the dielectric properties were almost entirely retained even in the composite, which is

in contrast to the case in other non-relaxor-magnetostrictive composites reported here.



The ME coupling of the composite consisting of Ba(Tip7Sng3)03-20%CFO was much
better than the normal ferroelectric-magnetostrictive composites studied for their magne-
todielectric properties, previously. The correlation of the maximum of elastic compliance
versus temperature and the induced ME versus temperature curves was highlighted, pro-
viding another evidence of the vital role electromechanical softness of the ferroelectric
material on the stress/strain mediated ME coupling.

Lastly, when the connectivity was changed from (0-3) to (2-2) which is a bilayer
geometry, improved local direct ME coupling was observed, due to the better interface
between the magnetostrictive phase and the ferroelectric phase. Bilayered thin films of
CFO and BaTiO3 (BTO) were synthesized with pulsed laser deposition on two differently
oriented substrates. TEM analyses revealed that the CFO layer had a better interface
when it was grown on (111) oriented substrate in comparison to that of (100) oriented
substrate. This is a discovery as there are no reports in literature on the growth bilayered
thin films on (111) oriented substrate. Direct ME coupling studied with PFM under an
applied dc magnetic field. The bilayered thin film on (111) oriented substrate has an
improved ME coupling in comparison to that of bilayered thin film grown on the (100)

oriented substrate.

xi






Kurzfassung

Die funktionellen Eigenschaften eines Zweiphasen-Komposits sind das Resultat der Wech-
selwirkung ihrer piezoelektrischen und magnetostriktiven Komponenten. Diese
Wechselwirkung-magnetoelektrische (ME) Kopplung genannt wird hat den schnellen
Fortschritt der modernen Elektronikindustrie durch Verbesserung der
Materialeigenschaften sowie der Miniaturisierung der Bauteile ermoglicht. Neben der
Skalierbarkeit der Bauteile ist heutzutage aber auch die Umweltvertraeglichkeit des Ma-
terials ein wichtiger Faktor. Daher ist das Hauptanliegen dieser Dissertation die Her-
stellung von neuartigen und umweltschonenden multiferroischen Werkstoffen sowie deren
Untersuchung hinsichtlich der intrinsischen Eigenschaften der piezoelektrischen und mag-
netostriktiven Phasen und dem Einfluss der Grenzflaechen. Es soll die magnetoelektrische
Kopplung verbessert und die zugrundeliegende Physik dahinter besser verstanden werden.

Zuerst wird das piezoelektrische System (1-z)(Ba,Ca)TiOs-zBa(Zr,Ti)Og (kurz: BCZT)
mit x = 0,5 und einem piezoelektrischen Koeffizienten > 500 pC/N betrachtet. Es soll
als Matrix fiir die piezoelektrische-magnetostriktive Phase CFO dienen. Der s.g. kon-
verse ME Koeffizient von BCZT-15% CFO betragt rund 6 ps/m. Es zeigte sich, dass
die entsprechende elektromechanik kopplung faktor und die magnetomechanik kopplung
factor der entscheidende Faktor fiir die ME Eigenschaften ist. Um den Einfluss der mag-
netostriktiven Phase zu verstehen, wurde diese mit nicht-magnetischen Al>*-Ionen mod-
ifiziert. Das Komposit bestehend aus BCZT-50% CFO(Al) zeigte einen um drei fache
héheren ME Koeffizienten im Vergleich zu seinem nicht-modifizierten Gegenstiick. Diese
Verbesserung ist vermutlich auf die Erhohung der magnetostriktiven Dehnung des Ferrits
in Magnetfeld zuriickzufithren. Man nimmt an, dass die Modifizierung von CFO mit A3+
zu einer Verbesserung von d\/dH fiihrt, die proportional zum Stress-Sensitivitat und der
magnetischen Permeabilitat ist.

Als Zweites wird das Wissen tiber BCZT-CFO Komposite genutzt, um NiFeaO4 (NFO)
als magnetostriktive Phase mit einer magnetischen Permeabilitédt von 39 einzubauen, was
ein deutlich hoherer Wert ist als der von CFO (1-2). Dies fiihrte zu einer rund 400% igen
Erhohung der ME Kopplung in BCZT-30%NFO (konverser ME Koeffizient von 45 ps/m)
verglichen mit BCZT-50%CFO(Al) mit 11 ps/m und einer allgemeinen Verbesserung der
BCZT-NFO-Proben. Dies ist ein deutliches Zeichen dafiir, dass die wichtigste Eigenschaft
zur Erhohung der konversen ME Kopplung eines Zweiphasen-Komposits die urspriingliche
magnetische Permeabilitéit der ferritischen Phase sowie das Maximum der Auftragung der
elastische Komplianz tiber der Temperatur der piezoelektrischen Phase. Diese Entdeckung
bietet neue Moglichkeiten fiir die Herstellung besserer ME Materialien.

Als Drittes wurde das Zweiphasen-System aus dem ferroelektrischen Relaxor

Ba(Ti,Sn)O3 und CFO untersucht. Dies ist ein einzigartiges Beispiel eines Zweiphasen-



Systems, bei dem die Dielektrische-Eigenschaften im Komposit beinahe komplett erhal-
ten bleiben - im Gegensatz zu den anderen hier dargestellten magnetostriktiven Nicht-
Relaxor-Kompositen. Das Komposit Ba(Tig7Sng3)03-20%CFO wurde aufgrund seine
ME Kopplung untersucht, die auch bei Raumtemperatur auftritt. Diese Kopplung war
deutlich besser als bei gewohnlichen ferroelektrisch-magnetostriktiven Kompositen, die
zuvor wegen ihrer magnetodielektischen Eigenschaften betrachtet wurden. Zudem kon-
nte die Ubereinstimmung der Maxima der Kurven der elastische Komplianz und des
induzierten ME tiber die Temperatur gezeigt werden, die ein weiterer Beweis fiir die
Wichtigkeit der elektromechanischen Nachgiebigkeit von ferroelektrischen Werkstoffen.
Als Letzes wurde die Konnektivitét von (0-3) zu (2-2) geiidert, was einer Zweischicht-
Geometrie entspricht. Hierdurch kann die lokal direkte ME Kopplung durch bessere
Grenzflachen zwischen magnetostriktiver und ferroelektrischer Phase verbessert werden.
Zweischicht-Filme aus CFO und BaTiOg (BTO) wurden mit Hilfe gepulster Laser auf zwei
unterschiedlich orientierte Substrate abgeschieden. TEM-Messungen haben gezeigt, dass
die CFO-Schichten bessere Grenzflichen aufweisen, wenn sie auf einem in (111)-Richtung
orientierten Substrat wachsen anstatt auf einem in (100)-Richtung. Mittels PFM wurde
die direkte ME Kopplung bei im Magnetfeld untersucht. Dadurch konnte gezeigt werden,
dass ein Zweischicht-Film auf einem (111)-Substrat eine grofiere direkte ME Kopplung

aufweisen, als auf einem (100)-Substrat.
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Chapter 1

Fundamentals of the Magnetoelectric
Effect

1.1 Introduction

Historically, humanity made use of materials which were readily available to it. How-
ever, in the past two centuries or so the requirements for new materials have become
complex and ever-demanding. Extraordinary progress has been made in developing ma-
terials based on empirical knowledge of their properties and behavior related to their
source and subsequent treatment. Consider the field of solid-state electronics, which acts
as a backbone for every other field, cannot fulfill its demands from currently existing ma-
terials which have led researchers to become interested in the discovery and development
of completely new electronic materials.

Ferroics are a class of materials that show long-range order concerning at least one
macroscopic property, and they give rise to domains that can be altered by an associated
field.! Sometimes, the term primary ferroic is used to indicate ferromagnetic, ferroelec-
tric, ferroelastic and ferrotoroidic order.? The word multiferroics refers to materials with
a coexistence of two or more primary ferroic orders in the same phase. Its present-day
use is diverse; it designates a coexistence of ferroelectric and ferro-, ferri- or antiferromag-
netic order in single- or even multiphase materials. Note that the term multiferroic was
first used by Hans Schmid in 1994,% whereas terms like ferroelectromagnetic were in use
before. Multiferroics with both magnetic and electric orders do not necessarily display
the linear magnetoelectric effect (for example, hexagonal YMnO3), and not all materials
displaying the linear magnetoelectric effect are multiferroic (for example, CroOs). In this
day and age, the term magnetoelectric usually refers comprehensively to any coupling
between magnetic and electric properties. The versatility of multiferroic materials allows
the design of novel electronic devices for diverse functions like sensing, transduction, and
memory. The magnetoelectric feature plays a vital role in the modern electronics industry.
Multiferroic magnetoelectric materials have a potential to become an integral component

6.7 energy harvesting devices,® electric field tun-

10

of memory technology?,® sensing devices,

able devices,” and voltage/current converters.
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Magnetoelectrics, a term which will frequently be used in this dissertation, is a class
of functional materials. First, it is necessary to describe what is meant by a functional
material. From an application perspective, a material which has one or more properties
which are sensitive to environmental /external variables such as pressure, temperature,
electric, and magnetic fields. These external variables are used to utilize the intrinsic
properties of materials to achieve intelligent action. For example, if pressure is used to
generate an electric voltage across a piece of material, the intelligent action is termed as
the piezoelectric effect. Another such intelligent action is the magnetoelectric (ME) effect,
that is the ability to control electric polarization with the magnetic field, and controlling
magnetization with an electric field. The well-known Heckman diagram for multiferroics

is Fig.1.1 which connects different intesive and extensive variables.

Discovery of ME effect can be traced back to 1888 when Rontgen discovered that
a moving dielectric became magnetized when placed in electric field.'? Seventeen years
later, the discovery of polarization in a magnetic field was made.' Curie in 1894 pointed
out the possibility of ME effect in crystals. Later Dzyaloshinskii provided the theoretical
background of ME effect in CryO3.' First experimental confirmation about ME coupling
came in 1960 when Astrov demonstrated electric field induced magnetism in CroO3.'% In

1961, Folen et al. confirmed the converse magnetoelectric effect in the same.!

2
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Figure 1.2: How different polarziation entities transform themselves under an applied electric
field, diagram adapted from Ref.?®

1.2 Piezoelectricty and Ferroelectricity

In this section basic concepts about ferroics are introduced.!

1.2.1 Polarization

Let’s consider a charge +¢ at position 77 and another charge —q at 73, the dipole

moment of this pair is given by
p=qri+ (—q)r3; (1.1)

and it is directed from negative toward positive charge. This can be generalized for

number of charges with vectors r; to get net dipole moment as:
F=_ i (1.2)
i
Thus spontaneous polarization P will be defined as:

P, =p/V (1.3)

IMost of the content of this section comes from the books of Kittel,!” Jaffe,'® Wadhawan,! Rabe,!?
Strukov,?’ Lines and Glass,?! Kao,?? Waser?® and Cardarelli?* unless stated otherwise.
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where V is the volume occupied by the charge distribution. Under the action of an applied
electric field can induce such a dipole moment. Such an induced dipole moment can be
given by:

pEi = Bij Ej (1.4)

where 3;; is known as polarizability tensor. Polarization term is used both for the spon-

taneous as well as induced polarization.

Py = Pp; + Psi (1.5)

1.2.2 Dielectric constant and Loss

The electric flux density is defined as:
D; =¢oF; + P (16)

where E is electric field intensity. If E is not too strong, the following relationship holds
for induced polarization:
Ppi = eoxi; Ej (1.7)

where x;; is electric susceptibility tensor. From Eq.1.6 we have:
D; = 80((52']' + Xij)Ej + Py = ¢jE; + Py (1.8)

where ¢€;; is the electric permittivity tensor of the medium. To make €;; dimensionless it
is divided by ¢¢ to get:
€ij = Eij/ﬁo (1.9)

where €;; is known as the relative electric permittivity. In practice, it is usually defined
as a ratio between a charge stored on a set of electrodes separated by a dielectric slab due
to a voltage applied to it and the charge stored on a set of identical electrodes separated

by vacuum.

A time-varying electric field E(t) applied to a dielectric gives rise to a time-delayed
process due to inertial response of the charged species. Under the assumption that the

linear response theory is applicable, the time dependent polarization can be written as:
t
P(t) = go/ XW)E(t —t))dt (1.10)
—00
And electric field itself can be written as:

E(t) 1/00 E(w)e®td (1.11)

T2
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where w = 27 f is the angular frequency. Eq.1.11 can be Fourier-inverted to get:

Bw) = [ T B(t)etdt (1.12)

—00

Similar relationships hold for P(t) and P(w) i.e.,

Plt) = ;ﬂ |7 oyt (1.13)
and
P)= [ T P(t)e it (1.14)

Substituting Eq.1.10 into Eq.1.14, one gets:
P(w) = egx(w)E(w) (1.15)

Where x(w) is frequency-dependent susceptibility and is a Fourier transform of response
function y(¢):
oo .
XWw) = /0 x(t)e™tdt = ' +ix" (w) (1.16)

Thus real and imaginary parts of dielectric susceptibility are defined as:

Y (w) = /OOO X (t)coswtdt (1.17)

X//(w) = /Ooo X(t)smwtdt (1.18)

If the electric displacement is shifted with respect to applied electric field by a phase angle
0 it would be given by:

D = Detwtto) (1.19)
Fourier inversion of Eq.1.8 gives:
D(w) = eo(1+ X' (w) +ix"(w)) = e(w)E(w) (1.20)
Where
e =¢(w)+i" (w) (1.21)
and
e'(w) = (1+ Y X' () (1.22)
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e"(w) = co( X" (w)) (1.23)

where m stands for various polarization processes involved.

1.2.3 Mechanisms of Polarization
Generally there are 5 mechanisms of polarization,'” 4 out of those are illustrated in

Fig. 1.2. A short description of each is given below:

o Electronic: It exists in all dielectrics and originates from the displacement of the
negatively charged electron shell against the positively charged core under an applied
electric field. It is temperature-independent, and large atoms have a large electronic

polarizability.

o Ionic: It is observed in ionic crystals and describes the displacement of the positive

and negative sublattices under the application of an applied electric field.

o Orientation: It exists in materials with permanent dipoles. At ambient conditions,
the direction distribution of all the dipoles is statistical due to thermal fluctuations

and can only be made unidirectional by applying a substantially high electric field.

» Space charge: Dielectrics with spatial inhomogeneities of charge carriers have this
kind of polarization. One popular term for such polarization is Mazwell-Wagner
polarization which occurs in ceramics with electrically conducting grains and insu-

lating grain boundaries.

e Domain wall: The mechanism responsible for such polarization is the motion of
a domain wall (a small area that separates regions of differently oriented polariza-
tions), which takes place by a mechanism that favors oriented domains with respect

to the applied field which tend to grow.

The net polarization of dielectric material results from all the contributions discussed
above, which are subdivided into intrinsic (from the lattice) and extrinsic (all other)
contributions.

€ = €elec T €ion t €or + €sc + €qu (1.24)

intrinsic extrinsic

Each contribution has its origin in a short-range movement so each has a different re-
sponse time when subjected to a time-varying electric field. This means that each of
them manifests itself in a certain specific frequency regime. For the oscillating entities
experiencing a restoring force, a relaxation behavior is evidenced. For the ionic and elec-
tronic polarization, resonance effects are observed. The resultant dispersion function is
depicted in Fig. 1.3.
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Figure 1.3: Real and imaginary parts of dielectric dispersion function belonging to different
polarization species.

1.2.4 Ferroics
Continuing from the brief definition of ferroics in the introduction, formally the ferroic

materials are characterized according to the following peculiarities?:

1. Long-range ordering of some at least one macroscopic tensor property, for example

spontaneous polarization or magnetization.

2. Occurrence of a domain structure (domains and domain boundaries) in the ferroics

phase, and possibility of its modification by a field conjugate to the order parameter.

3. Large and nonlinearly varying response functions corresponding to certain properties

particularly in the vicinity of the transition temperature.

4. The possibility of field-induced phase transitions.

1.2.4.1 Ferroic Phase Transitions
These are divided into two types:

» Ferroelastic transitions which involve a distortion of crystal lattice involving
a change of crystal family accompanying a transition. Typical example is cubic

(ngm) to teragonal (P4/mmm) phase transition of BaTiOs.

2taken from Wadhawan!
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« Non-ferroelastic transition in which crystal lattice is not distorted. Typical

example is the phase transition of triglycine sulphate.

1.2.4.2 Thermodynamic classification of ferroic materials:

For a ferroic crystal under the action of external electric field (£;), a magnetic field
(H;), and a uniaxial stress ((o45) (4,7 = 1,2,3)), its generalized Gibbs free energy density
can be written as:

Where U is the internal energy density, S' is entropy density, D; is dielectric displacement,
B; is magnetic induction, and e;; is the strain. According to the first law of thermody-
namics dU = dW + dQ = dW + T'dS where dU is the increase in the internal energy of
the crystal, dWW is a small amount of work, and d@) = T'dS is a small amount of heat that

flows into the system (reversible process). The work done per unit volume is given by:
dW = E;dD; + H;dB; + o;;de;;j (1.26)
Differentiating Eq.1.25 and substituting for dU and dW, one gets:
dg = —=SdT — D;dE; + B;dH; + e;;do;; (1.27)

Considering T', F;, H;, and o;; as independent variables gives

dg dg dg

dg
dg = (ﬁ)E,H,a T (BE’Z-)T,H,J,PﬂéidEi T (Tm)E,T,U,Hj;&idHi + (8aij)E,H,TdUij
(1.28)
Comparing equations 1.27 and 1.28
1T T\gE,/ T Tle)i T EEG T Qg Hy T ik jk .

where €5, a;;, and d;;i, are the elements of the electric permittivity tensor, the magneto-
electric tensor, and the piezoelectric tensor, respectively. Eq.1.29 represents the electric
displacement as a sum of a spontaneous and the induced parts that may arise due to the

external fields. Similarly for total magnetic induction tensor

dg

Bi=(om;

) = Bg)i + pijHj + i Ej + qijrojpt-- (1.30)

where p;; is magnetic permeability and ¢; ;1 are the elements of the piezomagnetic tensor.

For the strain tensor

9,
Cij = _(809,) = €(s)ij T Sijk1Okl + diij B + qrijHe+- - (1.31)
ij
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Here s;;; are the coefficients of the elastic compliance tensor and €(s)ij 18 the spontaneous

strain. q;; are the elements of converse piezomagnetic tensor and
Qijk = qkij (1.32)

1.2.5 Piezoelectrics
Some special types of crystals polarize under applied stress or can change dimensions
upon application of an electric field. Thus the piezoelectric effect involves a linear coupling

between electrical and mechanical energies which can either be given by:

or
€ij — dkijEk (134)

where d;;, and dy;; are the elements of piezoelectric tensor and inverse piezoelectric tensor,
respectively. The piezoelectric coefficients are third rank tensors, therefore the piezoelec-
tric response is anisotropic. A two subscript matrix notation is also commonly used. The
number of non-zero coefficients depends on crystal symmetry. Piezoelectric coefficients
are temperature dependent quantities and, usually, the piezoelectric response of a ferro-
electric material increases as the transition temperature is approached from below.??

All crystalline systems can be described by 32 crystallographic point groups, 11 of them
are centrosymmetric (i.e. possess an inversion center) and hence are nonpolar. Among
the other 21 systems, 20 do not have an inversion center and can show piezoelectricity.
Among these 20, there are 10 polar groups with a unique polar axis and may show a
spontaneous polarization parallel to the polar axis. Barium titanate BaTiO3 (BTO) in
its tetragonal phase is a typical example in this case, however, in the cubic perovskite
phase (cubic structure), the central titanium ion serves as an inversion center and spon-
taneous polarization is not possible. The cubic to tetragonal phase transformation, where
the positively charged barium and titanium ions are displaced with respect to the six
negatively charged oxygen ions, a polar axis is developed in the direction of the tetrag-
onal transformation, which also becomes the direction of the spontaneous polarization
1.4.% This spontaneous polarization is connected with surface charges Ps = o following

Maxwell’s equations, and in general, are compensated by charged defects.

1.2.6 Ferroelectrics
The subgroup of ferroic materials in which it is possible to reorient the spontaneous
polarization between crystallographically equivalent orientations by an external electric

field are known as ferroelectrics. This gives a definition of ferroelectrics in which not only

9
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the spontaneous polarization is present but also the switchability of this polarization is
possible by an external electric field. An ideal ferroelectric shows a polarization versus
electric field P(F) hysteresis behavior as is shown in Fig.1.5. The division of ferroelectrics
is also consistent with the definition of ferroic phase transitions (1.2.4.1). Ferroelectrics
often display large electric permittivities (of the order some thousands) and piezoelectric
coefficients (of the order some hundreds of pC/N).

1.2.6.1 Classification of Ferroelectrics
The dielectric constant k of a ferroelectric approaches its highest value near the
paraelectric-ferroelectric transition. Above the transition, in the paraelectric state, the

decrease in x can be described by the Curie-Weiss Law:

C

—_— 1.35

K — Ky =
Where kg is the temperature independent parameter, and C' and Tey are empirical
parameters. It has been shown that?S that the value of C' gives an indication of the type

of ferroelectric. Thus these are divided as follows:

1. Displacive for which the value is of the order of 10° and have active ions ( for ex-
ample Ti**T, Nb>*, WT) having a strong tendency to promote distortions. BaTiO3

is the best example of this group. Its various phase transitions are shown in Fig.1.4.

2. Order-disorder where C is of the order of 103. Almost all the water-soluble fer-
roelectrics are the examples of this class. Rotatable permanent dipoles order at the

transition temperature.

3. Improper ferroelectrics with values of C' close to unity. Ferroelectricity in them
originates from piezoelectric coupling to an elastic instability, an example of this
class is the ferroelastic Gdz(MoOy)s.

1.2.7 Ginzburg-Landau-Devonshire Theory of Ferroelectric Phase

Transition

According to the classification of phase transitions by Paul Ehrenfest,?? these are based
on the behavior of the thermodynamic free energy as a function of other thermodynamic
variables. It is the lowest derivative of free energy that determines the type of transition
involved. The first-order phase transitions show a discontinuity in the first derivative
of the free energy with respect to some thermodynamic variable. This involves transfer
of heat to or from the system. On the other hand, the second-order phase transitions
are continuous in the first derivative of free energy but exhibit discontinuity in a second

derivative. The second-order phase transitions do not involve any latent heat.

10
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Figure 1.4: Electric permittivity and spontaneous polarization of barium-titanate as a function

of temperature, different unit cells belonging to different phases are depicted in the top panel

along with their displacive polarization direction for clarity, adapted from Kittel.!”
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Figure 1.5: A typical polarization hysteresis, adapted from Wadhawan.! The curve oabc is for

a virgin specimen consisting of randomly oriented domains. The slope of line oa gives the initial

electric permittivity €;, while slope of the line ab gives the maximum electric permittivity €mqz-
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The Ginzburg-Landau theory is a kind of mean field theory that is based on the
thermodynamics of dipoles in the mean/averaged field of the others. It is assumed that
the mode of interaction of a particular dipole is through this mean field and not on the
individual basis. Close to the phase transition temperature T, the free energy of the

system can be written as an expansion of powers of an order parameter P7

1 1 1
F(P,T,E) = 5g2P2 + Zg4P4 + 696P6 —EP (1.36)

For the equilibrium configuration, oF
— =0 1.37
5P (1.37)

one gets an expression for electric field E as a function of polarization:
E = g2P + g1 P* + g P* (1.38)
Differentiating Eq.1.38 with respect to P and then setting P = 0 gives us:
X =— (1.39)

g2

where Yy is dielectric susceptibility. In Ginzburg-Landau-Devonshire theory, it is assumed

that around the Curie point @, g2 can be expanded as:
g2 = g0(T - ©) (1.40)

and all the other expansion coefficients are temperature independent. Combing the two

equations from above, one gets:

~ = n(T-©) (1.41)

which is the famous Curie-Weiss behavior in ferroelectrics. Here it is important to mention
that the Curie point @ is not the same as the Curie temperature Tz, although they lie
close to each other. Combining Eq.1.36 with 1.40, we have:

1 1 1
F(P,T,E)) = 5gO(T ~@)P% + Z94134 + 6g6136 —EP (1.42)

where gg and gg are both positive for all ferroelectrics.?!

1.2.7.1 First Order Phase Transition
Considering the case for g4 < 0 while gg > 0 in Eq.1.42 implies that F' might have
sub-minima at non-zero P values. This is depicted in Fig.1.6 (a). As g is reduced (which

signifies decrease in temperature), this minimum will drop in energy below that of the

12
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unpolarized state, and so it will be a thermodynamically favored configuration. The
temperature at which this transformation occurs, by definition, is the Curie temperature
Tc, and Te > ©.Y Electric polarization (which is the first derivative of the free energy
F) jumps discontinuously to zero at T¢, thus the transition is known as discontinuous or
first order phase transition. We note from Fig.1.6 (a) that at 7' = T the three minima
are energetically degenerate/equivalent. Consequently, the system’s behavior at T = T
will depend on whether it is approaching T from lower or higher temperatures, and
thus thermal hysteresis. This is evident in a number of first order ferroelectrics including

barium titanate.!?

1.2.7.2 Second-Order Phase Transition

Also known as continuous phase transition, it occurs at T = © for the case in which
ga < 0. The free energy evolves continuously as temperature is decreased, from a state
with one minimum (P = 0) to a state with two minima (P = +F). Setting £ = 0 in
Eq.1.38, spontaneous polarization is obtained because all coefficients are positive. One
also notes that if we determine the dielectric susceptibility or dielectric stiffness k) below

the transition (7' < @), one gets:
1
k=—=200-T) (1.43)
X

Comparing this to Eq.1.41, these two equations suggest that x approaches zero at T'= @
and thus y diverges. In reality, x achieves large but finite values. Another discontinuous
parameter that is worth mentioning here is the heat capacity which is basically a second
derivative of the free energy F' with respect to electric field.

Schematics of second-order phase transition are depicted in Fig. 1.6 (d-f).

1.2.8 Doping of Barium Titanate and Tolerance factor

The tolerance factor (TF) for ferroelectric materials with perovskite structure ABO3

is defined as: s
TF — A—-O

~ V2Rp_o
Where Ra.0(Rp.o) is the bond length between O? and the A-site (B-site) ions. The

tolerance factor represents the close-packing property of crystals. Normal closed-pack

(1.44)

structures like BaTiO3 have two closed-packing directions available: First along the face
diagonal (Ba-O-Ba), and the other passing through the center (O-Ti-O).?® Tolerance fac-
tor also reflects the stacking mode of the crystal. When TF > 1, <110> are the close
packing directions which means that there exists sufficient space between oxygen octa-

hedron and the B-site ions, permitting ion displacements, e.g., in BaTiO3. However, in

13
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Figure 1.6: (a) First-order and (b) Second-order phase transition in terms of variation with
temperature of their free-energy, spontaneous polarization and susceptibility.
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case of TF < 1, the close-packing occurs in <100> directions, leaving small displacement
margin for B-site cations displacement, e.g., in the case of GdScOs.

The TF also hints toward the crystal structure of a closed-pack structure. Ions with
the same type of charge on them must be separated to avoid electric repulsion. Here
two things are needed to be noticed: the ratio of positive to negative ionic radii, and the
coordination number. According to Pauling rules, when the ionic ratio is close to unity,
the typical coordination number is 12. The radius of Ba?* is 137 pm which equals that of
O?% (140 pm), making their ionic ratio of almost 1. Thus a coordination number of Ba?*
is 12. However, for smaller cations, the ionic ratios with O% are much smaller than 1, the
coordination number must also decrease to decrease repulsion between oxygen ions, and
to make the structure stable. The coordination environment is this case is optimized by

129 studied the relationship between

the rotation of the oxygen octahedron. Benedict et a
octahedral tilt and coordination number. They pointed out that perovskites with low
ionic ratios (between the cations and the oxygen anions) and small tolerance factors can
only exist in (O) orthorhombic phases (Pnma and Pnm2 space groups) and rhombohedral
(R) phases with low coordination number.

The value of TF is also expected to increase in another case scenario. A small-sized
B-site cation would have more space for displacement, and thus would be subjected to a
weaker repulsion from the oxygen octahedron. Thus the discussion about ion replacement
can be summarized with a statement that A-site elements with large ionic radii and B-site
elements with smaller ionic radii are more appropriate for ferroelectrics to enhance their

ferroelectric as well as piezoelectric properties. A size chart of certain well-known ions is

given in Table 1.1.

Table 1.1: Ionic radii of some interesting cations which can be substituted for either Ba?* or
Ti** in barium-titanate.

Tons Ti‘¢t  Zr*t HfYT  Sn?t NbST Ta%t Mg?t Zn?t Fe3t
Radii/pm 60.5 72 71 69 64 64 72 74 55
Tons Sc3t  Mn3t Ba2?t Pb2+t Sr2t  Ca2t Bidt La3t Gd3t
Radii/pm 74.5 58 135 119 118 100 103 103 93.8
Tons K+ Nat Lit 0%
Radii/pm 138 102 76 140

1.2.9 Barium calcium zirconate titanate (Ba,Ca)(Ti,Zr)O3 (BCZT)

system
In connection with the discussion in the very previous section, BaTiOg can be doped
at both A and B sites which results in an interesting phase diagram of the resultant
material, (Ba,X)(Ti,Y)Os, similar to the one depicted in Fig.1.7. On such a phase di-
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Figure 1.7: Types of different phase boundaries that might exist in s system, e.g., polymorphic
phase boundary (PPB) and morphotropic phase boundary (MPB).

agram, interesting features like polymorphic phase boundaries and morphotropic phase

boundaries develop. The role of such boundaries is discussed as follows:

1.2.9.1 The Role of Polymorphism and Morphotropic Phase Boundaries

It is a fact that electromechanical and dielectric properties are enriched around phase
instabilities.!® Polymorphism is present in a material if it has a phase instability. This
phase instability is manifested as the presence of two or more crystal structures depend-
ing on either the variation of composition or thermodynamic variables. The composition
driven phase boundary is known as a morphotropic phase boundary (MPB), while a
thermodynamic variables driven phase boundary is known as polymorphic phase bound-
ary.30 The origin of enhanced properties at phase boundaries of different ferroelectric
phases have been attributed to a transverse instability in saturation polarization Pg.
This instability which results in the convenient reorientation of polarization states due
to increased degeneracy reduction in free anisotropy energy, and softening of the crystal
lattice.'®:31735 Fig 1.7 depicts a schematic of a composition-temperature phase diagram
illustrating MPBs and PBBs.

It has been pointed out by some authors that quantum criticality is the fundamental

reason behind the enhanced properties.2%: 36,37

Thermodynamically, a critical point is
defined as a point in a phase diagram where a first order phase transition becomes a
second order phase transition at thermal equilibrium, as marked by the point b in Fig.1.7.
Near these critical points, the phase transition energy barrier is even reduced further from

its value for first-order phase transitions, which results in a pronounced enhancement of
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Figure 1.8: Difference between a normal ferroelectric and a relaxor ferroelectric system ex-

plained regarding polarisation hysteresis, spontaneous polarisation versus temperature curve,
23

and electric permittivity versus temperature curve.
electromechanical properties due to the decrease in free energy anisotropy. In Fig.1.7,
we see another point marked as ¢, which also represents a vertex of three different phase
boundaries. However c is different from b in the sense that it represents a point where
two first-order phase transitions lead to a phase transition with increasing temperature
that is also a first-order one, and therefore, criticality is missing. Point ¢ is termed as just
a triple point. On the other hand b has features of both a triple point as well as a critical

point.

1.2.10 Relaxors

Relaxor ferroelectrics (RFEs) are classified as a subgroup of ferroelectrics whose physi-
cal properties are not so adequately described by the Ginzburg-Landau-Devonshire theory

of ferroelectrics. The main features which make RFEs are the following:
o A pronounced frequency dependence of electric permittivity,
e An absence of spontaneous polarization,

o Phase transition-like electric permittivity behavior but without structural macro-

scopic symmetry breaking.
o A response similar to ferroelectrics when field-cooled to low temperature.

Fig.1.8 illustrates the difference between a normal and relaxor ferroelectrics. To imagine
relaxor ferroelectrics in a physical sense, let us consider a mixture of two or more ABO3

perovskites which contain dipolar species due to chemical substitution and lattice defects.
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At very high temperatures, there exists no net dipole moment, because all of the dipoles
are affected by thermal fluctuations. On cooling, the dipoles start to show their character,
here onward called polar nanoregions. Below a certain characteristic temperature Ty,
known as Burn’s temperature, their role is significant. These polar nanoregions grow in
size with decreasing temperature, as their correlation length r. increases and give rise to

two alternative possibilities:

o The sample may undergo a cooperative ferroelectric phase transition if polar nanore-

gions percolate to the extent of the whole sample dimensions.

o If the growth of polar nanoregions is not complete with decreasing temperature and
no percolation is possible, then there is a dynamic slowing down of the thermal

fluctuations at T' < T}, leading to a state of randomly oriented polar nanoregions.

It is well-accepted that the specific properties of the relaxors originate from the compo-
sitional/charge disorder, i.e., equivalent crystallographic sites are occupied by different
types of ions.?8 This gives rise to a peculiar polar structure consisting of short-range or-
dered regions of nanometric scale, known in the literature as polar nanoregions (PNRs).
The charge disorder gives rise to quenched electric random fields, which prevent the forma-
tion of the long-range ordered ferroic state in these perovskites.> At high temperatures,
these polar nanoregions are considered dynamic enough, with the interaction between
them very weak, thus with the result that they quickly go back to their equilibrium state
after the applied excitation is removed (short relaxation time).* This state of the sys-
tem is called ergodic relaxor. On decreasing temperature, not only the number of PNRs
grow, but also the size of each PNR increases. This promotes strong interaction between
these which eventually transform the system either to a non-ergodic (short range glass

like interactions) or ferroelectric state.

1.2.10.1 Barium Tin Titanate Ba(Ti,Sn)O3, (BSnT) System

Barium titanate-based ferroelectric and relaxor systems have gained considerable at-
tention due to their environment-friendly nature. Barium tin titanate Ba(Tij_;Sn;)O3
is basically a solid solution of BaTiOs and BaSnOs. The first Ba(Ti;_;Sn;)O3 system
was reported by Smolenskii and Isupov.*! For the concentration range (8-20%), the elec-
tric permittivity exhibits a maximum much broader than that in BaTiOgs, without the
typical frequency dispersion of relaxors. This behavior of the phase transition is known
as a diffuse phase transition (DPT). However, the compositions > 20% exhibit relaxor
behavior.*? It has been observed that for these compositions, the frequency dispersion of

Ty (the temperature corresponding to €p,45) follows an empirical Vogel-Fulcher law:

E, }

f(Tm) = foeili'p{ - IiB(Tm — TVF)

(1.45)
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where F, is activation energy and Ty p is the Vogel-Fulcher temperature corresponding

to the dynamic slowing down and freezing of PNR dynamics.

1.3 Magnetism

An atom is magnetic if it carries a permanent magnetic moment. Every material
is formed from an assembly of atoms which can be either magnetic or non-magnetic.
However, magnetic materials are classified according to their respective response to the
magnetic field. : dia-, para-, antiferro-, ferro-, and ferrimagnetic materials. However,
here only paramagnetic, ferromagnetic, antiferromagnetic, and ferrimagnetic materials

are described in brief.

1.3.1 Paramagnetism

Most of the times, the magnetism of paramagnetic substances originates from the
permanent magnetic moments of some or all of the constituent atoms or ions. If these
moments interact negligibly with each other, then they can orient themselves freely in any
direction, this is called paramagnetism of free atoms. When a magnetic field is applied,
the average direction of the moments is changed, and a magnetization parallel to the
field is induced. However, such a magnetization is temperature dependent and decreases
by increasing the temperature due to thermal agitation. In the ideal case, the magnetic
susceptibility is positive, and the reciprocal susceptibility varies linearly with temperature:
famously known as Curie’s law of magnetism. Paramagnetism is depicted schematically
in Fig. 1.9(a).

1.3.2 Antiferromagnetism

Antiferromagnetism is similar to paramagnetism: with a weak and positive susceptibil-
ity as depicted in Fig. 1.9(b). However, the reciprocal susceptibility exhibits a minimum
for antiferromagnetic materials, at a certain temperature known as Neel’s temperature
Txn. This minimum in the inverse susceptibility originates from the appearance of an
antiparallel arrangement of the magnetic moments below T . In the most simple case,
the magnetic moments are distributed into two sublattices so that their magnetizations
are equal but opposite. In the absence of magnetic field, the resulting magnetization is
zero. Above Ty, the inverse susceptibility behaves similarly to that of paramagnets but
increases below it, because of the decrease in the thermal agitation which works against
the antiferromagnetic ordering. The antiferromagnetic interaction is also termed as a

negative exchange interaction.
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Figure 1.9: Different kinds of magnetic materials distincted by their behavior in an externally
applied magnetic field, and behavior of susceptibility with temperature correspondingly.*3

20



1.4 Ferrimagnetic Spinel Ferrites

1.3.3 Ferromagnetism

Ferromagnetism is a parallel arrangement of magnetic moments of neighboring atoms,
which is favored by positive exchange interactions. The effect is the same as if some
fictitious field is acting on all the moments. At high enough temperature, thermal ag-
itation leads to a susceptibility behavior similar to that in paramagnets. The inverse
susceptibility becomes zero at a characteristic temperature T (for each material) owing
to the strong magnetic interactions. Below T, interactions overcome thermal agitation
and a spontaneous magnetization (Mg) appears in the absence of a magnetic field. This
spontaneous magnetization reaches a maximum at 0 K corresponding to the parallel con-
figuration of all the individual moments, as shown schematically in Fig. 1.9(c).
The existence of Mg does not guarantee that overall piece of a material will be sponta-
neously magnetized below Tz. Such a material is said to be demagnetized. This effect
is due to the existence of magnetic domains inside such materials, each domain possess-
ing its own spontaneous magnetization orientation, however, the distribution of domain
orientations is such that the resulting magnetic moment of the whole sample is zero.
However, when a magnetic field is applied, this orientation distribution of magnetic do-
mains is modified (most of them pointing in the direction of the field). This gives rise to
a solid curve shown in Fig.1.10. Thus, a ferromagnetic material has a strong magnetic
field induced magnetization. In the presence of large magnetic fields, the magnetization
saturates, and if the field is swept between two extreme values in either direction, the
behavior of magnetization is irreversible, represented by the dashed line in Fig. 1.10, also
known as hysteresis loop. It is worth mentioning that this hysteresis loop is of extreme

importance for technological applications.

1.3.4 Ferrimagnetism

Intuitively, ferrimagnetism is similar to antiferromagnetism, consisting of two sublat-
tices with opposite magnetization orientations. However, the difference from antiferro-
magnetism lies in the fact that the magnetizations of the sublattices are not the same.
Thus, compensation does not occur. Consequently, a spontaneous magnetic moment ap-
pears in such a material below Ty, thus making ferrimagnet behave like a ferromagnet
below this temperature. At temperatures much higher than T it also behaves as a

paramagnet. This magnetic behavior is illustrated in Fig.1.9(d).

1.4 Ferrimagnetic Spinel Ferrites
In this dissertation, it is endeavored to show that CoFesO4 and NiFesO4 have been
chosen due to their extremely good magnetostrictive coefficients and magnetomechanical

coupling factors amongst metal oxides. This choice is of great interest as the magnetoe-

21



Fundamentals of the Magnetoelectric Effect

Figure 1.10: A typical hysteresis loops (M (H)) of a magnetic material. The important quantity
is initial permeability u; defined by the slope of curve oa.

lastic interaction plays a key role in magnetoelectric composites via interface coupling.

Spinels [AB2Oy] can be classified into main three categories:**

« Normal spinel has only divalent cations residing on the eight A sites with trivalent
ions filling the sixteen available B sites. An example of a normal ferrite is the Zn
spinel ferrite [Zn'][Fe!!),04, where divalent Zn?* fills A sites and Fe3T the B sites,

a schematic inverse-spinel is shown in Fig. 1.11.

o Inverse spinel when divalent ions fill 8 of the 16 B sites while trivalent ions occupy
the remaining A and B sites, a typical example being nickel ferrite [Fe][Nig 5Feg 5]204.

The typical inverse spinel structure is illustrated in Fig.1.11.

« Mixed spinel has valence ions occupying both A and B sublattices. Each ionic
species has thermodynamically preferred lattice positions, mainly due to the cation
ionic radius, electrostatic energy, and electronic configuration. This type of fer-
rites mostly results from nonequilibrium processing such as pulsed-laser deposi-
tion (PLD), sputter deposition, and high kinetic energy transfer, for example, ball

milling, etc.

1.4.1 Magnetic Anisotropy
An important characteristic of a magnetic crystal is the dependence of magnetic prop-

erties on the direction of the applied magnetic field and on the direction in which they are
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measured, known as magnetic anisotropy. There are several kinds of anisotropies which

are categorized as:

Crystal /Magnetocrystalline anisotropy
e Shape anisotropy
o Stress anisotropy

e Anisotropy induced by
a. Magnetic annealing
b. Plastic deformation

c. Irradiation

o Exchange anisotropy

Among these, only magnetocrystalline anisotropy is intrinsic, and all others are induced
anisotropies. Only magnetocrystalline anisotropy will be further discussed here due to its

relevance to magnetostriction of ferrites.

1.4.1.1 Magnetocrystalline Anisotropy in Cubic Crystals

In anisotropic solids certain crystallographic axes are favored by the magnetic moments
which will prefer to lie along these directions leading to a lower energy. These preferred
orientations are known as magnetic easy-axes which also means that the applied field must
do work against the anisotropy force to turn the magnetization vector away from an easy
direction. Therefore, storing energy in the crystal, thus for crystals where magnetization

points to a non-easy or hard direction, the stored energy in a cubic crystal is given by:*°
E, = Ko+ K1(a2a3 4+ o303 + a3a?) + Kao(ada3a3)+- - (1.46)

where a1, a9, and ag are the directional cosines of the magnetization vectors with the
crystal axes a, b and c, respectively. Ky, K1, and K9 are material constants. The first
term is neglected as it is angle independent and K3 is also neglected, so anisotropy energy
has the form:

E, = Ki(a3a3 + o303 + ada?) (1.47)

The relative signs of K7 and Ky are used for the determination of the easy axis of cubic
crystals. When K> is zero, the direction of the easy axis is determined by the sign of K;
only. If K is positive, <100> is the easy direction, <111> is the hard direction and the

order of energies is E190 < E110 < E111. The examples of positive K materials include
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iron and cubic ferrites that contain cobalt. On the other hand if K5 is negative, the order
of energies is F111 < E110 < F100 with <111> be the easy axis. Typical examples include
nickel and cubic ferrites with little or no cobalt.

The physical origin of magnetocrystalline anisotropy mainly lies in spin-orbit coupling
i.e., the interaction between the spin and the orbital motion of each electron. When an
external field tries to reorient the spin of an electron, the orbit of that electron also has a
tendency to be reoriented. But the orbit is strongly coupled to the lattice and therefore
repels the attempt to rotate the spin axis. The anisotropy energy, therefore, is the energy

required to overcome the spin-orbit coupling.

1.4.2 Cobalt Ferrite CoFe,O4 (CFO)
1.4.2.1 Structure

Cobalt ferrite has an inverse spinel structure with eight formula units per unit cell.
Its crystallographic structure corresponds to the F' dgm, which is cubic with a lattice pa-
rameter of 8.392 A. The spinel structure can be divided into eight face-centered cubes
of oxygen, and each cube has eight tetrahedral (A) and four octahedral (B) sites in the
AB50Oy4 unit cell, all of which can be occupied by metallic cations. Fe?* occupies all of
the tetrahedral sites with 1/8 contribution for the each site (8 x 1/8 = 1). The octahe-
dral sites are equally divided between Co?T and the remaining Fe3* sites, also with 1/8
contribution from each. Thus the formula unit for an ideal inverse spinel can be described

as follows:

(Fe3+)A(C02+, Fe3+)BO4

1.4.2.2 Magnetism in CFO

Bulk polycrystalline CFO has a saturation magnetization, M, of 398 kA.m™' or 80
emu.g! according to the literaure.*> The magnetic properties of CFO arise from several
exchange coupling mechanisms between the different cations, the predominant of these are
superexchange interactions in which Fe3t and Co?t couple via an overlap of 3d orbitals
with the 2p orbitals of an intermediate oxygen anion. Another ferromagnetic interaction,
called double-exchange, occurs by the direct transfer of the electron from Co?* (3d")
towards the empty d-levels in Fe3+t (3d5), however, this interaction is rather weak and
is over-shadowed by the super-exchange interaction. The main exchange interactions of

CFO along with their strengths in units of kg are summarized after Kim et al.:*7

1. First antiferromagnetic super-exchange A-O-B involving the overlap of Fe3*
with Fe3*p or Co?tp across the 2p orbitals of an intermediate O>~. This is the

strongest interaction with an energy of Jyp = —24kp.
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Figure 1.11: Inverse spinel unit cell, differentiated by tetrahedral and octahedral sites. In an
inverse spinel structure, tetrahedral sites are occupied by cations with 3+ charge, while the
octahedral sites might be occupied by equal number of cations of 2+ and 3+ charge states,
figure was drawn using freeware Vesta.46

2. Second antiferromagnetic super-exchange A-O-A involving only Fe3*t, | again

via O% with a strength of Jyp = —19kp.

3. A ferromagnetic super-exchange B-O-B coupling Fe3Tp to Co?Tp, its energy

being low at a value of Jp = 4k p.

4. A direct ferromagnetic double-exchange B-B involving the same ions, Fe3*

and Co?Tg, however, strongly masked by the super-exchange interaction.

To calculate the net magnetic moment of CFO, it is important to know that Fe3*, and
Fe3*y provide 5 p1p/formula unit of magnetic moment each. However, this is canceled by
the A-O-B antiferromagnetic interactions as discussed above. On the other hand Co?Tg
provides 3 pp/formula unit, thus the overall magnetic moment of CFO is provided by
Co?Tg only in the ideal inverse spinel. It is worth mentioning that inverse spinels are
seldom ideal and migration of X?T occurs readily in XFesOy4 leading to a mixed spinel
structure whose total magnetic moment would vary greatly from the ideal one.*®
1.4.2.3 Spin-Orbit Coupling in CFO

As discussed earlier, for ideal inverse spinel structure consisting of a close-packed
oxygen framework with face-centered cubic structure, metal ions occupy the tetrahedral
sites and octahedral sites in a ratio of 1:2. These are the Co?T ions in the octahedral
site which are expected to produce a large anisotropy. So here the spin-orbit coupling in

Co?t will be discussed:
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In the free ion state, energy levels of d-electrons of an ion degenerate, however, they
split into doubly degenerate d, and triply degenerate d. levels once the ion is placed at
an octahedral site as shown in Fig.1.12(b). This happens because the d, wave function
stretches along a cubic axis on which the nearest neighbor O ion is located. This
causes high Coulomb interaction between the negatively charged electron and the O%
ion, thus raising the energy level of d; while the de wave function stretches between two
cubic axes, thereby avoiding the O% ions, so that the Coulomb repulsion is relatively
small and the d¢ level is lowered. Additionally, the second nearest neighbor ions which
are arranged symmetrically about the trigonal axis produce a trigonal field and thus
attempt to attract electrons along the trigonal axis. This causes further splitting of triply
degenerate d, levels into an isolated lower energy level(corresponding to wave-function
stretching along the trigonal axis) and doubly degenerate higher levels (which correspond
to levels perpendicular to the trigonal axis) (Fig.1.12(c)).

Five out of seven electrons in the valence shell of the Co?* ion in an octahedral site fill +
or up-spin states and the remaining two fill up as a down-spin state. The last electron in
the doubly degenerate d- level has the tendency to alternate between two possible spin
states, constituting a circular orbit with an orbital magnetic moment L. This orbital
moment interacts with the total spin S of Co?T, giving rise to a spin-orbit coupling of
the form wgp = nE- S. Since Co?T has more than half the number of electrons that are
required for a filled shell, Lis parallel to S according to Hund’s rule and n < 0.

In cubic crystal which has four <111> axes, if Co?T ions are distributed equally on

octahedral sites, the anisotropy energy is given by:
1
E, = ZnLS(|cosé’1| + |cosba| + |cosBs| + |cosby]) (1.48)

where 601, 65, 03, and 04 are the angles between S and the four <111> axes. This equation

can be further transformed into:

327
E, = —ﬁnLS(a%&% + o302 + a3a?) (1.49)
Since n < 0, so the factor before the parenthesis is positive and thus Eq.1.47 follows. This

explains why the ferrites with Co?* have the positive K7.%

1.4.3 Nickel Ferrite, NiFe,O, (NFO)

Nickel ferrite is also an inverse spinel similar to CFO (see Section(1.4.2)) with the dif-
ference that Co®% is replaced by Ni?T, thereby changing its magnetic and magnetostrictive
properties. It has a Curie temperature of 858 K with a saturation magnetization of 271
kA.m™.%3
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Figure 1.12: Crystal-field splitting of energy levels of 3d electrons: (a) free ions; (b) cubic fields;
(c) trigonal fields.*?

1.4.4 Magnetostriction

Change in dimensions of a material upon application of a magnetic field is termed as
magnetostriction. This magnetically induced strain in a material is usually represented
by A which is A = Al/Il. The magnetostriction occurs in all magnetic materials, however,
the overall effect is quite small. The saturation magnetostriction A is of the order of 107.
Quantitatively it can be compared to its thermal counterpart, where the same amount of
strain occurs for just 0.5 K change of temperature.45

The value of \g can be positive, negative or even zero sometimes. Most of the mag-
netostrictive change in magnetic material occurs during a domain rotation process. The
longitudinal magnetostriction can be measured with commercially available strain gauges.
These gauges are magnetoresistive in nature, and usually, two such gauges are used in
a bridge circuit. One of the gauges is directly glued to the surface of the sample while
the other remains as it is. Both of them are placed under the same magnetic field. The
dimensions of the gauge attached to the sample change, thereby changing its resistance
while that of the other remains unaffected. Other types of magnetostrictive sensors in-
clude capacitive, inductive, and optical ones, which are non-touch sensors. These types of
sensors when used with proper circuit design have a wide temperature range of operation.

Magnetostriction can be categorized into two basic types: First is spontaneous which
occurs when a sample is cooled below the Curie point and such a change occurs in each
domain individually. Second is the forced one which occurs when a magnetically saturated
specimen is subjected to large-enough magnetic field to increase its magnetization above
its saturation value. However, the ordinary field-induced magnetostriction in which A
changes from 0 to A is caused by direct conversion of a demagnetized sample consisting
of domains strained in different directions into a saturated single domain state strained
in only one direction.

The saturation magnetostriction g, which cubic crystals undergoes from a direction

that is defined by the direction cosines (1, [2, and [3 relative to the crystal axes to a
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saturation direction with another set of direction cosines o, oo, and a3 is given by:*°

As = :23)\100(04%5% +a3f85 + 305 — ;) + 3111 (w1 2 + avasfa 3 + azar f351)
(1.50)
Here Ajgg and \i1; are saturation magnetostrictions when the applied magnetic field as
well as the directions of measured strain are (100) and (111), respectively. When strain

is measured in the direction of magnetization, Eq. 1.50 becomes:

3

)\325

1
)\100(0/11 + a% + a% — §) + 3)\111(0&%0&% + a%a% + a%a%) (1.51)
Which can be further reduced to
As = oo + 3()\100 — )\111) (a%a% + a%a% + a%a%) (1.52)

Eq.1.52 is known as the two-constant equation for magnetostriction, and it is valid for
a magnetostrictive system brought to saturation from a demagnetized state in which
all the domain magnetizations were randomly oriented in all directions such that they
approximately add up to give zero net value.

In polycrystalline magnetic systems such as CoFeaO4 and NiFeoOy, the situation is
different where grain orientations are completely random. Thus the saturation magne-
tostriction of such a system can be determined by some sort of average over these ori-
entations. Each grain when subjected to a field value that is higher than the saturation
value, undergoes a strain that is different from that experienced by its neighbors owing to
its orientation. If a condition of uniform strain is implied, the magnetostriction can then

be averaged over all directions. This results in the following form:

S 2X100 + 3111

s - (1.53)

1.4.5 Multiferroics Classification
Multiferroics can be broadly classified into two classes, single phase or intrinsic mul-

tiferroics and multiphase or extrinsic/hybrid multiferroics.

1.4.5.1 Classes of Intrinsic Multiferroics
Four main mechanisms are responsible for multiferroicity in single phase intrinsic mul-

tiferroics. These include:

e Lone-pair mechanism: This mechanism is responsible for the room-temperature

ferroelectricity observed in BiFeOs. In this material, a pair of Bi** valence electrons
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Figure 1.13: The simplest block diagrams for strain-mediated direct (a) and converse (b) mag-
netoelectric coupling mechanisms, adapted from Wang et al.?°
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Table 1.2: A brief list of some well-studied piezoelectric and magnetostrictive materials,
taken from Palneedi et al.'!

Piezoelectric Phase

Magnetostrictive Phase

Lead-based:

Pb(Zr,Ti)O3 (PZT)
Pb(Mgl/ng2/3])Og-PbT103
PT)
Pb(an/3Nb2/3)03—PbT103 (PZN-PT)
Pb(Mgy /3Nby3)y (ZrxTi1x )1y O3
(PMN-PZT)
Pb(In1/2Nb1/2)Og—Pb(Mg1/3Nb2/3)Og-
PbTiO3 (PIN-PMN-PT)

Lead-free:

BaTiO3 (BTO)-based
(Ko.5Nag5)NbO3 (KNN)-based
Na0.5Bio_5TiOS (NBT)-based

Others:

AIN

(PMN-

Zn0O

(Sr, Ba)NbQO5
Bal_XSI"XTi()3 (BSTO)
Bil_XSI‘XTi()3 (BST)
LasGas 551014 (LGS)
LagGa5_5Ta0.5014 (LGT)
Polyurethane (PU)

Polyvinylidene difluoride (PVDF)

Metals:
Fe, Co, Ni
Alloys:

FeNi-based
FeCo-based

CoNi-based

NigMnGa

Permendur (FeCoV)

Galfenol (FeGa), FeGaB

Samfenol (SmFey)

Terfenol-D (ThyxDyxFes)

Fe-based metallic glasses (FeBSi, FeB-
SiC, FeCoB,

FeCoSi, FeCoSiB, FeCuNbSiB)
Ceramics:

FesOy4

Zn0,1F62.904 (ZFO)

LaxSryMnO3 (LSMO)

LayCayMnO3z (LCMO)

Ferrites or doped Ferrites e.g. NiFeyOy
(NFO)

CoFey0O4 (CFO), Li ferrite, Cu ferrite,
Mn ferrite)
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in the 6s orbital does not take part in sp hybridization, thus creates a local dipole
yielding a spontaneous polarization below the Curie temperature (T = 1103 K). A
long-range periodic antiferromagnetic structure arises below the Néel temperature
(T = 643 K). Among the lone-pair systems, BiFeOs is the only room-temperature
single-phase multiferroic material. It had large and robust electric polarization and

pronounced magnetoelectric coupling.

« Geometric ferroelectricity: Geometric constraints and space-filling effects may
result into structural instabilities in materials, which lead to ionic shifts and the
formation of a polar state. Typical examples are h-RMnO3 (R = Se, Y, In or Dy-
Lu). Unit-cell tripling is responsible for the emergence of a ferroelectric order at T

= 120 K followed by magnetic ordering at Ty < 120 K.

e Charge ordering: This is an interesting concept in compounds like LuFeo,O4 where
it was proposed that the Fe atoms in LuFeoO4 may form a superlattice with a repet-
itive sequence of Fe?t and Fe3T ions®! which might act as a source of ferroelectric-
ity. However, such an origin of ferroelectricity is still under debate. Other examples
demonstrating charge-ordered ferroelectricity and magnetism include mixed man-

ganites Pri_Ca,MnO3°? but they have not attracted much attention.

e Spin-driven ferroelectricity: Magnetic order can break the inversion symme-
try of electric lattice. So far there are three mechanisms that are identified in
this respect; the inverse Dzyloshinskii-Moriya interactions,”® the Heisenberg-like
exchange-striction,”® and a variation in the metal-ligand hybridization as a function

of spin-orbit coupling.?®

The most researched single phase multiferroics include: The Pb-family perovskite ox-

3,69-74 75-79

ides, Bismuth compounds, rare-earth manganites, mixed perovskite solid solu-

80-86 87-92

tions etc. However, most of these compounds have the following drawbacks:
e They are multiferroics at lower temperatures.

e They have weak ferroelectric and ferromagnetic response.

e Their ME coupling constants are too low for practical purposes.

1.4.5.2 Classification of Extrinsic Multiferroics

An alternative route towards the development of multiferroic systems consists in ex-
ploring the coupling that might occur at the interface between dissimilar magnetic and
ferroelectric materials. By carefully engineering a coupling between the magnetic and

ferroelectric order parameters across the interface, strong magnetoelectric couplings can
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Table 1.3: Some well-studied laminates along with their ME-output and experimental

conditions
Composition DC Bias, Frequency ag;-. (V/cm.Oe)
PZT-Terfenol D 4 kOe, 1 kHz 5.9%6
PMN-PT and Terfenol D 4 kOe, 1 kHz 10.456
AIN and Ta/Cu/Mnrolrgg/FesoCoso -, 1.197 kHz 96.7°7
Terfenol-D-BTO 350 Oe, 1 kHz 2.1°8
PZT and Fe-(20 at%)Ga 800 Oe, 1 kHz 3.5%
PZT-NFO 40 Oe, 1 kHz 1.5%0
Terfenol-D + Stainless steel + PZT -, 5 kHz 4061
Terfenol-D + PZT and p-metal 240 Oe, 1 kHz 1.462
Terfenol-D + PMN-PT 400 Oe, 1 kHz 4.3%3
Metglass and PVDF 8 Oe, 1 kHz 7.204
PMN-PT and Fe-(20 at%)Ga 750 Oe, 1 kHz 1.0
Metglass + Piezo fiber 2 Oe, 10 Hz 2266
Ni-PZT-Ni 80 Oe, 1 kHz 0.4567
Terfenol-D + Epoxy + PZT 700 Oe, 1 kHz 7.008

be attained that are orders of magnitude larger than those typical of single phase mul-

tiferroics. Another advantage of this approach is that the properties of each component

of the composite can be chosen within a larger number of materials, allowing for better

optimization of the properties of the system. These multiferroics are divided into four

main categories as given below:

32

o Exchange-mediated ME coupling. The exchange interaction gives rise to mag-

netic order in ferrimagnetic and antiferromagnetic materials and is also respon-
sible for ME coupling in intrinsic multiferroics like BiFeOs. This effect is medi-
ated through an adjacent oxygen ion and can also be used to control the prop-
erties of a ferromagnetic layer in the neighborhood of exchange coupled material
through the exchange bias effect. Thus exchange bias is present in ferromag-
netic/antiferromagnetic heterostructures where the antiferromagnetic material is
cooled below its Néel temperature while the ferromagnet is in its saturation state.
The exchange coupling at the interface between the two materials causes a shift
of the M (H) hysteresis loop. The exchange bias effect was first demonstrated in
[Co/Pt]/Cra03(0001) films”?® where ME coupling in CraO3 was used to control the
sign of the exchange bias field. Later, several other systems were explored in this
connection for example NiFe/YMnOs3,%* FeCo/BiFeO3,% and NirgFegs/BiFeO3%

ete.

Charge-mediated ME coupling There are certain systems in which magnetic

properties are linked to the presence of charge thus altering the charge density can
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alter the magnetic properties. In strongly correlated oxides, charge carrier doping
can be achieved by using a ferroelectric as a gate dielectric, an effect known as the
ferroelectric field effect in analogy to the normal semiconductor field effect.?” In

artificial multiferroics, there are three mechanisms of ME coupling:

— Modification of magnetic moment of a system by increasing its spin imbalance

at the Fermi level due to screening.”®

— Variation in exchange interaction such that the magnetic state of the system
is altered to either a nonmagnetic state or to a state with different spin con-

figuration.”

— Change in the magnetic anisotropy of the system.!%°

Charge transport phenomena in heterostructures. Presence of electric and
magnetic polarizations in multiferroic heterostructures can also give rise to other

101 The charge transport phenomena in multifer-

non-magnetoelectric phenomenon.
roic heterostructures in which both magnetic and ferroelectric order parameters are
employed to control charge transport, suggest new possibilities to control the con-
duction paths of the electron spin, with potential for device applications. Typical

0 3

examples are tunnel junction devices employing ferroelectric,'%? magnetoelectric!®

10

and multiferroic!® materials.

Strain-mediated ME coupling The idea of combining two different ferroic orders
and utilizing strain mediated coupling was first explored by van Suchtelen'® and
later further elaborated by Ryu et al.?® This idea is based on the product property
of two materials. In two-phase composite system one of the phases might have a
property so that an agent X results in an effect Y with a relationship dY /dX = Z,
with Z being the proportionality factor (it can be linear or non-linear). For the other
phase, the agent Y now acts on another property V and results in an effect W with
a relationship dV /dY = W where V is another type of linear or non-linear effect.
Now the effect of X on V' [dV /dX] can be determined simply by (dY /dX)(dV /dY)
which is actually the product of proportionality factors Z - W. That is why it is
known as a product property. Thus the product property is utilized in the sense
that an agent produces such an effect in a composite which is not present in either

of the two constituent phases.
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2-2 3-1

Figure 1.14: Different connectivity schemes which induce different kinds of ME coupling.

1.5 ME Effect in Extrinsic Strain-Mediated Multi-

ferroic Magnetoelectrics

Strain-mediated two-phase multiferroics were engineered with the idea to eliminate
the inherent deficiencies of single phase multiferroics. The first experiment on such com-
posites was conducted at the Philips Research Laboratory!?® where the unidirectional
solidification technique was employed to obtain eutectic compositions in the quaternary
system Fe-Co-Ti-Ba-O. The obtained voltage coefficient of the magnetoelectric effect was
superior to that of single phase materials.'? 1% However, the problem with this type
of composite was the form of the spinel dendrites in the perovskite matrix'% (Fig.1.15),
which limits the piezoelectric and magnetoelectric coefficients because of the difficulty
in electrical poling. This groundbreaking work paved the way towards the search of a
variety of ferroelectric/ferromagnetic bulk composites. Extrinsic magnetoelectrics can be
configured in multiple ways; a detailed and systematic approach description is presented

in the following section via the connectivity schemes.

1.5.1 Connectivity Schemes

A connectivity scheme refers to a configuration which describes how two different
types of phases are interconnected/joined together. Connectivity is important, because
it is a crucial factor in the determination of constitutive/product properties of the re-
sultant phase. Especially, in case of the strain mediated magnetoelectric effect, it is the
most important factor. Different connectivity schemes are shown in Fig. 1.14, and are
briefly described in the following section. Moreover, a brief list of most commonly used

piezoelectric and magnetostrictive phases is presented in Table 1.2.

1.5.1.1 The 3-0, 0-3, 3-3 Connectivity Schemes
These connectivity schemes refer to the matrix-particle configuration, the first digit in
the scheme refers to the host/matrix (in larger amount) in which particles of second phase

rest. The digit 0 implies nanoparticles while 3 is referred to 3-dimensional phase. The 3-3

34



1.5 ME Effect in Extrinsic Strain-Mediated Multiferroic Magnetoelectrics

Table 1.4: A brief list of some of the nanocomposites studied for ME coupling.

Composition Synthesis ME Properties Ref.
BTO - CFO Unidirectional solidification 130 mV/Oe.cm 105-107
BTO - CuFO Sol-gel 425 mV/Oe.cm 110
BTO - NFO Solid-state reaction 20 mV/Oe.cm 11
BTO - CFO Sol-gel 24 ps/m (Converse ME) 12
BTO - CFO Spark plasma 2 ps/m (Converse ME) 12
0.5BTO - 0.5CFO solid state 1.48 mV/Oe.cm 113
0.25BTO - 0.75CFO Sol-gel, solid state 1.97 mV/Oe.cm (dynamic) 114
0.256BTO - 0.75CFO Sol-gel, solid state 1.67 mV/Oe.cm (Pulsed H) 114
0.6BTO - 0.4NFO Solid state synthesis 252 mV/Oe.cm 15
0.7BTO - 0.3NCoCuFO Solid state synthesis 0.63 mV/Oe.cm 116
PZT@QNFO solid-state reaction 190 mV/Oe.cm 7
CFOQPZT Sol-gel + electrospinning - 118
Fe304@BTO Electrochemical - 119
BTO@v-Fey 03 Sol-gel MD of 1.5 % at 300 kHz 120
BTO@Fey03 Sol-gel MD of 1% 121
CFO@BTO Sol-gel synthesis 2540 mV /cm.Oe @ 160 kHz 122
CFO@BTO Sol-gel synthesis(core-shell) 6.7 mV/cm.Oe 123
BTOQLSMO Sol-gel 54.4 mV /cm.Oe 124
CFO@BTO Hydrothermal + annealing 2.23 mV/cm.Oe 125
CFO@BTO Wet-chemical method 3.4 mV/cm.Oe 126
CFO@BTO Wet-chemical method - 127
CFO-PZT thick films Sol-gel 30 mV/cm.Oe @ 10 kHz 128
CFO-BTO Sol-gel synthesis 5.5 mV/cm.Oe 129
NiFe;04@BaTiO3 Sol-gel synthesis 12 mV/em.Oe 130
Ferrite@perovskite Sol-gel synthesis - 131
NFOQ@QPZT Sol-gel 195 mV /cm.Oe 7
BTO-CFO covalently bonded Sol-gel synthesis 0.3 mV/cm.Oe 132
NFO - BTO Sol-gel synthesis 0.5 mV/cm.Oe 133
BTOQ@QNFO Sol-gel synthesis MD of 28 % resonance 134
NFO - BTO Sol-gel synthesis 0.4 mV/cm.Oe 135
BTOQ@NiZnFO Chemical self-assembly - 136
FeoO3@BTO Chemical self-assembly - 137
CFO - PZT nanofibers Electrospinning Studied via PFM 138
NFO - PZT Electrospinning MD of 8 % 139
PZTQNFO Sol-gel + electrochemical - 140
CFO@BTO Sol-gel MD of 4.5 % 141
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scheme is also included in this group because in the case of sintered particulate ceramics,
the distinction between these three types is very difficult. The 3-3 connectivity also is
referred to as mized-phase connectivity. It is usually achieved by mixing the constituent
phases in the solid state and subsequent compaction and sintering at high temperatures.
The synthesis of such materials is convenient and cost-effective, however, this type of
configuration suffers, at times, from poor phase connectivity.

An extensively used technique for producing 0-3 particulate composites comprises of
sintering a mixture of ceramic oxide powders at high temperature. This ceramic sinter-
ing process is straightforward and the properties of the composite can be conveniently
customized by picking the constituent phases, their starting particle sizes, and processing
parameters. Using this process, mainly magnetic ferrites have been used with piezoelec-
tric ceramic composites due to their high temperature stability. Currently, the measured
ME coupling of the particulate composites are distinctly lower than the theoretically ex-
pected ones. Several factors influence the ME coupling which include the misfit strain
at the interface arising from the thermal expansion mismatch between the two phases
reducing the densification the interdiffusion and/or chemical reactions between the two
phases during high-temperature sintering. However, these issues can be counteracted by
using an optimum sintering regime and better piezoelectric materials that can show better
coupling properties. A great number of particulate systems have been investigated for
ME coupling, a brief list of these is presented in Table 1.4 which include the composites
prepared by all the chemical synthesis methods available. For example, the most widely

used method is sol-gel.

1.5.1.2 The 2-2 Connectivity Scheme

Here the digit 2 refers to the two-dimensional nature of both phases. Mostly it refers
to alternate 2-dimensional layers which may be two or more in number. Sometimes, these
structures are also called heterostructures. Two-phase thin films as well as laminates and
thin films fall in this category. Laminates are usually fabricated by glueing two or more
thin layers, usually a dielectric layer sandwiched between two metallic magnetostrictive
layers. This results in a very high stress-mediated magnetoelectric coupling, for example,
an ME coefficient of 4.68 V/cm-Oe (off-resonance) was obtained in a laminate structure
of Terfenol-D/PZT /Terfenol-D.'#2 A brief list of high ME-output laminates is given in
Table 1.3.

In spite of good performance, they suffer from some drawbacks. The metallic magne-
tostrictive materials are overly expensive. Moreover, these magnetostrictive materials are
brittle, have low permeability, and require a high biasing magnetic field to achieve the
maximum magnetoelectric effect.

Another type of laminate consists of the polymer PVDF and Metglas.'3 They show
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good room temperature ME characteristics. However, the main drawback with these
laminates is their small temperature-window of operation. Hence they are not suitable
for devices to be operated at high temperatures.

Bi-layered and multilayered thin films also form a part of this connectivity scheme.
There has been an enormous amount of interest in thin film heterostructures, and many
different types of heterostructure combinations have been reported in literature.® 44147
A brief list of heterostructures which employ strain-mediated magnetoelectric coupling

are given in Table 1.5.

1.5.1.3 The 3-1 or 1-3 Connectivity Schemes

This is a very interesting category of connectivity schemes. The digit 1 refers to
one-dimensional pillars/rods which are embedded in the other three-dimensional phase.
In the past, it was predicted that this is the most useful configuration to get enhanced
magnetoelectric properties.'*® A number of such films were fabricated, mostly via phys-
ical methods like pulsed-laser deposition, physical vapor deposition, and a small number
of them with chemical deposition techniques. Phase self-assembly is the mechanism re-
sponsible for such structure growth during film deposition. A lot of research work has
been done on these self-assembled nano-pillar structures.'497163 Tt was determined that
although they provide better mechanical coupling, they also suffer from the serious draw-
back of electrical-shortening which drastically reduces their magnetoelectric abilities.

Table 1.5: Different thin film heterostructures, along with their coupling mechanisms, and
temperatures corresponding to maximum ME coeflicients.

System Coupling T Mechanism Reference
Ni/BaTiO3 converse 300 K Strain 164
CoFey04/BaTiO3 direct 300 K Strain 165
CoFey0y4/BiFeO3 direct 370 K Strain 166
Zng 1Fes 904/PMN-PT direct 300 K Strain 167
Fe304/CoFeyOy4/PZT converse 300 K Strain 168
Fe304/PMN-PT converse 300 K Strain 169
LSMO (z = 0.3)/BaTiO3  converse 200 K Strain 170
LSMO (z = 0.3)/BaTiO3  converse 300 K Strain 170
LSMO (z = 0.3)/PMN-PT  converse 300 K Strain 1
LCMO (z = 0.3)/PMN-PT converse 10 K Strain 172

1.6 Thesis Motivation

According to a recent article,!”™ two main challenges are faced by modern electronic
industry: cost control and environmental concerns. The electronic industry has to follow
the idea of steeply declining costs of electronic products and find ways to come up with

better and simultaneously cheaper products.
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Figure 1.15: A transverse section of a BTO-CFO unidirectionally solidified rod showing four

finned spinel dendrites in cell. The image was reused with permission from Kluwer Academic
Publishers, ©1974 Chapman and Hall Ltd.'%

Table 1.6: Piezoelectric, dielectric, and electromechanical coupling coefficients of BCT-
50BZT.17

Piezoelectric Coeflicients Dielectric Constants Electromechanical Coupling
dij (1012 N/C) gij (o) Factors
Mat. ds3  dsi  dis  oely  eh &Sy &gy kss km ks ke kp
BCZT 546 -231 453 4050 2732 2930 1652 0.65 031 048 0.42 0.53
BaTiO3191 -79 270 1898 1622 1419 1269 049 021 048 .. 0.35

PZT5A 374 -171 584 1700 1730 830 916 0.70 034 068 049 0.60
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Figure 1.16: Comparsion of the phase digrams of PZT and BCT-zBZT.'®¢ Phase diagram of
BCT-zBZT reused with permission from ©2009 American Physical Society.'8”

The solid solutions of lead zirconate titanate Pb(Ti,Zr)Os have been the focus of
attention in piezoelectric industry, because all the desired features like high piezoelectric
and electromechanical properties are readily achieved by either doping or modifying the

7 Pb-based piezoceramics hold more than 90% share of the modern

crystal lattice.!
piezoelectric industry.!™ However, due to increased global awareness about a healthy
environment since the late 1990’s, Pb-based materials are considered to be in the list of
heavily toxic materials. Moreover, the global awareness resulted in concrete steps toward
the elimination of toxic materials from household and daily use from certain national
and international governing bodies.!”" 183 Pb and PbO were clearly categorized as toxic
materials, 8% 18% and since then alternatives for Pb-based materials are being sought.
Based on the discussion in the previous section, the requirements for new functional
materials and the quest of achieving higher magnetoelectric coupling can be rationalized

as follows:

1. There is a great need for Pb-free multiferroic composites that can replace PZT and
PMN-PT-based piezoelectrics in multiferroic composites. Although the properties
of Pb-based piezoelectrics are hard to beat, yet there is a lot of room for improve-
ment, discovery, and research in Pb-free materials. Pb-based systems have been
a focus of research, especially P(Zr,Ti)O3 which is categorized as the one with a
vertical morphotropic phase boundary MPB on its phase diagram, separating a
ferroelectric thombohedral and a ferroelectric tetragonal phase. Similarly in Pb-
free systems, for example in BaTiO3, in which a new piezoelectric system can be
created by doping both Ba and Ti sites so that the system develops a polymorphic
phase boundary (PMB). The proposed system in this case is (1-z)(Bag.7Cag.3) TiO3-
tBa(Zrp2Tipg)O3 (BCT-zBZT). The end-composition (Bag7Cag 3)TiO3 has a pure

cubic-tetragonal phase transition and Ba(Zrg 2Tig.g)O3 has a pure rhombohedral to
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cubic transition. The resulting pseudo-binary phase diagram of BCT-zBZT contains
some compositions at PPB boundaries. The BCT-50BZT is one such composition
on the PPB phase boundary of BCT-zBZT at x = 0.5. It is a well-known fact
now that the piezoelectric, dielectric and electromechanical properties are greatly
enhanced at and around this PPB. A comparison of the properties of BCT-50BZT
with other compositions on the BCT-zBZT phase diagram is depicted in Fig.1.17(a-
g), while its comparison to other piezoelectric compounds of competitive properties
is presented in Fig.1.17(h-k). Values of various piezoelectric, dielectric, and elec-
tromechanical constants are also given in Table 1.6. The terminology polymorphic
phase boundary (PPB) is used in case of BaTiO3 systems, because the systems do
not possess a vertical phase boundary as in the case of PZT. The difference in phase
diagrams of PZT and BCT-zBZT is shown in Fig.1.16. Other cations like Sn**
when substituted at various sites have a very positive impact on the piezoelectric
properties. The identification of potential piezoelectric materials is crucial, because
the properties of two-phase composites also strongly depend upon the choice of

piezoelectric/ferroelectric medium.

. Many magnetostrictive materials have already been a focus of research. However,
there is a lot more to be achieved by improving their magnetostrictive properties.
Moreover, more research is required to find out the best combination of these new
ferroelectric/magnetostrictive materials for the enhancement of the ME effect. The
well-known and well-studied magnetostrictive systems are spinel ferrites, e.g., cobalt
ferrite and nickel ferrite. Usually, they are used in their unmodified form. However,
there are certain reports in literature about the enhancement of their magnetostric-
tive properties by doping/modifying them with non-magnetic cations like AI3*,
Ga3t, Zn?T etc. Hence it is possible to form new sintered composites which might
consist of lead-free piezoelectric systems of significantly better properties than pure
BaTiO3 and improved magnetostrictive ferrites. This would result in enhanced ME

coupling.

. Materials science and solid state physics literature is replete with the synthesis and
magnetoelectric characterization of two-phase sintered composites. However, little
information is available on the structure-property relationships. For example, there
are not so many articles available which show how the connectivity varies when
the contents of both phases are altered and how does this affect the ME coupling.
Moreover, there are not many reports which combine dielectric and magnetoelectric
studies on these composites. For example, a study can be conducted to show the

possible impact of electric permittivity of each phase on ME response of the com-
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posites. It is not known to-date what kind of parameters influence the temperature
dependence of ME coupling, especially when the piezoelectric component contains
the PPB.

. Electric control of magnetization, the converse ME effect, which has been measured

extensively in thin film heterostructures, has not been explored that much in bulk
ceramics. This dissertation will report on the converse ME coupling in bulk com-

posites, measured with a modified super-conducting quantum interference device

(SQUID).

. There is some research avenue available in strain-mediated multiferroic thin films in

which studies can show how the manipulation of the existing materials by altering
their geometries/interfaces in shape of thin films would affect the ME coupling. The
greatest challenge is substrate clamping in these thin film structures, which limits
their strain-related properties like piezoelectricity and ME coupling. A wealth of
knowledge is available on BaTiO3-CoFeoO4 thin films. It is believed that there are
some missing pieces of information, for example, it is needed to be seen whether
or not there is an impact of changing the growth-orientations of the perovskite
substrates on magnetoelectric features of bi-layered heterostructures comprising of
CFO and BTO. A study in this direction may lead to new physics and improved
ME coupling.




Chapter 2

Overview of Experimental

Techniques

2.1 Sample Synthesis Techniques
Two main sample synthesis techniques were employed, one for the preparation of bulk
ceramic samples (for 3-3 connectivity) and pulsed laser deposition for the 2-2 connectivity.

Both of these techniques will be described in detail as follows:

2.1.1 Solid State Synthesis

Any chemical reaction which involves the preparation of powders that react in their
solid form to result in products is known as solid-state synthesis'. The simplest process is
shown in the flowchart in Fig. 2.1. The first step is the mixing of commercially available
powders in stoichiometric ratios and then the homogenization step of the mixture. This
is followed by heating the mixture of powders to elevated temperatures for ceratin time
periods, the step known as calcination. The calcination step is the phase formation step,
the phase checked by X-ray diffraction. The product of calcination is milled to get a fine
powder. It is followed by the consolidation/pressing of the powder, afterward binding to
form the desired green body, then firing the green body at elevated temperatures to form

the dense ceramics.

2.1.1.1 Stoichiometric Mixing of Powders

Mostly the synthesis process initiates from a set of powders, obtained mostly from
commercial resources. The purity of these commercial powders is a key to get high purity
end-products. The actual starting point is a chemical equation involving powders to be
mixed (called reactants) on the left-hand-side of the equation and the end-products on the
right-hand-side. The chemical equation must be balanced concerning the molar masses
of reactants and products. Details of some of the raw powders are given in Table 2.1.
The molar masses of the reactants obtained as a result of this balancing is mixed and

homogenized. The mixing is usually done in some organic liquid like acetone or ethanol,

IThe most of the discussion in this section about calcination and sintering is based on the knowledge
from the books of M.N. Rahaman'®%189 and S. J. L. Kang.'?"
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Raw Materials High purity oxides and carbonates
(Oxides, carbonates) 1 e.g. CaCO,, BaCO;, ZrO,, TiO,
Co,0;, Fe;0, etc.

Mixing and
homogenization

Mixing of raw powders according
to balanced chemical equations

Fine Grinding These steps can be repeated
| several times to get the desired
phase and crystallinity

Calcination |
" This step can be accomplished
Green body — usu.allyr by.elther.unldlrectlonal
formatian | or isostatic pressing or both
High temperature processing step
Sintering | to obtaindense ceramics

Figure 2.1: Schematic representation of the main steps involved in a solid state synthesis of
polycrystalline samples.

and it is followed by a fine grinding step in a rotary ball-mill for a period of time. The

resultant mixture is dried in air for an extended period to remove the solvent.

Table 2.1: Details of some of the raw materials used for the solid-state reaction.

Chemicals Formula Purity Mol. Wt. Supplier
Calcium Carbonate CaCOg > 99 % 100.08 g/mol  Avonchem
Barium Carbonate BaCOg3 > 99 % 197.35 g/mol  Avonchem
Titanium (IV) Oxide TiOq 99 % 79.87 g/mol  Riedel-de Haén
Zirconium (IV) Oxide ZrOq > 99 % 123.22 g/mol  Fluka

Tin Oxide SnOy 99 % 150.71 g/mol  Sigma-Aldrich
Cobalt (II-I1T) Oxide  Co30y4 99.9 % 240.79 g/mol  Fluka

Iron (III) Oxide Feo O3 929 % 159.69 g/mol  Sigma-Aldrich
Nickel Oxide NiO 74.69 g/mol  Fluka

2.1.1.2 Calcination

The process which involves the decomposition of the solid reactants and, as a result,
a real chemical reaction occurring between them, is known as calcination. For inorganic
oxides and carbonates, it is usually obtainable at high temperatures. In case of carbon-
ates, it results in its decomposition to simple oxides plus carbon dioxide. For example, the

chemical decomposition of calcium carbonate results in calcium oxide and carbon dioxide.
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CaCOs3(s) 2% CaO (s) + COs(g)
The calcination products are usually agglomerates which need to be ground fine for the
next step. The phase formation is verified at this stage with the X-ray diffraction tech-
nique.
The following balanced chemical equations were used to calculate the stoichiometric

ratios of the raw materials:

tBCT-BZT:
(1-2)BaCO3 + 2CaCO3 + (1-4)TiOy + yZrOs % (Bay_,Cay)(Tis.yZr,)0s + CO;

e CoFeyOy:
3Fey03 + Co30y4 % 3 CoFegOy4 + 0.5 09

° CO(F61_5A10.5)O42
9 Fey03 + 4 Co304 + 3 AloO3 2% 12 Co(Feq 5Aly5)04 + 2 0

e NiFeyOy:

Fes O3 + NiO % NiFeqOy

2.1.1.3 Consolidation and Debinding Process

The consolidation is usually achieved via the standard procedure of die pressing of
the powders obtained in the last step of mixing. Steel dies are used to highly compress
the powder for 4-5 minutes. Sometimes it requires a binder like the aqueous solution
of polyvinyl alcohol (PVA) (4g/100ml solution) in small quantity for the compaction of
powders under stress. If a binder is used, then the green bodies are needed to be debinded

at certain temperatures like 500 °C to burn out this binder.

2.1.1.4 Sintering of Green Bodies

This is the last step of the ceramic synthesis. The green bodies obtained in the
previous step are transferred to a high-temperature furnace where they are heated to
elevated temperatures to get the desired microstructure. This step has a key significance
for the densification of the solid. Although the detail is quite complex, the driving force
behind the sintering process is the reduction in surface free energy of the consolidated
mass of particles. This reduction in energy is usually attained by atom diffusion processes
which result in either densification of the body or coarsening of the microstructure. The

densification is characterized by the transport of matter from inside the grains into the
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Figure 2.2: Tube furnace used for calcination and sintering of the polycrystalline samples.

pores while coarsening is marked by the redistribution of matter between different parts
of the pore surfaces without actually leading to a decrease in the pore volume.

The protocols that were followed for the calcination and sintering of different com-
pounds used in this thesis are depicted in Fig. 2.3. Two steps were usually required
for calcination of BCT50-BZT and one step of calcination for ferrites, and one step for
the sintering of the composites. Calcination and Sintering of all samples was done in a
ThermConcept® tube-furnace (Fig. 2.2) which has a maximum temperature capability
of 1500 °C.

2.1.1.5 Density Determination

The Archimedes method was employed for density measurements of sintered samples
of each composition with the Sartorius® Density Determination Kit. The dry weight of
as-sintered ceramic discs (Wy;) was measured. The samples were weighed in distilled
water (Wyater). The absolute density of each sample (pezp) was calculated using the

following formula:

. Wair+ pwater
Pexp — W

)
air — 4! water

(2.1)
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where pyater is the density of water used during the measurements. The theoretical
density of the composites was determined from the volume and mass of the unit cells of
each phase. The theoretical density of CFO was calculated as follows: The molecular
weight of CFO is 234.63 g, and a spinel ferrite has eight formula units per unit cell.
Therefore the molecular weight of one cell is 8 x (234.63) = 1877.04 g. The edge length
of CFO was determined from the XRD analysis which is for example 8.34 A, and thus its
volume is [(8.38)3 - A] where A is Avogadro’s number (6.023 x 1023), so the volume V is:
V = (6.022 x 10?3)(588.48 x 1024) = 354.44 cm? and thus

pcro = mass/volume = 1877.04/354.44 = 5.2957 g/cm3.

Similarly for the BCT50-BZT sample, for example in orthorhombic phase, its unit cell
volume is 77.38 A3, and its molar mass is 266.9475 g. Hence its theoretical density is
pPBCT30-BzT = 266.9475/[77.38 x 10724 cm?][6.022 x 10?%] = 5.74 g/cm?.

Overall, the theoretical density of composites (pf:@mp) consisting of both BCT50-BZT and
CFO was determined using
pffolmp = (vol. fraction of BCT50-BZT x ppcrso—pzr) + (vol. fraction of CFO X poro)
Moreover, after the determination of experimental and theoretical densities, the relative
density (%) of the composite was determined using:

RTD(%) = L& 5 100 (2.2)

~ th
comp

All composite samples reported in the current study had relative theoretical densities
between 90 - 94 %.

2.1.2 Pulsed laser deposition (PLD)
Pulsed laser deposition (PLD) is one of the finest methods to grow high-quality func-

tional oxide thin films, and it is widely used for new material exploration.'”! The pulsed
laser deposition, sometimes also called pulsed laser ablation, is a physical vapor deposition
process. It consists of a process in which a high-energy laser is made to strike a ceramic
target of the desired composition. This ablates the target and produces a plasma plume
of the material. The target surface remains approximately perpendicular to the substrate
surface, and a film starts to grow. Similar to the other growth processes, the substrate
is pre-heated to ensure uniform growth of the film. The simplest schematic diagram for
PLD is shown in the Fig. 2.4.

The process starts out in a vacuum chamber with pressures ranging from 10~% mbar to
10719 mbar as base pressure. However, it is then fed in with a background gas to improve
stoichiometry of the film to be grown (i.e., in the case of oxides a background pressure of
oxygen is used). The ability to use such background gas is one of PLD key benefits over
other methods.
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Figure 2.3: Schematic representation of the steps involved in the calcination of powders and

the sintering of the ceramics.

The precise control of the stoichiometry of the PLD deposited films is linked with
the utilization of the bulk target with the desired composition. This makes it superior
to techniques such as molecular beam epitaxy (MBE) where the composition has to be
produced by controlling the ratio of the different species arriving on the substrate. More-
over, the typical PLD deposition rate (10 A /s) is higher than techniques (3 A /s for MBE)
with competing control over stoichiometry. PLD can be used to deposit a broad range
of materials including metals, semiconductors, borides, carbides, nitrides, oxides. Many
of these can be grown in multilayers, making PLD a versatile technique. The capability
of PLD to operate under high background pressure of reactive gases is probably its best

feature.

2.1.2.1 Film Growth Mechanisms involved in Pulsed Laser Deposition

The process of pulsed laser ablation growth of materials is quite complex. A laser pulse
ablates several different types of species from the target surface including many atoms,
ions, and molecules. When these species reach the substrate surface, several processes
may occur. The particles are either elastically reflected or captured on the sample by
transferring their kinetic energy to the surface molecules. If captured, the particles are
subject to desorption and adsorption, diffusion on the surface, and finally, they become a
part of the film. As a result of these processes, the film grows. Four different types of thin

film growth modes can be easily recognized, depending on the factors: the free energies

48



2.1 Sample Synthesis Techniques

Figure 2.4: A pulsed-laser deposition chamber schematic diagram, adapted from Kai Wang!%?
and the actual chamber used during current study.

(a) Frank-van der Merwe (b) Stranski-Krastanov

“9

(C) Volmer-Weber

(d) Step-flow Growth
s - i

Figure 2.5: Various Thin film growth mechanisms are elaborated, the figure is adapted from
Le et al.'9
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of the substrate surface, the film surface, and the film-substrate interface.

The four modes are:

1. Frank-van der Merwe growth which occurs if the total free energy of the film
surface and the interface is lower than the free energy of the substrate.!%* This

mode is also known as layer by layer growth mode and is shown in Fig. 2.5(a).

2. Volmer-Weber growth occurs due to the weak bonding between substrate and
film, and hence enlarging the interface area yields no gain in free energy.'”® In this

case, distinct three-dimensional islands will grow coalesce (Fig. 2.5(c)).

3. Stranski-Krastanov growth is the intermediate between layer growth and the
island growth modes. At first, some continuous mono-layers grow, which are followed
by the growth of discrete islands'? (Fig. 2.5(b)).

4. Step-flow growth occurs due to fast diffusion of atoms on a terrace. The absorbed

atoms move to step edges rather than nucleating on the surface (Fig. 2.5(d)).

The growth modes described regarding thermodynamic considerations above are only the
limiting cases. Several other factors might also play a very crucial role which includes
substrate temperature, background gas pressure, and nucleation density of particles on
the sample surface. So in some cases, all of the above growth modes might coexist for the
same film. For hetero-epitaxial growth, the crystallographic mismatch between film and
substrate is also an important factor. The elastic energy may increase with increasing
thickness due to this mismatch, which may lead to cracks or dislocation formation at the

interface of layers to release the strain.

2.2 Sample Characterization Techniques

2.2.1 X-ray Diffractometry

X-ray diffractometry, commonly known as XRD, is a swift analytic technique for the
phase identification of crystalline materials, whether in single crystal or polycrystalline
form. It brings out information mainly about the unit cell dimensions. The technique
is based on constructive interference of monochromatic X-rays and a crystalline sample.
The source of X-rays is a cathode ray tube, fitted with filters to produce monochromatic
radiation, and a collimator to concentrate on the sample surface. The interaction of
diffracted rays from the sample produces constructive interference whenever it satisfies the
famous Bragg’s law: nA = 2dsinfl. Here )\ is the X-ray wavelength, 6 be the diffraction
angle, and d is the lattice spacing. The diffracted rays are detected and counted, by
scanning the sample through a range of 20 angles to cover all possible orientations of

randomly oriented crystallites in a polycrystalline sample.
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X-ray tube

Detector

Figure 2.6: Schematic diagram portraying the setup that is used for simple powder diffraction.

All XRD instruments consist of three basic elements: an X-ray tube, a sample holder,
and a detector, schematically shown in Fig. 2.6. High energy electrons are produced in
cathode ray tube, which are then directed towards a metal target by applying a voltage.
The bombardment of these electrons on the metal dislodges electrons from the inner
shell electrons, which results in characteristic X-ray spectra. These X-rays are made
monochromatic by passing them through crystal monochromators such that only K,
radiations are obtained for diffraction. Copper is the most widely used metal target in
laboratory XRD apparatuses with CuK,, radiation of wavelength 1.5418 A. These X-rays
are collimated and directed onto a sample surface, and spectra are obtained as explained
earlier. The detector records the x-ray signals and converts them to a count rate. A
typical range of 26 angles in which spectra are taken is 5-90° because most prominent

X-ray diffractions in most materials lie in this range.

2.2.1.1 Crystal Structure Determination

Two basic principles involved in crystal structure determination are:

e The crystal structure, i.e., the shape and size of the unit cell define the angular
positions of the diffraction lines. An illustration of the position of diffraction lines

for some basic unit cells is depicted in Fig. 2.7.
e The arrangement of the atoms within the unit cell lattice determines the relative
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Figure 2.7: Schematic planes corresponding to different unit cells, after B.D.Cullity®”
intensities of the lines.

The procedure used to determine the crystal structure is the one of trial and error. An
educated guess is made by comparing the measured diffraction pattern to previously exist-
ing standard basic unit cell patterns. These standard patterns are available in the form of
powder diffraction files (PDFs), and structure is assumed based on the close resemblance.
In the next step, the corresponding diffraction pattern is calculated, the calculated pat-
tern is compared with the observed one. If the two agree on most of the details, the
assumed structure is considered to be correct; otherwise, the process is reiterated as often
as is required to find the precise solution. The process of calculation and comparison of
crystal structures is usually accomplished via a well-known technique known as “Rietveld

refinement”.

2.2.1.2 Rietveld Refinement

Rietveld refinement is useful in quantifying the different structural phases present in a
sample; to estimate the amount of disorder or mixing of a Wyckoff site (a Wyckoff positions
tell us where the atoms in a crystal can be found), and to determine the crystallite size and
strains within a sample. Both neutron and X-ray patterns can be refined by this technique.
This technique uses a least squares approach to refine the theoretical line profile until it
matches with the measured one. There are many software programs accessible for the
refinement of a crystal structure such as General Structure Analysis System (GSAS),
Fullprof, MAUD, and TOPAS. In the current dissertation, all Rietveld refinements were
carried out employing GSAS-1I.1%%

The least squares fitting approach in Rietveld refinement minimizes the following func-
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tion A given by:
A= Zwi(yébs - yéal)z (23)
i

where ygbs and yial are observed and calculated intensities of the ith step while w; is
weighing factor. For the convergence of the fitting, there are several agreement indices

used; the first one is weighted-profile R factor which is defined as:

sz‘ (ygbs - yéal)2
pr(%) = : o x 100 (2.4)
> Wil obs
i
A
= |\o 2 x 100 (2.5)
Zwiy obs
i

This Ry, is quite universal, and the summation can be applied to all points 7 or only
to those points where significant diffraction intensity is present. This factor, however, is
sensitive to background.

The other R-factor that is crucial for structure determination is the expected R-factor
Reyp, which essentially deals with the quality of measured data. It is defined in the
following way:

N-P+C "

Reap(%) = S w ym
Wil obs

100 (2.6)

Where is N is the total number of points with significant intensity, P is number of
parameters refined, and C' is the number of total constraints applied.

The ratio of above two factors R, and Rz gives the Goodness of Fit or Y2 value:
2 _ 2
X" = (Rup/ Rexp) (2.7)

While Ry, is the most direct parameter for monitoring convergence of the refinement, Y2
is useful to know whether inadequate fittings are caused by the poor structural parameters
(for example a wrong model) or poor instrumental parameters. Some important sample

and instruement based parameters for Rietveld refinement are given in Table. 2.2

2.2.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a method used to produce very high-resolution
images of a sample surface. A focused electron beam scans a surface to create an image.
The most sophisticated optical visualization techniques do not go beyond 250-300 nm
(1000x magnification limit) theoretically, SEM is far superior to the traditional optical

techniques with a resolution of around 10 nm. The working principle of SEM is illustrated
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Table 2.2: Instrument/experiment and sample-based factors which must be taken into account
during refinement to get the best agreement between the calculated and experimental models.

Instrument factors Sample based factors
Peak Positions Wavelength, zero point er- Unit cell dimensions

ror, and sample height
Peak Shapes Diffractometer  geometry, Size of crystallites, strain,

slit sizes, types of detectors, and defects
and X-ray source
Intensities Amount of the sample, Atomic coordinates, tem-
Lorentz polarization and perature factors, absorp-
other diffractometer factors tion and site occupancies
Background Air scatter, detectors noise fluorescence and disorder
and sample holder

in Fig. 2.8(b).

The electron gun shown at the top of the image produces an electron beam that is
made to focus into a tiny spot of the order of 1 nm in diameter on the sample surface. The
sample is scanned by the beam, and the intensities of different signals which are produced
by interactions between the electrons and the sample are recorded. These are imaged
as variations in brightness on the image display. The most commonly used signal is the
secondary electron (SE) signal, however, back-scattered electrons (BSE) are sometimes
utilized. Topographically uneven areas on sample surfaces are imaged much like an aerial
photograph: edges are bright, recesses are dark.

All of the SEM images reported in this dissertation were taken with an Environmental
Scanning Electron Microscope (ESEM, FEI Quanta 400 FEG) as shown in Fig. 2.8(a).
This microscope is equipped with a field emission gun, operating at an accelerating volt-
age variable from 0.5 to 30 kV, with a claimed resolution of 2 nm. The instrument can
be used in high vacuum mode (HV) or low-vacuum mode (LV) mode. The instrument
is fitted with an EDAX Genesis energy-dispersive X-ray spectrometer for elemental anal-
ysis. Qualitative and quantitative analysis, elemental mapping, and line scans can be

performed.

2.2.3 Transmission Electron Microscopy (TEM)

TEM is also a sample probing technique based on the interaction of electrons with
a sample. However, in contrast to SEM, here electrons go through the sample, so the
sample should be thin enough for that purpose. It can be considered as a destructive
technique because samples are ground and well thinned before measurement. The thin
samples are usually prepared by mechanical polishing, followed by milling with Ar ions.

The TEM images shown in the current study were taken by Dr. Markus Heidelmann
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Figure 2.8: (a) FEI Quanta 400 FEG Environmental Scanning Electron Microscope and its
schematic diagram in (b).

55



Overview of Experimental Techniques

at NETZ, Universitdt Duisburg-Essen employing a JEOL 2200FS transmission electron
microscope in high-resolution TEM (HRTEM) mode; the author highly acknowledges his
support.

2.2.4 Polarization versus Field Hysteresis

A sample with a capacitance Cigpie Was connected in series with a reference capacitor
Cref. To minimize the voltage drop V,..r at the reference capacitor the condition Cy.cp >>
Csampie Was fulfilled with the difference in the capacitance values of over three orders of
magnitude. The reference capacitor was V,..; = 1 uF. This condition makes sure that
Viep remains below 1 % of the voltage drop at the sample Vigppie. The charge @ of the
reference capacitor is equivalent to the sample’s charge since both capacitors are in series.
A function generator (Agilent Technologies Inc., model 33220A) was used to supply an
input signal to a high voltage amplifier (Trek Inc., United States). Triangular waves of
some kV amplitude with frequencies between 5 Hz and 100 Hz were used as input signals
for the measurements. Data were acquired via an oscilloscope (Tektronix Inc.). The

polarization was calculated using Eq. 2.9.

Q = Csample' V:eample = Lrpef: Vref (28)
P = C?"ef/'lv'“ef (2.9)

Where A is the area of the sample. The overall circuit is known as Sawyer-Tower cir-
cuit, and its schematic setup is shown in Fig.2.9. The random error in the polarization

measurements is on the order of 1 %.

2.2.5 Atomic Force Microscopy

Atomic force microscopy (AFM) is a method to map the topography of a sample by
utilizing the interaction between a nanometer-sized probing tip and the sample surface
when the two are brought sufficiently close to each other. The cantilever is typically
made of silicon or silicon nitride with a tip radius of the order of some nanometers. When
the tip is brought into the vicinity of a sample surface then according to Hooke’s law,
forces between the tip and the sample lead to a deflection of the cantilever. Typical
forces that are measured in AFM include mechanical contact force, van der Waals forces,
magnetic forces. The AFM has three major capabilities of force measurement, imaging,
and manipulation at the nanoscale.

For imaging purposes, the sample is brought into contact with the tip and the sample
stage rasters it in the x-y plane (see Fig. 2.10a). An electronic feedback loop is used

to keep the probe-sample force constant during scanning. This feedback loop takes the
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Figure 2.9: Schematic diagram of the Sawyer-Tower circuit used to measure polarization verses
electric field hysteresis.

cantilever deflection as its input, and its output controls the distance along the z-axis
between the tip and the sample. This force is constant, the sample is scanned in the x-y
plane, and the height variations are recorded from the tip deflection. The sole purpose
of feedback loops is to keep the cantilever at certain user-defined distance (also known as

set-point).

The different modes of AFM operation are contact mode, tapping or intermittent con-
tact mode and the non-contact mode. Normally, low stiffness cantilevers are employed
to obtain higher deflections of the tip and also to keep the interaction forces between the
sample and the tip to a minimum. The intermittent or tapping mode is useful under am-
bient conditions or when a sample has a liquid component. The cantilever is vibrated at
a constant frequency at or close to its resonance, and at a constant amplitude. When the
tip comes near to the sample surface, forces like Van der Waals forces, dipole-dipole inter-
actions, electrostatic forces cause the amplitude of the cantilever’s oscillation to change.
Here this change in amplitude is used to construct the sample surface. The feedback loop
is also used here to keep the amplitude of the cantilever to a certain set-point. In non-
contact AFM mode, the tip of the cantilever does not come in contact with the sample
surface. The cantilever oscillates at either its resonant frequency (frequency modulation)
or just above (amplitude modulation) where the amplitude of oscillation is usually of

the order of a few nanometers to a few picometers. Any long-range force that extends
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Figure 2.10: Schematic illustration of AFM and a brief working principle, adapted from
Nath et al.19?
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beyond the sample surface would decrease the amplitude of oscillation, which again in

combination with the feedback loop is used to keep the amplitude constant.

2.2.6 Piezoforce-response Microscopy (PFM)

Piezoresponse force microscopy (PFM) is a modification of AFM that allows imaging
and manipulation of ferroelectric domains. A sharp conductive tip is brought in contact
with a piezoelectric surface and an ac bias is applied to the probe tip to stimulate defor-
mation of the sample through the converse piezoelectric effect. The resulting deflection
of the cantilever is detected through a standard split photodiode detector and then de-
modulated by a lock-in amplifier. Thus, topography and ferroelectric domains are imaged

simultaneously.
The direct piezoelectric effect from Eq. 1.33 is written (in Voigt notation) as:
D; = d;joj, (2.10)
in which d;; are the components of direct piezoelectric tensor, and o; are the components

of the stress tensor. In case of a tetragonal crystal system (4mm symmetry) like BaTiOs,

it can be written in matrix form as:209201

01
o2
Dl 0 0 0 0 d15 0
g3
Dy | =10 0 0 dog O O (2.11)
a.
D3 d31 d3a dzz O 0O O 4
05
o6

The converse piezoelectric effect quantifies the change in shape of piezoelectric materials

when an electric field is applied to it. It is given (from Eq. 1.34):
ej = de‘Ej (2.12)

In which e; is the strain tensor, d;; = d’gj are the elements of converse piezoelectric tensor,
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and E; are the elements of an electric field. In matrix form it is given by:

[ e1 ] [ 0 0 ds1 ]
e 0 0 dso = d
2 : : 32d 31 E,
e
S| = 5 B, (2.13)
e4 0 dog =dis 0
Es
€5 d15 0 0
e 0 0 0

When FEj3 is applied,elongation is in the c-direction (d33 > 0) and contraction in a and b
directions (d3; < 0) are induced. When F is applied, shear strains are induced (dy5 > 0).
PFM uses these deformations to detect domains along with their orientations.

When a dc voltage applied to a piezoelectric material, it will produce a displacement,
but the piezoelectric tensor coefficients are relatively small at small applied fields so
that the physical displacement is small. For example, the value of the ds3 of BaTiO3
is 85.6 pm/V, which means that a change of length of 85.6 pm is produced upon the
application of 1 V. This results in a small deflection of the AFM cantilever and is very
difficult to separate it from the environmental noise. To separate the deformation from
the environmental noise, a modulation technique is used in which a reference ac signal
V(w) = Vhcos(wt) having a frequency w and amplitude Vj is applied to the cantilever so

that the deformation of the sample is now:
d = doy + Dcos(wt + ¢) (2.14)

where dj is the equilibrium position of the cantilever, D is the amplitude of vibration
and ¢ is the associated phase. The oscillating deflection is recorded via the photo-diode
and converted to an oscillating voltage. A lock-in amplifier is used to demodulate the
amplitude and phase of the converse piezoelectric effect induced surface deformation.
The contrast mechanism in PFM images is governed by the fact that the cantilever

performs three kinds of displacements as depicted in Fig. 2.10 (b).

o Vertical displacement due to out-of-plane force due to dggf , also called vertical PFM

(VPFM).
o Torsion caused by shear piezoelectric constant d‘fgf , also known as Lateral PFM
(LPFM).

o Buckling from the interaction with the surface.

Another important technique that is utilized in PFM is known as switching spectroscopy
PFM (SSPFM) in which the area underneath the PFM tip is switched with simultaneous
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acquisition of a hysteresis loop that is analysed to obtain information about the sample

properties.20?

2.2.7 Magnetic Force Microscopy (MFM)

Magnetic force microscopy was invented in the backdrop of the advent of Scanning
Tunneling Microscopy (STM) and of Atomic Force Microscopy in the 1980’s** when Y.
Martin and H .K. Wickramasinghe published their pioneering work.?%®> The technique
was developed extensively, before being available commercially in the early 1990’s. It is
based on the very definition of magnetism, i.e. the attraction and repulsion between two
magnets. A magnetic tip is scanned over or very near the sample surface, and the stray
magnetic fields from the surface are detected. The mathematical form of this interaction

is given by a force of the form:
ﬁ = MO(mtip : V)Iisample (2'15)

where my;, is the magnetic moment of the tip, approximated by a magnetic dipole, H sample

is the magnetic stray field. Alternatively, it can also be written as:

—

F= MO(Hsample : v)mtip (2'16)
In integral form, this interaction is given by:

E=—up // Mtip : ﬁsample : thip = —H0 /// Msample : ﬁtip : deample (2-17)
tip

sample

As the cantilever tip is scanned over the sample, the sample is subjected to the field of the
tip, and vice versa, the tip is subjected to the stray field of the sample, the obvious reason
for the equivalence of the above two representations. Equation 2.17 also implies that if
the field of the tip is stronger than the field of the sample (magnetically) soft samples, it
may seriously perturb it, leading to erroneous MFM results.?04

The sample preparation is not too tedious, and the magnetic resolution of 30 nm is
readily achieved.?® Its high sensitivity allows easy determination domain configurations
in thin films, even below room temperature.

The tip-sample interaction as described above causes some difficulty in the determina-
tion of the actual domain structure, as it does not directly take into account the sample
magnetization. Due to this, different magnetic patterns may lead to similar domain pat-
terns when measured via MFM. Hence the previous knowledge of the magnetic properties

of the sample is crucial for better analysis of the MFM images. So to reduce this ef-

fect, the field produced by the tip has to be reduced in order to avoid the disturbance
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of sample magnetization. Moreover, it can also be understood from Eq. 2.17 that for
samples with the magnetic response, the magnetic signal would also be weak, due to the
weak tip-sample interaction. However, this seldom happens in real experiments, where
a variety of tips are now commercially available for an almost whole range of magnetic

responses.

2.2.8 Time of Flight Secondary Electron Mass Spectroscopy

(ToF-SIMS)

The TOF-SIMS abbreviation stands for a technique that is a combination of secondary
ion mass spectrometry (SIMS) and a time-of-flight (TOF) mass analysis. The sample is
bombarded with primary ions with a kinetic energy of several keV. The ions collide with
the surface, thereby giving off their energy and producing a collision cascade. This cascade
leads to the elimination of single surface atoms and molecules, or of clusters and fragments.
Some of these secondary particles are present as ions and can be analyzed in one by their
mass. Due to the high spectral resolution, a very accurate image of the sample surface is
obtained. With these methods, a spatial resolution of ~ 60 nm is achieved with a surface
sensitivity to the first 1-2 layers of the sample. Depth profiles with a depth accuracy of ~

1 nm and a measuring speed of up to 10 pm/h can be achieved.

2.2.9 Dielectric Constant Measurements

The low field electric permittivity (e, = €’/gp) and loss tangent (tand = ¢”/&’) are
among the most important properties of a material. Most of the time, these parameters are
measured on electroded discs with the aid of well-engineered commercial instruments such
as LCR meters or Impedance Analyzers. Measuring fields are usually kept vanishingly
low, well under 1 V/mm.

For good insulators, €, does not vary much from dc to MHz frequencies. In ferro-
electrics, and particularly in poled piezoelectric samples, there is a strong dependency
of ¢, on frequency. At small frequencies, non-uniform conductivity produces interfacial
polarization which adds to the effective electric permittivity and loss. This effect is in-
tensely frequency dependent. It is not intrinsically associated with ferroelectricity but
is commonly encountered in ferroelectrics just as in many other imperfect dielectrics.
Dipole relaxation related to impurities and domain wall motion may also contribute to
the frequency dependence.

Both LCR meter and Impedance Analyzers are measuring instruments that give out
the value of impedance. Impedance, which is expressed as Z*, indicates resistance to the
flow of an ac current. Normally, it can be calculated from the current I flowing to the
object to be measured, and the voltage V developed across the object’s terminals. Since

impedance is expressed as a vector on a complex plane; these instruments measure the
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Figure 2.11: (a) The relationship between ac voltage and current in a capacitor; (b) An ac
electric impedance in the complex plane.

ratio of current and voltage RMS values as well as the phase difference between current
and voltage waveforms. This is depicted in Fig. 2.11.

From the values of I, V', and 6, the instrument calculates measurement parameters
such as C' and R from the Z and 6 values. The equations used to compute these measure-
ment parameters differ subject to whether the apparatus is functioning in series equiva-
lent circuit manner or parallel equivalent circuit manner. Series equivalent circuit manner
implies that capacitance and the resistance component are treated as they are linked in
series, while parallel equivalent circuit mode assumes these are connected in parallel. Usu-
ally, the series equivalent circuit mode is employed for measuring low-impedance elements
(with an impedance of approximately 100 ) or less) such as high-capacitance capacitors,
whereas parallel equivalent circuit mode is used when measuring high-impedance elements
(impedance ~ 10 kQ) or more) such as low-capacitance capacitors.

For the electric permittivity of the samples, a Solarton Impedance Analyzer with
temperature control was used. The setup is schematically illustrated in Fig. 2.12. Circular
disk-shaped ceramic samples were painted with silver paste to make electrodes and heated
to 400 °C to dry. Electric permittivity was measured in the temperature range 300-440 K
with an electric field frequency in the range from 1Hz - 1MHz.

2.2.10 Magnetic measurements

A superconducting Quantum Interference Device (SQUID) magnetometer was em-
ployed for the usual magnetic measurements (M (H) hysteresis). SQUID is one of the

most sensitive instruments (sensitivity of 10718 Tesla) used for magnetization measure-
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Figure 2.12: Schematic diagram of a dielectric measurement setup used in the current thesis for
temperature range of 300-450 K and Solarton Impedance Analyzer with temperature control.

ments. The most important part of a SQUID device is a Josephson tunnel junction,
which consists of two superconducting materials separated by thin insulating layers to
form two parallel Josephson junctions.

The extraordinary sensitivity of SQUID is associated with its ability to record changes
in magnetic field associated with one quantum of magnetic flux. One flux quantum is
simply ¢g = 27h/2e = 2.068 x 1071° Tesla.m?. In a dc Josephson junction in the absence
of any magnetic field, the bias current is equally divided between the two branches. As
soon as a small magnetic field is applied, a small screening current Ig¢ starts to low whose
direction is the same as one of the junctions (total current = I/2 — Ig¢) and opposite
to the other one (total current = I/2 — Igc). Now if the external flux is increased to
one-half of the flux quantum (¢p/2), the SQUID, in this case, prefers to increase it to
one flux quantum. Resultantly, the screening current changes direction whenever there
is a change in flux equal to one-half of the amount of flux quantum. Thus one complete
cycle of voltage implies one quantum of magnetic flux change. For M (H) measurements,
samples were either used in powder form inside a gelatin tube or pellet form. Two kinds
of magnetic measurements were conducted, as a function of DC magnetic field at some
fixed values of temperature (M (H) loops), and temperature variation of zero-field cooled
(ZFC) and field-cooled (FC) M(T) measurements.

2.2.11 Direct Magnetoelectric Measurements
2.2.11.1 Electrical poling of the samples

To measure the ME coupling of a composite, it had to be poled electrically to optimize
its piezoelectric character. The procedure is as follows: The sample was heated up in a
silicone oil bath to a temperature in the range 80 - 100 °C (just above the Curie tempera-

ture) depending upon the ferrite content, because more ferrite content sometimes causes
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a voltage drop at these temperatures. The resistances of the samples varied form 2 GQ)
(for the highest ferrite content) to 12 GQ) for the lowest one. The external electric field
was applied, which was also not the same for all samples, (5 - 8 kV/cm), at a maximum
temperature and it was kept for 15 minutes. Afterward it was cooled to room temperature
in this field at a rate of about 3 °C/minute.

2.2.11.2 ME Measurements

The direct ME effect can be measured via three usual methods:

e In the static method in which a uniform dc magnetic field is applied and the voltage
developed across the sample electrodes is measured. Thus, point by point applica-
tion of different static magnetic fields gives an estimate of the magnetic dependence

of ME coupling.

e In the quasi-static method a magnetic field is slowly varied in time, and the corre-
sponding response is measured as the induced voltage. The typical rate of magnetic
field variation is around 0.05 - 0.5 T /min.

e In the dynamic method an ac magnetic field with a frequency f and amplitude 0 H
is applied to a sample in conjunction with a large dc magnetic field. An ac voltage
is induced across the sample electrodes which is measured via a lock-in amplifier.
The induced voltage is recorded as a function of applied dc magnetic field or the

frequency of ac magnetic field.

Both direct and converse ME couplings are measured in two configurations which depend
on the mutual orientations of polarization, electric field, and magnetic field. One con-
figuration is the transverse configuration (also known as as;) as shown in Fig. 2.13(a).
In this configuration, the applied magnetic field is parallel to the sample surface, and
the polarization direction is perpendicular to the sample surface. The second one is the
longitudinal configuration (as3) where the specimen surface is placed perpendicular to
the applied magnetic field and electrical polarization as shown in Fig. 2.13(b).

All the direct and converse measurements on bulk ceramics reported in the current disser-
tation were performed in longitudinal configuration, because the transverse configuration
results in a lower ME coupling?®® The direct ME measurements reported carried out in
dynamic mode using the following setup.206

The samples were positioned in the middle of a plastic box comprising of a Helmholtz
coil capable of generating ac magnetic fields with amplitudes 0 H of up to 100 Oe. A
dc magnetic bias field in the range of 0 - 15 kOe was generated by an external electro-
magnet (Bruker ESP 300E) collinear with the Helmholtz coil and directed along the Z
direction. This bias field is stabilized by a Hall-sensor-based regulating feedback loop.
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(a) Transverse (b) Longitudinal

l_ Electrode—l

Figure 2.13: Configurations used during the measurement of direct and converse ME coupling;
(a) Transverse (b) Longitudinal.

The Helmholtz coil is driven by a power amplifier (AE Techron, model 7224) with a gain
between 1 and 20 and low output impedance (28 mS? in series with 1 H). The current
flowing through the coil is stabilized by a current control loop. The amplitude and fre-
quency of the ac current are set either by an external function generator (SRS, model
DS345) or by the internal generator of the lock-in amplifier (Zurich Instruments model
HF2LI). The AC current passing through the Helmholtz coil is continuously measured by
a multimeter (Agilent, model 34401A), which is then utilized to compute the earlier cali-
brated magnetic field. The direct ME coefficient is calculated using the following formula
ap = OE/OH = 6V /(6H - t) where ¢ is the thickness of the sample. ap has units of
(mV/cm.Oe). A schematic diagram is presented in Fig. 2.14. An important point here
is that lock-in amplifiers have an input impedance in the range of 1 to 10 MS2, and to

achieve the condition of open-circuit, a high input impedance pre-amplifier is used.

2.2.12 Converse Magnetoelectric Measurements

Converse ME effect, also known as ME susceptibility is given by:
poM = a.E (2.18)

The converse ME was measured in a modified-SQUID setup?”® (Quantum Design MPMS5S)
which is capable of applying a dc magnetic field up to 5 T.

The ME susceptibility was measured by applying an ac electric field to the sample
in parallel-plate capacitor geometry. The sample was inserted into the SQUID magne-
tometer, fixed between two Teflon membranes in a plastic straw. The induced moment
m = m/coswt +m/ sinwt was detected via the pickup coil inside the SQUID setup. The

value of the converse ME coefficient was obtained from the slope of induced moment versus
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Figure 2.14: Schematic diagram of direct ME measurements setup,?’” the figure was reused
with permission from ©2013 AIP Publishing LLC.

applied ac electric field amplitude. The setup is illustrated schematically in Fig.2.15
There are two kinds of problems when the ME coefficient is measured by applying an

ac electric field:

e The first one is the stray pickup, the voltages that are induced in the pick-up
coil due to the ac current flowing through the capacitor-shaped sample (Faraday’s

induction).2%

o The stray capacitance present between the sample electrodes and the pickup coil.

The first issue was taken into account automatically via two-point measurement that is
an essential part of SQUID measurement setup. Moreover, it is always advisable to use
a low number of turns on the pickup coil (4 in this case) and low frequency of applied ac

electric field (1 - 10 Hz in this case) to avoid both of the effects mentioned above.

2.2.13 Magnetodielectric Measurements

For low-temperature measurements, the sample was mounted on a brass sample holder
with dimensions 16 x 13 mm? and was attached to the top end of the cold finger of
the closed cycle refrigerator (Janis CS-335), with an electrical insulation of mica. An

LCR meter (Wayne-Kerr 4275) was employed for the measurement of capacitance and
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Figure 2.15: Modified super-conducting quantum interference device (SQUID) for converse ME
measurements, adapted from Borisov et al.2’®
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Figure 2.16: Schematic diagram of low-temperature electric permittivity measurement setup.
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dissipation factor, via two copper wires attached to the sample via silver paste. A dc
magnetic field was applied from an external electromagnet in longitudinal configuration
as shown for the case of ME measurement setup in Fig. 2.13. A helium-based cryostat
was used to cool the sample from room temperature down to 10 K, sample heating and
cooling rates were controlled by a temperature controller (Lakeshore 331). Two sensor
inputs were used for the temperature controller, the sensors being TG-120-CU GaAlAs
diode thermometers. A 25 ) heater was attached to the cold finger to regulate the
temperature. One of the sensors was attached to the cold finger while the other one
to the sample. Before cool-down, the refrigerator shroud was evacuated down to 1.0 x
10 torr using a diffusion pump for greater insulation, and resultantly shorter cool-down

times. A schematic diagram of the setup (without the dc magnet) is shown in Fig. 2.16.
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Chapter 3

Converse Magnetoelectric Effect in
BCZT-CFO Composites

This chapter is divided into three main parts:

In the first part of this chapter, the synthesis and characterization of a new multifer-
roic magnetoelectric composite [(Ba,Ca)(Zr,Ti)0s]p.85-[CoFe20,]p.15 (BCZT35-CFOy5)
are presented. FElectric permittivity data was analyzed in full detail to elucidate the re-
lationship between microstructure and electric properties. Microscopy techniques such as
PEM and MFM were utilized for the local scale study of ferroelectric and magnetic fea-
tures. The converse magnetoelectric effect was explored in full detail. The sample was
found to possess a good value of converse magnetoelectric coefficient.

Further ME composites were also formed with increasing the volume percentage of cobalt
ferrite, however, the converse ME coupling was not increased. To circumuvent this problem
in these composites a new strategy of enhancing the magnetostrictive properties of CFO
was devised by its modification with Al°*. The second part thus deals with the comparison
of structural and magnetic properties of CoFeaOy and Co(Fey 5Alp.5)0y.

The third portion of this chapter deals with the comparison between the properties of multi-
ferroic composites, one BCZT59-(CoFep0y )50 and the other being BCZTs9-(Cokes 5Alg.50y)s50.
Structural, polarization, magnetic, and magnetoelectric properties were measured indepen-
dently then compared and contrasted to elucidate the effect of APT-modification of the ME

coupling of the composite.!

3.1 Converse Magnetoelectric Effect in BCZTg5-CFOq5

System

3.1.1 Background and Motivation
Lead-free piezoelectric (Ba, Ca)(Zr, Ti)O3 have been reported to exhibit piezoelectric

properties similar to the conventionally used Pb(Zr, Ti)Os materials, and have therefore

IThe work reported in this chapter also appeared in the form of two peer-reviewed articles published
in Scientific Reports 2016%!° and Journal of Materials Science 2017.2!1 Full-text permission was obtained
to reuse any materials like figures and tables from the respective publishers.

71



Converse Magnetoelectric Effect in BCZT-CFO Composites

been attracting much attention as potential replacements for lead-based piezoceramics.
In that regard, the discovery of a large electromechanical response found at room tem-
perature in the (1-z)Ba(Zrg.2Tig.g)Os-2(Bag.7Cag.3)TiO3 solid solutions with z = 0.50,'%7
denoted as BCZT in this thesis, is a key driving force. Its properties are compared with
different present-day piezoelectrics in Chapter 1 (see Table 1.6). The origin of such large
piezoelectricity is currently under debate. For example, one experimental study suggests
that it arises from the vicinity of triple point where rhombohedral and tetragonal ferro-
electric phases coexist with the paraelectric phase of cubic symmetry.!8” Another study?'?
based on theoretical and experimental results suggested that highest piezoelectric coef-
ficients were reached at the boundary of tetragonal and orthorhombic phases and are a
result of a combination of reduced anisotropy energy, high polarization, and increased
compliance. There exists yet another explanation which hints that the coexistence of
tetragonal, orthorhombic, and rhombohedral ferroelectric phases, the electric properties
of each being dependent on electric field differently, are the reasons of the large observed
electromechanical response.?!3214

The discussion above and also in Chapter 1 was the motivation to form a new com-
posite using BCZT (85 vol. %) as a piezoelectric component and CFO (15 vol. %) as a
magnetostrictive component. The detailed study of its structure and different properties

is as follows:

3.1.2 Experimental Details

The BCZT powder was prepared employing a two-step solid-state reaction using
reagent grade carbonates and oxides. The raw powders CaCOg3 (Fluka Chemie GmbH,
purity > 99%), BaCO3 (Alfa Aesar GmbH KG, purity 99.95%), TiO2 (Merck KgaA, pu-
rity > 99%) and ZrOg (Sigma Aldrich U.K. purity 99%) were mixed according to the
stoichiometric formula 0.5Ba(Zrg2Tigg)03-0.5(Bag7Cag3)TiOs. All the powders were
added to an alumina milling container with yttria-stabilized zirconia balls and ethanol.
The suspensions were milled in a planetary ball mill (Fritsch Pulverisette 5) for 12 hours
and dried at room temperature for 24 hours. The milled powder was calcined at 1400 °C
for 6 hours with a heating rate of 5 °C/min and subsequently ball-milled for 10 hours with
the previously described parameters. The powder was again calcined for another 6 hours
upto 1500 °C at a heating rate of 5 °C/min and ball milled subsequently for 10 hours as
previously.

CoFeyO4 was synthesized by the mixed oxide route. Powders of FeoOs (Alfa Aesar
GmbH KG, purity > 99%) and Co304 (Alfa Aesar GmbH KG, purity > 99%) were mixed
in ethanol in a stoichiometric ratio and milled for 10 hours. The suspension was dried
and calcined for 6 hours at 1050 °C with a heating rate of 5 °C/min and ball milled again
with the previously described parameters. The calcined powders BCZT and CFO were
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Figure 3.1: XRD spectra taken at room temperature along with Rietveld analysis of BCZTgs-
CFOj15. Open symbols are experimental data, Rietveld two-phase model fitting is represented
by a solid line superposed on the data, while the difference curve is below it. Two phases are
represented by the solid symbols. Inset shows the phase diagram of the solid solution BaTiOs-
CaTiO3-BaZrOs in which zBCT-(1-2)BZT is represented by the dashed line and BCT50-BZT
is the midpoint on this line.

mixed in 85 vol.% and 15 vol.% ratios in ethanol and ground for 6 hours at 300 rpm. The
suspension was dried, and the powder was pressed into pellets of 6 mm diameter and a
thickness of around 1 mm using a hydraulic press under a uniaxial pressure of 300 MPa
for 2-5 min. The green bodies were sintered in covered alumina crucibles in the air at
1300 °C for 6 hours.

X-ray diffraction was conducted at room temperature using a Siemens D5000 diffrac-
tometer both for the calcined powders and for the final sintered pellets. Rietveld refine-

ment was performed using GSAS-II software.!?

3.1.3 Results

The crystal structures of both phases in the composite (BCT50-BZT and CFO) were
determined with the help of X-ray diffraction. The spectra were identified to have two
kinds of peaks: One corresponding to the perovskite orthorhombic structure (space group
Amm2), and the other to the cubic spinel structure (space group F dgm) for the CFO
phase. Rietveld analysis was performed employing a two-phase model. The results are

shown in Fig. 3.1. The symbols correspond to the observed data, the solid superposed-
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BCZTge-CFO1s

Figure 3.2: SEM images of (a) BCZT and BCZTg5-CFO;5 taken at room temperature.

line is the fit to the two-phase model, while the lower line shows the difference between
the observed and the fitting. A suitable fitting was obtained with the two-phase model
as can be seen from the difference plot. Moreover, no additional phase peaks could be
seen. The refinement resulted in the following lattice parameters for both the phases in
the composite: agczr = 4.002 A, bgozr = 5.676 A, cgogzr = 5.656 A, and acro = 8.4
A.

Fig. 3.2 shows the SEM images of the composite samples. Dense microstructure is
evident with the mixed distribution of grain sizes. BCZT when sintered alone at 1300 °C
3.2(a), in general, attains a relative density of > 96%, provided the starting particle size
for sintering is < 1 ym.?"® The particle shape, in this case, is irregular, and the particles of
BCZT are highly fused into one another in the composite. This is visible in both Fig. 3.2
(a) and (b). As far as CoFeyOy is concerned, it grows in the shape of regular or irregular
octahedral crystals when sintered alone.?'® The irregular octahedral-shaped CFO crystals
can be seen in the middle of Fig.3.2(b). So the microstructure of the composite is like
ferromagnetic CFO crystals embedded in ferroelectric BCZT matrix, making it a pseudo

3-0 type connected composite.

3.1.3.1 Electric Permittivity Measurements

Electric permittivity was measured as a function of temperature and frequency. Fig.
3.3(a) shows the temperature dependence of the real part of electric permittivity &’ for pure
BCZT ceramic measured at different frequencies. It exhibits a small peak around 320 K
that corresponds to the orthorhombic-tetragonal phase transition while a larger maximum
at around 370 K represents the ferroelectric-paraelectric phase transition. Moreover, The

phase transition is not very sharp, and also there is a frequency dispersion such that &/,
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Figure 3.3: Electric permittivity of (a) BCZT versus temperature at various E-field frequencies.
(b) Electric permittivity versus frequency for BCZT, CFO, and BCZTg5-CFO15 at room tem-
perature. (c) Real part of electric permittivity &’ of BCZTg5-CFO15 versus temperature, and
(d) imaginary part of electric permittivity &’ versus temperature, measured at various E-field
frequencies.

decreases with increasing frequency. This behavior is a typical signature of a ferroelectric

with a diffuse phase transition.

Fig. 3.3 (c) and (d) show ¢/(T") and &”(T) for the composite BCZTg5-CFO;5. Their
behavior is different from that of BCZT. One witnesses broad maxima at all the frequen-
cies in ¢ and there is no indication of any phase transition temperature in the dielectric
response of the composite. Moreover, the overall values of electric permittivity are de-
creased in comparison with the pure sample. This behavior can be readily explained
regarding the electric permittivity of BCZT and CFO and by the fact that electric per-
mittivity is an additive property of BCZT and CFO. By additive property it means that
it depends also upon the microstructure of both phases. For pure CFO, £*(7T") monotoni-
cally increases with increasing temperature without any peak/transition temperature,?!?
in the present-studied temperature range. However, when it is combined with BCZT,

one witnesses a hump in € and ¢”, the behavior at higher temperatures is dominated by

CFO due to its inferior dielectric properties, so there is a rather diffuse peak at some
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Figure 3.4: (a) Real part of electric permittivity versus frequency &’(f) measured at various
temperatures for BCZTg5-CFOq5, inset shows ”(f). (b) Real and imaginary parts of electric
permittivity for BCZTg5-CFO15 given by open symbols and its fitting to the Cole-Cole model
given by solid line superposed to it. Inset shows a plot of the Cole-Cole time constants 7. versus
inverse temperature where the solid line shows the fitting to Arrhenius law.

frequencies. This peak does not necessarily represent the phase transition temperature
of the composite, but rather is a relaxation effect in a system of heterogeneous grains. A
comparison of electric permittivity versus frequency of BCZT, CFO, and BCZTg5-CFOq5
of the data taken at room temperature. To further study the relaxation behavior in the
composite, electric permittivity versus frequency behavior of both samples, i.e., of BCZT
and BCZTgs5-CFOq5 is required. However, a small discussion about different possible

relaxation mechanisms is necessary before the analysis of data.

3.1.3.2 A Brief Introduction to Relaxation Mechanisms

Debye was the first theoretician who worked on the time evolution of polarization /relaxation

18 He considered non-

when an external ac electric field is applied to a dielectric.?
interacting dipoles floating in some imaginary viscous medium so that the whole dielectric
polarization has a time dependence of the following type:P(t) = Pyexp(—t/7), where T
is the relaxation time. Consequently the time derivative of polarization across the whole
dielectric is also an exponential function of time:

I(t) = Pit) o exp(—i) (3.1)

Practically the response encountered in real dielectric materials deviates from the ideal
Debye dielectric response (Eq.3.1). A comprehensive understanding of dielectric response
and its relationship to microscopic features in solids can be found in the research of Jon-
scher,?!® Ngai,?!” Dissado,?? and Hill.?2! A universal dielectric response was introduced
in which dielectric relaxation was treated as one that involves interacting electric species

(be either dipoles or charges). To interpret the results of dielectric spectroscopy, one needs
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to understand the process which might be involved and which type of charged species are
taking part. Unlike classical dielectric response which involves only the orientation of rigid
dipoles, it is now well understood that certain hopping mechanisms involving electronic
and ionic charges might also give rise to polarization.

Dipoles are broadly divided into two groups, one which exists inherently in a material
(permanent dipoles), and the other which are created only after the application of an
electric field (induced dipoles). However, in terms of their dynamic response, they are
divided a bit differently, i.e., static and dynamic dipoles. The static dipoles consist of
bound charges with fixed distances between the charges of opposite sign. These only pos-
sess rotational degrees of freedom. The dynamic dipoles might involve both permanent
and induced dipoles, and the resultant polarization is termed as dipolar polarization (also
see Fig. 1.2). An interesting situation is encountered when, under certain conditions, the
weakly bound charges are forced to come out of their local potential wells (e.g. increase
in temperature might provide the required excitation). In that case, the charges now are
able to move in a larger area than those of strongly bound ones, under the application
of an electric field. The dipoles are termed as dynamic dipoles, and the associated po-
larization now called as charge carrier polarization. However, there also exist free charge
carriers, which are responsible for dc-type processes, are non-localized, and therefore do
not contribute to any polarization process at any frequency.218

A significant number of dielectric materials show relaxation-times 7 that are some-
where in between 107 to 10 seconds. Current sampling at such small times is a gigantic
task sometimes and not all fast processes might be resolved. This problem is circumvented
by using the measurements taken in the frequency domain rather than the time domain.
That is why most of the literature deals with frequency domain data, where commonly
available setups can readily reach megahertz or even higher frequencies. Moreover, the
conversion from one domain to the other domain is easily achieved through Fourier Trans-
formation. In the Debye model (Eq. 3.1) the complex capacitance C*[= Cp/ (1 + iwT)]
(i = v/—1), can be represented by electric permittivity relation in terms on frequency

domain representation (w = 27 f) as:

s

_— 3.2
X 1+ qwr ( )

e* =¢(w) —ie" (w)
where e, = £/(0) is the static low frequency electric permittivity. The circuit combination
for such a system is a series combination of a capacitor (capacitance Cj) and resistance
Ry, with a relaxation time 7 = RyC).

The Debye model deals with an ideal system with a single relaxation time, which
is not consistent with most practical systems. To achieve a better agreement with the

experimental data, the Debye model was improved by taking into account more than one
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relaxation time. The important improvements in shape of models are Cole-Cole, Cole-
Davidson, and Havriliak-Negami models. These models are expressed in terms of electric
permittivity given in Table 3.1.2%

Table 3.1: Models for the interpretation and fitting of dielectric responses, and the asymptotic
behaviors of the corresponding dielectric losses.

Models e* (w) 6"(¢u) X
Debye 1Jf;w7' w+1; v

W W > wp

_Es 1—a.
Cole-Cole 1+ (iwr) 1@ W™ W < wp
0<ax<l w 1= s
___&s +1.
. ,
Cole-Davidson (1+iwT)B W w << wp
0<p<1 w B ws> w,
Es 1-a
. , e <
Havriliak-Negami [(1+iwr)I=a]B w w < wp

3.1.3.3 Analysis of Electric Permittivity versus Frequency Data

Electric permittivity was measured as a function of frequency at different fixed tem-
peratures. The isotherms of the imaginary part £”(f) of the composite are shown in
Fig.3.4(a), while the isotherms of the real part £(f) are shown in the inset. A strong
increase of both £'(f) and €”(f) at low frequencies and high temperatures can be seen,
and is believed to be mainly caused by the contribution from the CFO phase inclusions
as shown in the SEM image. These inclusions alter the properties of the composite from

the pure BCZT via the following two mechanisms:

o Due to the conductivity of cobalt ferrite, which is high at low frequencies and higher

temperatures.

e Due to the accumulation of interfacial charges between the semi-conductive ferrite
and insulating BCZT phases, which generates the Maxwell-Wagner type interfacial

polarization.

These mechanisms were also suggested for similar two phase systems, for example BaTiOs-
Nig 5Zng 5FesOy composites.l?’G’ 222 Maxwell-Wagner relaxation is usually related to chem-
ical inhomogeneities which are present mostly in two phase systems. Also, a large number
of hetero-interfaces between the ferroelectric and ferrimagnetic phases act as traps for the
mobile charge carriers at high temperatures. Accumulation of charges in the vicinity of
the interfaces leads to the formation of inner fields. These fields might cause huge di-
electric losses, especially at low frequencies where the separation distances between the

positive and negative charges can be large.???
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Figure 3.5: (a) Nyquist plot for BCZT at 300 K, the inset shows Nyquist plots for higher
temperatures; (b - e) Nyquist plot for CFO at different temperatures fitted to the circuit shown
in (b). The symbols are the experimental data while the solid lines correspond to the fitting. (f)
Arrhenius fit to pure CFO data, errors in fitting results are less than 1 % of the values shown
on the graph.
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In addition to the low-frequency relaxation, &'(f) has a broad step while £”(f) has
a broad peak in the frequency range 10> < f < 10° Hz. The position of the /(f) step
and the peak of £”(f) shift toward higher frequency as temperature increases. This is a
clear indication of a thermally-activated process. The Cole-Cole model see Table 3.1) was
employed to evaluate the physical nature of the relaxation behavior, and a representative
curve fitted to Cole-Cole model is shown in Fig. 3.4(b).
Ae

E = &0 + 1 + ('L.(,(}ch)l_a; (33)

which can be decomposed into a real part:

1+ (wree) ™ sin(9F)
I A 2 : 3.4
€ = oot 6{1 + 2(wTee) 17 ¥sin (9 ) + (chc)2_2a}’ (3.4)
and an imaginary part:
o — AE{ (WTCC)I_QCOS(%{) } (3.5)
1+ 2(wree) sin () + (wree) 27200 '

£x0 18 the high frequency electric permittivity, Ae = €3 — €4 is the difference between
high and static low frequency permittivity eg, 7. is called the Cole-Cole characteristic
relaxation time, and « is related to the symmetric broadening of the relaxation time
distribution. « = 0 corresponds to the classical Debye relaxation (single time constant
system), while @ > 0 means a system with a distribution of relaxation times. The best

fit parameters after fitting the data to equations 3.4 and 3.5 are given in Table 3.2. The

values of 7., were further fitted to Arrhenius’s law 7.. = Toexp( kEB%)’ where E, is called
the activation energy and kg is Boltzmann’s constant. A fitting to Arrhenius law is shown
in the inset of Fig. 3.4(b), which gives E, = 0.47 eV and 7, = (8.440.2) x 10712 5. Pure
BCZT does not show any relaxation behavior in £(f), but CFO does show relaxations.
The values of E, and 79 shown above very well correspond to those obtained from the
relaxations of CFO sample (see Fig.3.5(f)), and also to those reported in literature for
CFO??3 and ferrite containing compounds. 36224225

The time constant and activation energies obtained from Arrhenius fit can be explained
easily when we consider the electronic conduction phenomenon between ferric Fe** and
ferrous Fe?T ions. Ferrites when sintered at high temperatures (1300 °C here), develop

225 and a possibility of reduction of Fe3t to Fe?t.

a large number of oxygen vacancies,
The electronic exchange mechanism might follow Fe?™ = Fe3T 4+ e~ ! and a local dis-
placement of these dipoles in the direction of an applied electric field is obtained. These
displacements account for the polarization in ferrites. The activation energy given above

describes the energy required by electrons for hopping between Fe3* and Fe?+.226
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Table 3.2: Summary of fitting results according to the Cole-Cole equations.

T (K) Tee (118) Ae a

300 637 £ 14 307 £ 5 0.33 = 0.01
320 159 £ 10 301 £4 0.32 £ 0.01
340 47 298 £ 5 0.31 £ 0.01
360 36 £ 4 2718 £ 7 0.29 + 0.02
380 12 £4 263 £ 4 0.26 £ 0.01
400 6.0 £ 04 252 £ 10 0.22 £ 0.01
420 3.0 £ 0.5 217 £ 11 0.16 = 0.03

3.1.3.4 Impedance Analysis

Relaxation processes in the composite can be further studied by employing the analysis
of complex impedance (Z7* = Z' +1Z") and complex modulus (M* = M’ + iM") data.
Nyquist plots of impedance Z’ vs. Z" and modulus M’ vs. M" are very useful to elucidate
the electric relaxation behavior. The reason for which is that the impedance Nyquist plots
highlight the phenomena characterized by high resistance, while modulus plots identify
electric responses with small capacitances. Fig. 3.6(a) and (b) shows the Nyquist plots
for impedance and modulus, respectively, for the composite. Big semi-circular arcs are
visible in impedance plots, however, it is hard to distinguish any relaxations apparently.
On the other hand, modulus plots indicate two different types of relaxations. In the low-
frequency regime, one sees a step like relaxation as we saw in the electric permittivity
spectra, and an activated behavior in mid-frequency range with sharp maxima. In brief,
it can be easily seen that impedance plots show a dominant capacitance behavior at lower
frequencies (in this case it belongs to BCZT phase), while the modulus plots give a clear
indication of small capacitance behavior at higher frequencies (which might be assigned to
the CFO phase). These predictions can be matched with some actual calculated numbers,
with the help of equivalent circuit analysis, which is presented next.

Nyquist plots can be modeled by several serially connected equivalent electrical cir-
cuits, which correspond to different relaxation processes/entities. Looking at the impedance
Nyquist plots in more details, it was found to have two semicircular arcs, which are poorly
resolved as indicated in Fig. 3.7(a). The equivalent circuit comprised of elements indi-
cated in the inset of Fig. 3.7(a). C1 and C9 are the representative capacitors, R and Ry
are resistances. And constant phase element (CPE) is an element representing a non-ideal
dielectric response related to ac conductivity and also to space charge. The impedance
of CPE is given by Zopg = 1/Yopp = 1/Q(iw)", @Q is a prefactor related to the ca-
pacitance of the sample, while the exponent n has a value in between 0 (for the purely
227

resistive circuit) and 1 (for purely capacitive one).

The values of fitting parameters are given in Table 3.3. Moreover, pure Nyquist plots
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Figure 3.6: Nyquist (a) electric impedance and (b) elelctric modulus versus frequency plots for

BCZTg5-CFO15 at various temperatures.

Table 3.3: Summary of the best fit parameters according to the circuit Fig.3.7(a).

T (K) Cp@F) Gy (F) R (GQ) Ry (MQ)  Q(ssm)*10710 n
300 18.7 £ 0.6 160 + 10 6.20+£0.80 2.2 £+ 0.3 1.02 0.80 £+ 0.10
325 126 204 250 +£20 093+£0.03 1.6 £0.2 1.42 0.80 £+ 0.01
350 16.7 £ 1.0 310 £ 15 0.13£0.01 0.454+0.05 2.10 0.78 & 0.03
375 151 £ 1.0 570 £20 0.12+£0.02 0.11+0.01 2.00 0.75 4+ 0.02
400 11.5 £ 0.6 340 £20 0.09+£0.01 0.13+0.04 1.04 0.74 + 0.01
40
| BCZTas-CFO1s o
&
B
30f -
F oA
s 4
& &
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2 3 4 5 ]
7' (MQ)

Figure 3.7: Modelling in terms of equivalent circuits for BCZTg5-CFO15. A closer view of the
impedance versus frequency curve at room temperature; inset displays the equivalent circuit
used to model this. The circuit displayed on the right of the figure was utilized for the higher
frequency part of the curve, and the one on the left for the lower frequency part.
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for pure BCZT as well as CFO were also fitted to equivalent circuits (Fig. 3.5 (a) and
(b - e)). It was interesting to find out that the fitting parameters related to the second
circuit (inside the green box) well correspond to that of the pure ferrite phase. On the
other hand, the contribution of the perovskite phase BCZT could not be singled out, so
it was assumed here that the first circuit represents an effective response from the BCZT

phase and any interfacial effects.

3.1.3.5 Electric Polarization

Macroscopic polarization as a function of the electric field (P(E) hysteresis curve)
was measured at room temperature employing a custom-built Sawyer-Tower circuit. The
frequency of the ac field was 100 Hz. The loop is shown in Fig.3.8(b) and it was not
completely saturated. For comparison, a P(E) loop corresponding to BCZT ceramic
(Fig.3.8(c)) which shows a typical behavior of ferroelectric hysteresis loop, saturation

polarization of 10 pC/cm? and a coercivity of 5 kV /cm.

3.1.3.6 Magnetic Hysteresis
Magnetic hysteresis loop were measured in a SQUID at 280 K, showing slim hysteresis.
Its remanent magnetization M, is 8.32 kA /m, with a relatively small magnetic coercive

field ppH = 0.04 T, thus proving it to be consisting of ferrimagnetic cobalt ferrite.

3.1.3.7 Microscopic Multiferroic Properties

Piezoresponse force images of the sample were acquired at room temperature. Fig.3.9(a)
and (b) show the topography and lateral PEM images, respectively, of the finely polished
sample surface. There exist distinct bright regions which correspond to the piezoactive
BCZT phase. To verify whether it is an actual ferroelectric response, switching spec-
troscopy PFM (SSPFM) loops were obtained on the bright spot designated by the white
circle. Hysteresis loops of local amplitude and phase measured as a function of the ap-
plied ac voltage are shown in Fig.3.9(c) and (d), respectively. The phase loop spans over
180°, while the amplitude loops are similar to strain-electric field hysteresis (macroscopic
S(FE)) butterfly loops for piezoelectric materials. It becomes clear from the SSPFM anal-
ysis that bright regions are indeed piezoelectrically active regions. Thus piezoelectricity is
confirmed at the microscopic scale. Now the only question remains whether or not these
phases are cross-coupled concerning external electric/magnetic fields, i.e., magnetoelectric

coupling, which will be analyzed in the next section.

3.1.3.8 Converse Magnetoelectric Measurements

The converse magnetoelectric effect was measured in three different modes:

o Under constant ac electric field amplitude and constant dc magnetic field, sweeping

the temperature only.

83



Converse Magnetoelectric Effect in BCZT-CFO Composites

=
o

3 (= T T
40l (Q) BCZTss-CFOLs (b) BCZTesCFOus 8l (c)Bezr
T=280K 2r 6F
T=300K T=300K
20} f=100 Hz 4+ f=100 Hz
— 1
£ 10 g / <2
<o 50 E 0
N—' 0 3 / (@)
= 3 2 2t
o-1f N7
-20F 10 o -A4b
100 0 100 2 St
401 uH (mT) -85
" L L " L -3k . L L 10 L . f . . L . J
6 -4 -2 0 2 4 6 20 -10 0 10 20 20 -10 0 10 20

pH (T) E (kV/cm) E (kV/cm)

Figure 3.8: (a) Magnetization-magnetic field hysteresis M (H) for BCZTs5-CFO15 at 280 K,
(b) Polarization hysteresis P(F) for BCZTg5-CFO15 at 300 K, and (c) Polarization hysteresis
P(E) for BCZT at 300 K.

o At constant temperature and fixed value of ac electric field, with a sweep of dc

magnetic field.

o At constant temperature, at a fixed value of dc fields, however, this time ramping

up the amplitude of ac electric field.

The data taken from all three modes will be presented as follows:

Electrically induced magnetization as a function of temperature My;p(T) is plotted in
Fig.3.10, it increases from low values to a maximum at around 280 K, and then decreases
with further increase in temperature. This behavior would be explained later, in combi-
nation with My, p(H) data.

Electrically induced magnetic moment My, g versus applied dc magnetic field (M p(H))
was measured and plotted in Fig.3.11(a). It shows a hysteretic behavior by following dif-
ferent curves with increasing and decreasing dc magnetic fields as illustrated in its panel
(b).

By keeping temperature and dc magnetic field fixed, an ac electric field amplitude is
increased, and the corresponding induced magnetic moment is recorded. The Myg(Eac)
is linear as shown in the inset of Fig.??. Its slope was determined from the linear fit to

the relation
NOMME = acFge (36)

where «. is the converse magnetoelectric coefficient expressed in units of s/m. «. for
BCZTgs-CFO15 comes out to be 6 ps/m, which is almost 50% larger than the value
obtained for bulk magnetoelectric composite of BaTiO3-CoFeoO4 with 80-20 mass-% ra-
ti0.22® For further studies of these composites, more composites were synthesized with
higher ferrite content i.e., 30 and 40 and 50 vol.% by assuming that increasing the fer-
rite content might lead to an increase in ME coupling. However, this did not prove to

be a completely correct assumption as the compositions with 30 and 40 vol.% CFO did
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Figure 3.10: Temperature dependence of magnetoelectrically induced magnetization My, (T)
for BCZTg5-CFOq5. Inset shows the electric field induced ME coupling Mg ( E,.) measured at
280 K.

85



Converse Magnetoelectric Effect in BCZT-CFO Composites

60} (b) /,/375
T e ° /°/
< 20 0/ 9
L " / /
§w 20 o/ o/

w ayrd

e d
60 ’48/0/
-0.1 0.0 0.1
puH (T)

u,H (T)

Figure 3.11: (a) Magnetic field dependence of magnetoelectrically induced magnetization
My (H) for BCZTg5-CFO15 measured at 280 K, and (b) shows its zoomed-in view.

not show any ME coupling at all. A smaller value of converse ME coefficient of 3 ps/m
was obtained for 50 % content of ferrite (BCZT50-CFOs0) which is half of the value for
that BCZTg5-CFO15 composite. Therefore, a new strategy was devised by enhancing the
magnetostrictive properties of CFO. This was accomplished by modification of CFO with

AIPT ions, the details of which are presented in the following sections.

3.2 Structural and Magnetic Properties of CoFe;Oy4
and Co(Fe; 5Alp5)04

3.2.1 Synthesis

Co(Fej 5Alp5)04 and CoFeaO4 were prepared using the mixed oxide route. The oxides
of iron, cobalt, and aluminum were mixed in ethanol in stoichiometric ratios as determined
from the balanced chemical equations given in Chapter 2 and milled for 10 hours in an
alumina crucible with yttria-stabilized zirconia balls for 10 hours. The suspension was
dried and calcined for 6 hours at 1050 °C at a heating rate of 5 °C/min and ball milled again
with the previously described parameters. All the properties described in the following
section were measured in powder form. Mossbauer spectra of the powder samples were
recorded in transmission geometry using a °’Co source mounted on a Méssbauer drive
operating in constant acceleration mode. A cryostat with a superconducting magnet
in split-coil geometry was used to apply a magnetic field of 5 T along the gamma-ray

propagation direction.
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Figure 3.12: XRD data for (a) Co(Fe; 5Alp5)O4 and (b) CoFepOy4. Symbols are actual data
points whereas the solid lines are the fit-lines to the Rietveld refinemnts done according to the

inverse cubic spinel (F dém).

3.2.2 Results

Full structural and magnetic characterizations of CFO(Al) and CFO(pure) were per-
formed including Rietveld refinement of XRD data, Mdossbauer spectra, and magnetization
versus magnetic field hysteresis loops. Here the difference between two kinds of samples

is presented.

According to Néel’s two-sublattices theory for ferromagnetic materials, the net sponta-
neous magnetization at 0 K is simply the numerical difference between the two sublattice’s
magnetizations:???

Ms = |My — Mp| (3.7)

Since the properties of ferrite spinels depend on the interaction between the ions at the
tetrahedral (A) and octahedral B sites, the distribution of these ions is critical. This site
preference of a particular ion is strongly dependent on the temperature of preparation,

the rate of cooling, and subsequent heat treatments.?2”

Cobalt ferrite (CFO) exists in the mixed-spinel form. The XRD data as shown in Fig.
3.12(b) confirm this fact where the distribution of the different ions at the terahedral and
the octahedral sites is also written. The Al3*-modified cobalt ferrite is also in the mixed-
spinel state except the fact that the distribution of ions is altered in the presence of A3,
At jon is present at both A and B-sites. However, it has a preference for B-sites, which
means that it replaced more number of Fe3* jons from the B-site as compared with those
on A-site. The total magnetic moment of cobalt ferrite according to the ion configuration

obtained from Rietveld analysis can then be written as:

[Fe3T, Co? ] o[FePT, Co?t] g0y (3.8)
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Figure 3.13: M(H) curves for Al¥*-modified and pure CFO at different temperatures as
indicated in the figure legend.

So a net magnetic moment per formula unit for CFO, in this case, is given by:
[(0.744)5u5 + (0.256)3up] 4 — [(0.744)3up + (1.256)5up] g which sums up to 4.024
pp/formula unit. Here pup is the Bohr magneton.
In case of Co(Fe; 5Alp5)O4, which is also in mixed spinel configuration, the calculation
yields:
[(0.714)5u5 + (0.294)3up + (0.056)0up] 4 — [(0.716)3up + (0.8065) up + (0.0.466)0np] 5
Which equals 1.726 pp /formula unit. This is a huge difference in the net magnetic moment
when we compare it to pure CFO. To get a proof of this, M (H) measurements on both
samples were performed at 300 K as well as at 4.3 K which are shown in Fig.3.13. As
anticipated, there is an actual difference of magnetizations of approximately the same
order. The saturation magnetization for CFO is 470 kA/m while for CFO(Al) it is 210
kA /m. Hence the mixed spinel nature of both CFO and CFO(AI) is confirmed.

Further confirmation of magnetic properties of these two samples was obtained by
Méssbauer spectra measured by Dr. Joachim Landers. Fig. 3.14 (a) and (b) show
the Mossbauer spectra of CFO(Al) and CFO samples, measured at 4.3 K in an external
magnetic field of 5 T. Both samples show magnetically ordered behavior, with no traces of
parasitic phases visible. For pure CFO, moderate spin canting angles of 28° (B-site) and
25° (A-site) can be determined from the spectra, while CFO(Al) shows smaller canting
angles of 20° (B-site) and 18° (A-site), respectively. Due to the magnetic moments being
largely aligned along the external magnetic field direction, A and B-sites can be clearly
resolved. In agreement with data from XRD experiments shown in Fig.3.12, we observe
a preference of the Fe-atoms for the octahedral lattice positions, resulting in a ratio

of spectral areas of about 60:40 in both samples. Briefly summarizing, from the X-
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Figure 3.14: Mossbauer data for (a) Co(Fe; 5Alp5)O4, and (b) for CoFesOy4. Spectra courtesy:
Dr. Joachim Landers, M.Sc. Soma Salamon.

ray analysis, it became clear that CoFeoO4 has a mixed spinel structure which can be

represented by an approximate formula:

[Coo.256F€q.744] A [Cop.744Fe1 2563 O4.

It has a saturation magnetization Mg of 470 kA /m, which is in good agreement with the
literature of mixed spinel cobalt ferrites.?3" On the other hand, AI** substituted cobalt

ferrite has an approximate formula:

[Coog.294Feq.174Alp.056] A [Coo.716Fe0.806 Al 4665 O4,

as determined from Rietveld analysis. The saturation magnetization as determined from
the M (H) loops came out to be 210 kA/m. The Rietveld analysis and the M (H) mea-
surements complement each other meaning that AI>* has a preference of B-site. This
results in the reduction of inherent magnetization imbalance of A and B sublattices of
un-modified cobalt ferrite. This eventually leads to a net magnetization decrease. The

Mossbauer spectra also confirmed this finding.
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Figure 3.15: Magnetostriction properties of of CFO and CFO(Al), after Nlebedim et al.?3!

3.3 Magnetoelectric Effect in BCZT5,-CFO(Al)5, Com-

posites

3.3.1 Background and Motivation

In a pursuance of better ME coupling, it was realized that the magnetostrictive proper-
ties of cobalt ferrite can be tuned by different methods which include magnetic annealing
and cation substitution of cobalt and iron. In literature the effect of different cation
substitutions on the magnetostrictive properties of cobalt ferrite have been studied, some
examples include substitutions with Zr?* 232 Mn3+ 233 A3+ 231 Ga3t 234 and Zn?t.2%
Nlebedim et al.??! studied magnetic and magnetomechanical properties of CoAl,Feo_,Oy4
with z ranging from 0 to 0.9. They found enhanced values of d\/dH,,qz for the A3 for
samples with z upto 0.5. The comparison of their study for x = 0 and x = 0.5 is presented
in Fig.3.15. Keeping this in mind, CoFe; 5Alg 504 was selected as a magnetostrictive ma-
terial for the bi-phase composite, while BCZT was kept as piezoelectric component as

before.

3.3.2 Experimental Methods

The solid state method was followed for the synthesis of two composites, BCZT5-
CFO509 and BCZT5p-CFO(Al)50, where CFO(Al) = Co(Fej 5Alg5)O4. The rest of the
characterizations stayed the same as discussed for BCZTg5-CFOs.
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Figure 3.16: XRD Spectra of the BCZT59-CFO5y and BCZT50-CFO(Al)59. Both BCZT and
ferrite phases along with the impurity phase are indicated with different symbols.

Figure 3.17: SEM Spectra of the BCZT50-CFO(Al)50 and (b) BCZT50-CFOs in backscattering
mode.
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Figure 3.18: P(FE) loops of the (a) BCZT50-CFO(Al)5p and (b) BCZT50-CFO50 measured at
room temperature.

3.3.3 Results

3.3.3.1 X-ray Diffraction

XRD spectra were collected at room temperature for both samples, and are plotted
as shown in Fig.3.16(a) and (b). All peaks were identified either belonging to the tetrag-
onal perovskite crystal system (P4mm) for BCZT and cubic spinel system Fd3m for
both CFO and CFO(AI). These phases are indicated with different symbols in Fig.3.16.
There are a couple of small peaks that were identified to be belonging to the hexagonal
phase Ba(TiCo),Fej2.,019, as also indicated in the figure. This impurity phase is also a
ferromagnetic as studied by Jie et al.?3

Scanning electron microscopy used in backscattering mode is quite useful for differ-
entiating between two phases. The spectra which are shown in Fig.3.17 indicate two

thoroughly mixed phases. The brighter phase was attributed to the piezoelectric phase
(BCZT), while the dark one corresponded to CFO.

3.3.3.2 Electric Polarization Measurements

Polarization was determined at room temperature for both samples and P(FE) curves
are plotted in Fig. 3.18 (a) and (b). The loop for BCZT50-CFO(Al)50 is slimmer than
that of BCZT50-CFOs9. Both loops are unsaturated, due to which saturation polariza-
tion could not be determined. This type of polarization behavior is quite common in
two-phase composites.?3”-23%  Since the polarization loops do not supply the necessary
information about the exact ferroelectric properties of the composite, local piezoresponse
of the composite BCZT59-CFO(Al)59 was necessary to be measured. This was done at
room temperature. The images of topography and lateral PFM are shown in Fig. 3.19
(a) and (b), respectively. The bright area corresponds to the piezoactive BCZT, while
the dark area is most probably the non-piezoactive CFO(Al) phase. The distribution of
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Figure 3.19: (a) Topography, (b) Lateral PFM image of the BCZT5,-CFO(Al)5

the two phases as seen via PFM images is in agreement with the SEM image 3.17 (b).
Moreover, the bright area is not continuous, while the dark/less bright area consists of
continuous path like structures. This confirms that the non-piezoactive ferrite phase per-
colates, forming continuous portions. This agglomeration is a key factor when the sample
is required to be electrically poled for piezoelectric and magnetoelectric measurements.
Electric poling is hindered by these semiconducting continuous paths of the ferrite phase
when the voltage which is supplied to orient the piezoelectric grains is dropped on these

continuous paths, and a type of charge flow is created at poling temperatures ( > 100 °C).

3.3.3.3 Magnetic and Magnetoelectric Characterizations

Magnetization as a function of dc magnetic field was measured at room temperature.
The M (H) curves are shown in Fig. 3.20 (a) and (b) for BCZT5)-CFOs5p and BCZT5¢-
CFO(Al)s50, respectively. The important thing to note is that the saturation magnetization
for BCZT50-CFOsp has a lower value (91 kA/m) than the one for BCZT50-CFO(Al)s
(106 kA/m). This discrepancy might be attributed to the presence of extra-phase as
detected in the XRD spectrum of BCZT50-CFO(Al)59. This hexagonal phase is also
ferrimagnetic, but is ferromagnetically hard with a saturation magnetization value much
lower than in cobalt ferrite. Also, there is a possibility of perovskite BaFeOgs y phase as
demonstrated by Van Hook.??® This phase has a tetragonal unit cell similar to BCZT
and is indistinguishable from it owing to its very similar lattice parameters,?? but is
not ferromagnetic. The saturation magnetization of BCZT5¢-CFOsq is lower than that of
BCZT50-CFO(Al)59 which might not contain the impurity BaFeO3.x phase.

The magnetoelectric signal is induced as a result of the applied ac electric field. Its
dc magnetic field dependence is shown in Fig.3.21(a) and (b) for BCZT50-CFO(Al)5 and
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Figure 3.20: M(H) loops of the (a) BCZT5-CFO(Al)509 and (b) BCZT50-CFO35p measured at
room temperature.
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Figure 3.21: My p(H) loops of the (a) BCZT5)-CFO(Al)s9 and (b) BCZT50-CFOs5p. The
maximum value of induced ME magnetization for BCZT50-CFO(Al)5q is 8.4 x 10 A/m per
volt while it is 2.1 x 10 A/m per volt in BCZT50-CFOs.

BCZT50-CFOs0, respectively. My, p(H) have similar shapes at low magnetic fields. The
common feature is a presence of some induced ME at zero dc magnetic field )known in
literature as self-biasing effect and a small hysteresis at low magnetic fields. Increasing
field from zero value, the induced signal increases monotonically, reaches a maximum,
and then decreases again with a further increase in the field. The maximum value of
induced ME magnetization for BCZT50-CFO(Al)50 is 8.4 x 103 A/m per volt while it is
2.1 x 103 A/m per volt in BCZT50-CFO5p. For BCZT50-CFO(Al)50, the signal reduces
to zero at around wpH = 4+ 1 T (known as zero-crossing in literature). However, in case
of BCZT50-CFOs0, it changes sign at around wgH = =+ 0.4 T, and upon further increase

in field, becomes zero again.

The temperature dependence of the induced ME signal was also determined. In this
case, the amplitude of the ac electric field as well as the magnitude of the dc magnetic

field were kept constant. The temperature dependence was monitored from 250 K to
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Figure 3.22: MME(T) curves of the (a) BCZT50—CFO(A1)50 and (b) BCZT50—CFO50.

320 K. It is shown in Fig. 3.22. The induced magnetization increases with increment
in temperature, passes through a broad maximum and then decreases again with further
increasing temperature. Both samples have maximum values of induced ME close in the
temperature range of 270 - 310 K, approximately. These plots confirm decent ME coupling
at or close to room temperature.

To determine the converse ME coefficient, the electric field amplitude was incremented
in regular steps. The resultant induced magnetization was recorded under a constant dc
magnetic bias. The behavior is linear for both samples. However, the slopes of the lines are
different. The slope gives the value of ME coefficient «. according to the Relation 3.6 i.e.,
poMyrp = acEqe. The values of a, for BCZT50-CFO(Al)50 and BCZT50-CFOs are 11 x
1012 s/m and 3 x 10712 s/m, respectively. So we see a significant enhancement of about
four times of the converse ME coefficient in case of AlI** modification to cobalt ferrite.
This enhancement is also remarkable when compared to samples with 15 % cobalt ferrite,
which was 6 x 107'? s/m. This also shows that ME coupling does not depend on the
volume percentage of the ferrite phase. In fact, it is the improvement of magnetostrictive
properties of cobalt ferrite due to AI3T substitution that causes this enhancement in the

ME coupling of the composite.

3.3.3.4 Direct ME Characterizations via PFM under Magnetic Field

Direct ME effect was also explored by applying dc magnetic field and performing
point by point piezoforce microscopy. Fig. 3.24 shows the sequence of such PFM images
along with topography for BCZT50-CFO(Al)59. The PFM response was initially measured
without a magnetic field. After that, an in-plane dc magnetic field was applied to the
ceramic composite in one direction with a magnitude of 500 Oe (50 mT) with subsequent
measurement of PFM response. A similar procedure was repeated for the field applied in

the opposite direction to the previous step. The contrast improved with the application
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Figure 3.23: Electric field induced magnetization My;p(E) curves of the (a) BCZTso-
CFO(Al)59 and (b) BCZT5)-CFO350. The solid lines are the fittings to the relation 3.6.

of a magnetic field in one direction diminished when the field was removed and enhanced
again in the opposite orientation of the field. The surface areas, where the contrast
changes visibly, are highlighted for clarity in Fig. 3.24. For a further proof of direct
ME effect, switching spectroscopy polarization loops were also measured under various
magnetic fields at certain different spots, one such example is illustrated in Fig. 3.25 (b-e).
There is a clear variation in amplitude under different values of magnetic field. Similar
loops were also observed when the direction of the magnetic field was reversed (not shown
here). Both these measurements, i.e., PFM images and SSPFM loops under magnetic

field are a clear indication of direct ME coupling at the local scale in this composite.

3.4 Discussion

Let us discuss the decrease of saturation magnetization for CFO(Al) as compared
with CFO as shown in Fig.3.13. CFO in its unmodified form is a mixed spinel of the
[Co?T, Fe3t]5[Co?T, Fe3t|gOy4. The saturation magnetization (Mg) depends upon the
strongest super-exchange coupling (antiparallel coupling) between the tetrahedral (A) and
Octahedral (B) sites, given by the relation:**! E., = —J4p < S4-Sp > where S4 and
Sp are the spins on nearest neighbor ions and J4p is Heisenberg’s exchange integral for
two nearest neighbors A and B. It is clear from the analysis of CFO(Al) in Section 3.2.2
that AI>* has a strong preference for the B-site in the AB2Oy spinel lattice. So there is an
overall decrease in the number of Fe?* ions at B-sites due to their replacement with A3+
ions, as a result of which now fewer Fe3* ions at B-sites are linked via superexchange to A-
site Fe3t ions. Thus, a decrease in the strength of the A-B inter-sublattice super-exchange
interactions resulted, and eventually, this weakening of super-exchange interaction would

lead to a decrease in saturation magnetization of CFO(Al).

For stress-mediated ME coupling, magnetic field dependence of the magnetoelectri-
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Figure 3.24: Magnetic field induced changes in the vertical PFM response for BCZT5¢-
CFO(Al)50. In-plane dc field applied in opposite directions (also indicated by arrows) is marked
with positive in (a) and negative in (b). The areas where there is a maximum change in PFM

contrast are highlighted for clarity.
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Figure 3.25: SSPFM phase and amplitude loops measured at various dc magnetic values, to
explore the direct ME coupling in BCZT50-CFO(Al)50, the point where all these loops were
taken is marked with a blue symbol in the vertical PFM image.

cally induced moment (i.e. My;p(H)) is given by the product of piezoelectric times the
effective piezomagnetic tensors, and the effective piezomagnetic tensor is itself magnetic
field dependent. So converse ME coupling might be decomposed as:**?

dM;
Qcony — IUZE' L= Qimn’ Cmnkl* djkl (39)
J

where djj; is the piezoelectric tensor and ¢y, is the effective stiffness of the material
microstructure, and ¢, is the piezomagnetic tensor. ¢, is a symmteric tensor as can
be seen from Eq: 1.32. It is proportional to d\;,/dH, where \;,, are the components
of magnteostrictive tensor. Thus the shape of the My;g(H) curves can be conveniently
explained by taking into consideration the shapes of the A(H) and d\/dH curves as shown
schematically in Fig. 3.26 (a) and (b), respectively. The shape of the d\/dH curve in
Fig. 3.26 (b) is similar to the My;p(H) curves shown in Fig. 3.11 (a), and to those
shown in Fig. 3.21 (a) and (b). Thus My/p(H) tracks the behavior of d\/dH in a dc
magnetic field. As given by Eq. 1.53, the overall magnetostriction behavior depends on
the collective behavior of Ajgg and A111. In Fig. 3.26(a), the slope of the A\(H) curve was
initially negative and later positive. The initial of the curve represents a region in which
the contribution of Ajgg to its amplitude is dominant. This continues until all magnetic
domains align parallel to the easy axes. After this, on further rise of magnetic field value,
the contribution of A\i17 to the amplitude of is observed. That is also the reason of change

in sign of the My;g(H) curves for the composites which contain unmodified CFO.

A small self-biasing effect is present at low magnetic fields especially when the field
was swept from higher values. This effect is not first-hand, the early observation of

this self-biased ME effect can be traced to the year 2002 when it was first observed
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in Lag3Srg3MnO3-PZT laminates by Srinivasan et al.?*®> Other systems with similar
hysteretic behavior include Co-PZT-Co and Fe-PZT-Fe trilayers.®” These interesting
characteristics of hysteresis and the self-biased effect at low fields can be explained in
terms of d\/dH of the magnetostrictive phase especially when considering the dynamic

response when a dc magnetic field is superposed on an ac magnetic field. Therefore, the

ac magnetomechanical response has a different form than its de and it can be given as:?**
d\  dmppN

— 3.10

dH Y ( )

Where X is the ac magnetostrictive constant, p, is the reversible permeability, and Y is
Young’s modulus. Thus, the shape of low field induced ME curve or the magnetostriction
hysteresis based self-biasing effect can be influenced by several factors, the most probable

factors that might cause the hysteresis are:

1. The demagnetization field of the magnetostrictive phase. If the demagnetization
field is high, it causes the effective magnetic induction to be reduced and therefore

influences the slef-biasing effect.

2. The composition gradients that might arise due to either chemical reaction be-
tween the ferromagnetic and ferroelectric or due to their inter-diffusion. These
inter-diffused regions which might contain built-in self-biasing, and therefore the

hysteresis.

3. Residual stress might also arise at the interfaces of the two phases due to high
temperature sintering process. This might be due to lattice mismatching of the
constituent phases or might be due to thermal mismatch. This mismatch serves
multipurposely, by providing mechanical coupling and can be possible reason of

unique behavior like self-biasing effect.

Two important quantities to be considered here the electromechanical coupling coeffi-
cients of BCZT and the magnetomechanical coupling coefficient of the ferrite. These are
important criteria for evaluating and are a measure of the conversion of magnetic/electric
to mechanical energy and vice versa. These are defined as?#® the square root of the ratio
of the converted stored energy to the input stored energy provided there are no losses or

radiation.

Ay
k2, = g ; (3.11)
|K1’ + |)\so'int’ + Kshape
where oy is the internal stress anisotropy and Kgpgpe is the shape anisotropy. The
internal-stress anisotropy depends on the sample preparation technique. The magne-

tocrystalline anisotropy energy is controlled by the chemical composition and is a func-
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tion of the temperature. K7 of cobalt ferrite is positive while other ferrites have negative
values of K at room temperature. Internal stresses are always present due to the high
temperature sintering and unequal thermal expansion coefficients, and phase transition
temperature. It is well-known that the components of electromechanical coupling factor
(k;j) might be written as:'®240 ;
i

kij =
€iiSjj

(3.12)

Where k;; is electromechanical coupling factor, €;; is the component of electric permittiv-
ity, and Sj; is the component of elastic compliance, and the indices ij correspond to 33, 31
and 15. Cordero et al. measured the elastic properties of BCT-50BZT which proved to be
quite useful in studying the intermediate phase at the polymorphic phase boundaries and
its role in increasing the piezoelectric response.?4” The measurements are shown in Fig.
3.27, the real part of compliance for BCT-50BZT peaks at the tetragonal to orthorhombic
phase transition (290-295 K); and an additional broader maximum at 250-260 K suggest-
ing orthorhombic to rhombohedral transition, while the Curie temperature is identified
as 360 K as a sharp step. From Relation 3.12, it is evident that there might be some

temperature dependence in k;; due to the strong temperature dependence in S.

Therefore the temperature dependence of induced ME magnetization (Mysg) for
BCZT85—CF015 (Fig. 3.10) and also for BCZT50—CFO(A1)50 and BCZT50—CFO50 (Fig.
3.22(a) and (b)) would have a dependence on the compliance of BCZT because it has al-
ready been discusssed that magnetomechanical coupling factor x,, is slightly temperature
dependent. And the broad maximum in Mg (T) of all samples is a manifestation of
competing properties of the piezoelectric and magnetostrictive phases. At low magnetic
fields A can be approximated by A ~ M2, so one could write:*

A M?
—=— 3.13
Considering the rotation of magnetization against anisotropy in an untextured polycrys-

talline material with random distribution of easy axes, one has:

dM _ poM;
= 14
dH NK; (3:14)
Where N = -3 for cubic anisotropy and A < 0. And
d\ d\N dM
i~ a dil (3.15)
and therefore, " T
HOAs
- ZPrsTE 1
dH NK; (3.16)
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Figure 3.26: Schematic diagram showing (a) A(H) for CFO; (b) its derivative. The shape of
the curve in (a) was copied from an article by Nlebedim et al.?3!

Which shows that the anisotropy constant K is inversely proportional to %. This is

because of the fact that magnetostriction and magnetocrystalline anisotropy in spinel fer-
rites are both dependent on spin orbit coupling. The magnetocrystalline anisotropy in
CFO was explained in terms of one ion model. i.e., Co®>t ion on B-sites produces a positive
value of anisotropy constant K7 in Section 1.4.2.3. As shown in Section 3.2.2, the Co®*
concentration at octahedral sites was decreased form 0.744/unit cell in unmodified CFO
to 0.716/unit cell in CFO(AI). Resultantly, the effect of spin-orbit coupling would also
decrease, thereby decreasing the crystal anisotropy constant of CFO(Al). This decrease
in anisotropy constant, and the anisotropy field which is responsible for higher magne-
tostriction in a certain orientation thus would decrease. However, d\/dH would increase
according to relationship 3.16. Thus the enhanced converse ME coefficient in BCZT5p-
CFO(Al)50 might be attributed to the improved dA/dH behavior of cobalt ferrite after
its modification with AT,

The evidence of direct ME presented in the last section can also be explained from the
fact that in PFM, the effective value of d33 is measured by the tip, which can be given
by:

A = egQe(E)P (3.17)

where (F) is the field dependent electric permittivity and P(FE) is the static or dc
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Figure 3.27: Elastic compliance of BCZT measured at 8 kHz during heating and cooling.?*
Image reused with permission from © 2014 AIP Publishing LLC.

polarization which shows that ds3 oc P. The PFM response or AP in this case is excited

by de magnetoelectric coupling o ( Hgtqtic) which can be given by:
AP = @(Hstatic)AHstatic (318)

Here a(Hstatic) is the de coupling coefficient different from the dynamic bulk ME coeffi-
cient that is normally measured with ac electric/magnetic fields. The effective dsz on the

application of magnetic field for the whole system is given by d®/f = dy + Ad¢//, where
AdT = eega(Htatic) (3.19)

There is a small complexity here that the observed PFM variation with a magnetic field
can be intrinsic (strain-mediated ME coupling) or extrinsic (might be due to the elec-
trostatic interaction between the tip and the sample or hysteretic charging of the sample
surface). To remove this complexity, switching spectroscopy PFM was performed on var-
ious spots of the sample, one example of which is shown in Fig.3.25(a-e). The SSPFM
amplitude was measured at different points on the sample surface with and without an
in-plane magnetic field. The SSPFM analysis confirmed that the PFM response was in-
deed strain mediated, because all the amplitude loops, either with or without external
magnetic field being applied, are symmetric concerning the direction of the applied volt-
age. These loops might have been asymmetric in the presence of extrinsic effects which

was not the case in this sample.

3.5 Summary and Conclusions
In the first part of this chapter, synthesis, and characterization of a new multiferroic
magnetoelectric system BCZTg5-CFO15 were presented. Electrical analysis revealed that

there exist two types of relaxation mechanisms in these two phase composites. These
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two categories of relaxation might be explained equivalently using either grain boundary
effects or by the presence of electric heterogeneity due to a less conductive piezoelectric
and a more conductive ferrite phase. Equivalent circuit analysis suggested that two types
of relaxations fit best to the latter, namely, the two-phase model. Further analysis of
dielectric data revealed that Maxwell-Wagner type space charge polarization was respon-
sible for dielectric dispersion at low-frequencies and at high temperatures, the origin of
this space charge polarisation is the temperature-activated behavior of charged species
due to the ferrite phase. The converse magnetoelectric coefficient for BCZTg5-CFO15 had
a value of 6 ps/m which represented an enhancement over the two-phase magnetoelectric
composites prepared via similar solid state method. In other samples with higher CFO
vol.% no enhancement of ME coupling was achieved. Therefore, CFO was modified to
enhance it.

Cobalt ferrite was modified by the substitution of AI>* for Fe3*. AI3* favored more
octahedral sites rather than the tetrahedral ones, thus decreasing the saturation magneti-
zation as compared to the unmodified one. However, the advantage of such modification
was achieved in terms of stress sensitivity (dB/do) which is equivalent to the magnetic
field derivative of magnetostriction (d\/dH).

To observe the effect of such modification on magnetoelectric effect, two samples were
prepared with the same volume percentage of cobalt ferrite (50 %) and BCZT. However,
one sample contained Al3T-modified cobalt ferrite while the other contained the unmodi-
fied one. Both samples contained small amounts of a hexagonal phase as it was detected
from the XRD measurements. Magnetization hystereses looked similar with small coercive
magnetic fields. The difference in saturation magnetization was also not very large due
to the possibility of non-magnetic perovskite phase in BCZT50-CFOsy. However, there
was a significant difference between the electrically induced magnetization, i.e., the con-
verse magnetoelectric coupling. The value of converse magnetoelectric coefficient was 12
ps/m BCZT50-CFO(Al)50 which was 4 times as large as for the composite that contained
unmodified cobalt ferrite BCZT50-CFO50(3 ps/m). This improvement is believed to be
originating from the improvement of d\/dH in Al3*t-modified cobalt ferrite. The Al3*+
replacing Fe3* ions on the octahedral sites not only led to the weakening of superexchange
interaction between A and B-site cations but also resulted in the weakening of spin-orbit
coupling. This weakening of exchange interaction reduced the saturation magnetization,
and weakening of the spin-orbit coupling enhances the stress sensitivity of cobalt ferrite
that can be given by d\/dH. Thus the ME coupling is enhanced in BCZTg5-CFO15 be-
cause the coupling is directly related to dA/dH. The temperature dependent ME coupling
was attributed to depend on the behaviors of magnetomechanical and electromechanical

coupling factors of ferrite and piezoelectric phases.
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Chapter 4

Direct and Converse Magnetoelectric
Effect in BCZT-NFO system

Replacement of Co®T ions in CoFesO, with Ni** (NFO) ions leads to the formation
of another magnetostrictive material known as NiFesO, with excellent properties. This
chapter deals with a complete study including synthesis, structure, and magnetoelectric
characterization of a new multiferroic ME composite system consisting of BCZT and

NFO in various proportions.

4.1 Background and Motivation

Cobalt ferrite and its derivatives are extensively discussed in connection to their mag-
netostrictive properties in the previous chapters. NiFesO,4 has an identical structure with
that of CFO and is a mixed-spinel ferrite with a saturation magnetostriction value ~ -27
ppm for the polycrystalline sample.?*® Although this value of magnetostriction is not sig-
nificant as compared with that of CFO, however, the properties that matter the most for
multiferroic ME composites are the initial permeability, the effective piezomagnetic coef-
ficient of magnetostrictive strain (dA/dH), and the magnetomechanical coupling factor.
The initial permeability of NFO is 39 as compared with 1-2 for CFO.?4 Tt also possesses
a decent strain derivative as well as magnetomechanical coupling factor values.?*® There-
fore it was chosen to be combined with BCZT to make piezoelectric/magnetostrictive

composites for the enhancement of magnetoelectric coupling.

4.2 Synthesis and Experimental Techniques

The BCZT powder was synthesized by using a two-step solid state reaction as described
in earlier chapters. NiFeaO4 (NFO) was also prepared by the solid-state reaction method.
The oxides of iron and nickel, i.e., FeoO3 (Alfa Aesar GmbH KG, purity > 99%) and NiO
(Alfa Aesar GmbH KG, purity > 99%) were mixed in ethanol in stoichiometric amounts
and milled for 10 hours in an alumina crucible with yttria-stabilized zirconia balls. The
mixture was dried and calcined for 6 hours at 1050 °C with a heating rate of 5 °C/min

and ball-milled again with the previously described parameters.
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4.3 Structural Characterizations

S LR

s BCZT70-NFOs0

Figure 4.2: SEM surface images of all samples acquired at room temperature.

The calcined powders BCZT and NFO were mixed in respective vol.% ratios in ethanol
and milled in a rotary ball mill for 6 hours at 300 rpm. The final sintering was done at 1200

°C for 6 hours in covered crucibles. The following four compositions were investigated:

0.8BCZT-0.2NFO (BCZTgp-NFOy)

0.7BCZT-0.3NFO (BCZT7p-NFOs30)

0.6BCZT-0.4NFO (BCZT6p-NFOy)

0.5BCZT-0.5NFO (BCZTs50-NFOs)

The rest of the characterizations were the same as described for BCZT-CFO samples in

previous chapters.

4.3 Structural Characterizations

The results of X-ray diffraction performed on all samples are shown in Fig. 4.1.
The peaks in each spectrum correspond to two phases, one of them being the tetragonal
BCZT phase, while the other one being cubic spinel NFO phase. For further analysis
of the spectra, Rietveld analysis was carried out, using a two-phase model. The space
groups used for fitting were P4mm and Fd3m for BCZT and NFO, respectively. The
two-phase model was successful as can be seen from the fitted spectra and difference plots
in Fig. 4.1. The complete set of unit cell parameters along with the goodness of fitting

(GoF) parameter in each case are listed in Table 4.1. The XRD analysis has confirmed
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the purity of each phase, and also the absence of any extra phase. SEM images of all

samples are shown in Fig. 4.2, showing the grain distribution in the composites.

Table 4.1: Calculated parameters and fitting values as obtained from Rietveld analysis of the
XRD data for all the samples.

Composition  P4mm (A) Vol. (A3) Fd3m (A) Vol. (A3) GoF
a = 4.00399

BCZTgo-NFOq ¢ — 402598 64.54 a = 8.34534 581.2 1.03
BCZT79-NFOg3 i i jg;;ig 64.86 a = 8.36360 285 1.14
BCZTgp-NFOy49 2 : iggigg 64.57 a = 8.35252 582.7 1.01
BCZT50-NFOs 2 : 118?1)(1)? 64.48 a = 8.36299 584.9 1.15

4.4 Surface and Sub-surface Characterizations with

the ToF-SIMS Technique

Fig. 4.3 (a) and (b) show the TOF-SIMS 3D reconstruction for the BCZTNF20 and
BCZTNF30 samples. The top-surface shown was recorded at a depth of 200 nm below
the actual sample surface. Red areas in the image represent the phase containing Fe-
ions and the blue areas, on the other hand, represent the Ba-ion rich regions. These
color proportions essentially signify the volume proportion of the two phases, i.e., blue
for the ferroelectric BCZT and red for the NFO. The ferrite phase noticeably looks to be
embedded in the piezoelectric phase, giving rise to a pseudo 3-0 connectivity in BCZTgp-
NFO9g and BCZT7)-NFO3q samples. The higher concentration BCZT ferroelectric phase
acts as a matrix, while the lower concentration ferrite phase acts as the embedded one.
However, the connectivity scheme is not an ideal distribution of 3-0 matrix-particle one,
as we see the ferrite phase forming continuous stripes and not the ideal distinct round
particles (0-D configuration).

Similar ToF-SIMS images for samples BCZTg)-NFO49 and BCZT50-NFOj5¢ are shown
in Fig. 4.3 (c¢) and (d). It is obvious that increasing the ferrite content during the syn-
thesis step results in an increase of the ferrite-volume (red color) in the images. In the
case of BCZTg)-NFO49 and BCZT50-NFOj5¢ the two phases are in nearly equal volume
proportions. Here the two phases are bicontinuous giving rise to a kind of 3-3 type of
connectivity, rather than the 3-0 as we see in BCZTgy-NFO2y and BCZT7p-NFO39. The

ferrite phase interconnections which were already present in BCZT7(-NFOsq, increased
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Figure 4.3: Time of Flight-Secondary-Ion Mass-Spectrometer (ToF-SIMS) images all samples.
All images were acquired at room temperature.
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greatly in number and intensity. These interconnections, which are the result of per-
colation of the ferrite phase, play a very decisive role in electrical and magnetoelectric
properties. This phase connectivity hinders the electrical poling resulting in a poor mag-

netoelectric effect that will be discussed later.

4.5 Local Piezoelectric and Magnetic Characteriza-

tions

Due to the presence of the magnetic phase, the electric polarization properties of the
composites are not easily singled out. The bulk response in these composites might orig-
inate from certain extrinsic effects like space-charge accumulation at grain boundaries.
However, measuring the local piezoelectric response is a method to establish the pres-
ence of piezoelectricity. Piezoforce response microscopy (PFM) has been proven to be a
powerful technique. The principle of PFM is that the tip makes contact with the sample
surface and the piezoresponse is detected as a tip deflection. Due to a strong coupling
between polarization and electromechanical response in piezo/ferroelectric materials, the
information on local ferroelectric behavior can be collected. Both vertical and lateral
PFM modes were utilized for the current investigation.

PFM images were taken at room temperature for all samples are shown in Fig. 4.4.
It is divided into four panels. Each panel comprises of four images, which consist of (a)
topography, (b) vertical and (c) lateral PFM, and (d) MFM images. All the images in Fig.
4.4 demonstrate appreciable local piezoelectric character of the samples, with a decent
number of vertical as well as lateral piezo-domains. The number of those areas which are
highly active (enhanced contrast) decreases consistently with the decrease in piezoelectric
content from 80 % for BCZTgy-NFOsq to 50 % for BCZT50-NFOs59. Moreover, comparing
the PFM images with the topography in each case, it is quite clear that the response
is intrinsic, and is not originating from any type of topological defect. The magnetic
response was also measured at the same spot, and is shown in Fig. 4.4 (d) in each panel.
The magnetic response is also quite pronounced, which again confirms the coexistence of
two phases. Hence it has been verified with local measurements that the composites are

multiferroics, with simultaneous piezoelectric and magnetic responses, in agreement with
TOF-SIMS images in Fig. 4.3.

4.6 Magnetic measurements

All samples were inserted into the SQUID magnetometer, and magnetization versus
magnetic field hysteresis M (H) curves were measured. The DC magnetic field was swept
between 5 T, and the resultant magnetization was recorded as displayed in Fig. 4.5

and the inset shows its zoomed-in view at low field values. All samples exhibit very slim
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BCZTen-NFOag BCZTs59-NFOs5q

Figure 4.4: PFM images of the composites taken at room temperature: Panel 1-4 for BCZTgg-
NFO9y, BCZT7p-NFO3y, BCZTgp-NFOy49, and BCZT50-NFOsq, respectively. In each panel, the
details are: part (a) for topography, part (b) for vertical PEM, part (c) for lateral PFM, and
part (d) for MFM.
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Figure 4.5: M(H) curves for all samples measured at room temperature.

hysteresis, which is characteristic of NFO. All the samples have a low coercive magnetic
field of almost the same value ( ugH = 0.02 T). The values of saturation magnetization
increase with the NFO-content in each case from 20 kA /m for BCZTgp-NFOg to 80 kA /m
for BCZT50-NFOsy.

4.7 Magnetoelectric Measurements
Both the direct and the converse ME couplings were measured for all these composi-

tions.

4.7.1 Direct ME Measurements at Room Temperature
4.7.1.1 Induced Voltage as a Function of Static Magnetic Field

The voltage induced as a result of an applied magnetic field, i.e., the direct magne-
toelectric effect was probed at room temperature in all samples. The resultant values
are plotted in Fig. 4.6. The full setup for this measurement is described in Chapter 2.
Briefly describing, a dc magnetic field superposed on a small ac magnetic field (in this
case 1 Oe) with a frequency of 1 kHz was applied to the sample, and the resultant induced
voltage due to strain mediated ME coupling was recorded as a function of dc magnetic
field sweep. The dc magnetic field was increased in small steps to a maximum value in
one direction, decreased back to zero, increased in the opposite direction in the same
manner and then decreased down to zero value again. The variation in induced voltage
was recorded for this whole sequence. It is interesting to observe that with the increase in
the magnetic field in either of the two directions, the induced voltage initially increased,
went through a maximum and then decreased with further increase in the field. The in-
duced voltage also displays a hysteretic behavior; its value is high when the dc magnetic

field is decreased from higher values. This effect can be a manifestation of magnetic field
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Figure 4.6: agjrect(H) curves of all the samples measured at room temperature, the parameters
used to measure direct ME are also mentioned on top of the figure.

poling. The samples also had a non-zero value of induced ME voltage even at zero dc
magnetic field value, which can be attributed to the exchange-bias effect that might be
present in these samples. The maximum value of direct ME coefficient was obtained for
BCZT50-NFO50 sample (50 % ferrite) and is equal to 1.9 mV /Oe.cm which is comparable

to those of BaTiO3-NiFeyO4 composites. 15 116,133

4.7.1.2 Induced Voltage as a Function of Frequency

When a pure piezoelectric ceramic is exposed to an ac field, it changes dimensions
periodically, at the frequency of the field. The frequency at which the ceramic element
converts the electrical energy input into mechanical energy most efficiently is the resonance
frequency. The composition of the sample and the shape and volume of the element
determine the resonance frequency. A thicker element has a lower resonance frequency
than a thinner element of the same shape. All ceramic samples were checked for such
resonance modes and only the BCZTgo-NFO9g ceramic showed one such resonance mode
at 362 kHz.

The direct ME coupling coefficient was also measured as a function of ac magnetic field
frequency. BCZTgo-NFO2q (see Fig. 4.7) had a maximum value of direct ME coefficient of
273 mV /Oe.cm at resonance which is almost 200-times larger than its off-resonance value.
The reason for the absence of resonance in other samples might be due to less amount

of piezoelectric phase where non-piezoelectric NFO contributes to the poor mechanical
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Figure 4.7: Direct ME coupling coefficient measured at resonance and at room temperature for

BCZTgy-NFO9g sample.
properties of the composites.

4.7.2 Converse Magnetoelectric Measurements
Temperature dependence, dc magnetic field dependence, and the ac electric field de-

pendence of the converse ME coupling was measured. The results will be described in
detail below.

4.7.2.1 DC magnetic field dependence of electric field induced magnetization
Myg(H)

This was the first step to determine the optimum dc magnetic field value at which
maximum induced magnetization might be obtained. To accomplish this, an ac electric
field of fixed amplitude was applied to the sample at room temperature, and dc magnetic
field is swept from zero to maximum value in opposite directions. The resultant induced
magnetization is plotted as a function of Hg. as shown in Fig. 4.8 for all samples. In
each of the curves in Fig. 4.8, My;p(H) increases rapidly at low magnetic field values,
reaches a maximum, and then decreases also rapidly with further increase in magnetic

field. It becomes zero at magnetic field values above 400 mT. There is a marked hysteresis
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Figure 4.8: Electric voltage induced magnetization My;g(H) curves of all samples.

when the curve is traced back from the higher magnetic field values, with higher values of
Myp(H) at lower magnetic fields. The behavior is similar in both directions of magnetic
field. Mg is an odd function of H. Later this behavior of My (H) would be discussed
in connection with the behavior of strain derivative (d\/dH) of NFO.

4.7.2.2 Temperature dependence of electric field induced magnetization My;p(T)
The temperature dependence of induced magnetization in each sample is shown sep-

arately in Fig. 4.9 (a-d). The My;p(T) was measured at constant amplitude of electric

field and at a fixed value of dc magnetic field. The induced magnetization increases as

a function of temperature in the range 150-250 K, passes through a broad maximum in

the range 275-325 K, and then decreases with further increase in temperature. For each

sample there is a unique temperature range in which it shows a maximum value.

4.7.2.3 Calculation of converse magnetoelectric coefficient, variation of in-
duced magnetization as a function of ac electric field

First order converse magnetoelectric effect can be described by Eq. 3.6 i.e., uyoMy g =
acFqe; the induced magnetization as a result of a change in ac field amplitude is plotted
in Fig. 4.10. The behavior is linear and fitting it with Eq. 3.6 is also displayed. The slope
of the straight line yielded values of . which are given in Table 4.2. The highest value
of a, for BCZT79-NFOj3¢ is almost two times as large as for those composites based on
BaTiO3-CoFeqOy, 12228250 and almost 4 times larger than that of BCZT50-CFO(Al)s50
(11 ps/m).21Y
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116



4.8 Discussion

Table 4.2: Calculated values of converse ME.

Sample BCZTgo—NFOQO BCZT70—NF030 BCZTGO—NFO4Q BCZT5Q—NFO50
ae (ps/m) 241 £0.03 45.44 + 0.16 17.42 £+ 0.02 43.14 £ 0.02
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Figure 4.11: Schematic illustration of Mg (T) (the dashed line) in terms of My;g(H) curves
that were taken at different temperatures. The green plane designates the value of dc magnetic
field at which Mg (T) was measured for the sample, the dashed line shows the locus of points
where each M)y (H) curve intersects the green plane.

4.8 Discussion

The magnetic field and temperature behavior of the induce magnetization as shown in
the figures4.8 and 4.9 follows the same discussion as in case of the BCZT-CFO composites
(see Section: 3.4). Briefly, the My, (H) follows the magnetic field dependence of d\/dH
of NFO.

O‘ij = dimn * Cmnkl * djkl (41)

The temperature dependence of My;p was further explored by measuring My, p(H)
curves for BCZT50-NFOs5g from low temperature to room temperature after fixed intervals
of 50 K increase in temperature. The My;p(H) curves at lower temperatures keep the
same shape as that at room temperature. However, the maximum values are low at lower
temperatures and increase progressively to a maximum value and decrease on further

increase in temperature. It becomes feasible to explain the shape of My;g(T) curves
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Figure 4.12: Temperature dependence of the real part of the magnetomechanical coupling factor
for (Nil_XCOX)F6204.251 The highlighted area is the the temperature range of interest.

(Fig. 4.9) considering the discussion in Section 3.4. The maximum in the My;p(T") curve
is related to the maximum of the My;p(H) curve, as shown in Fig. 4.11 in the light of
the discussion in the previous chapter. The shape of the My;p(H) curve depends on the
effective behavior of the magnetomechanical coupling factor of NFO combined with the
electromechanical coupling factor of BCZT. The real part of magnetomechanical coupling
factor for NFO increases continuously from 160 K all the way up to 550 K?°! as shown in
Fig. 4.12. However, data for the M;g(T) curve is measured at a constant dc magnetic
field, which is important in explaining the reason why the maximum of the My;p(T)

curve can only occur at a unique temperature.

Below the maximum in My;g(T), the dominating factor is only the temperature de-
pendence of the magnetomechanical coupling factor. Above the maxima, in the range
310-350 K, the electromechanical coupling factor also plays its role. Beyond the Curie
temperature of BCZT (~ 360 K), the electromechanical coupling factor decreases very
fast and dominates the overall ME coupling, hence the shape of curves as shown in Fig.
4.9.

As we see in Table 4.2, the highest value of the converse ME coefficient was found to
be for the sample BCZT79-NFO3¢ (30% ferrite). Two factors are believed to play very
important roles, which include the demagnetization factor,?*? and the overall dielectric
coefficient of the sample.?? Intrinsically, magnetostriction in the ferrite phase is propor-
tional to its magnetization, so from material’s perspective, it is important to know how
an external magnetic field would influence the local magnetization. For this, the effect of

external magnetic field on the material is needed to be figured out.

This effect is two-fold, the global effect on the whole sample, and the local effect on

250,253

individual magnetic grains. Now the critical role of demagnetizing factor comes

into play. In micro-structures with low ferrite content (e.g. BCZTgy-NFO9o and BCZT7g-
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NFO3p) as shown in Fig. 4.3, almost isolated inclusions are apparent. The case of
disordered particles in non-magnetic matrix, in case of uniformly magnetized finite bodies
(ellipsoids, elongated cylinders) leads to a uniform demagnetizing field inside the particle
as discussed by J.-L. Mattei et al.?®* For a magnetic ellipsoid (an ideal case) characterized
by a permeability u; and its shape factor A (a second rank tensor) which is represented by
a diagonal matrix with components A, where a = x,y, or z in particles reference frame.

The effective magnetic field inside such a material due to the demagnetizing tensor N is

given by:

Hepp= Hewt — NM (4.2)
And it is established that the diagonal componenets N, are givcen by:2%°

N, = HTH 4 (4.3)

pu(pi — 1)

where p; is the magnetic permeability of the embedded particles and p is the permeability
of the matrix. Equation 4.3 shows that the demagnetizing factors depend on the shape
of the body (through A, ) as well as the magnetic properties of its surrounding medium

(through ). In the limit when u; >> 1, Eq. 4.3 can be written as N, ~ A,/ p.

Now lets take into consideration the effect of percolation. Belwo the percolation limit,
the demagnetziation effects only exist locally ( at the scale of magnetic inclusions) and
there is almost none macroscopic demagneiztaion. With the inccrease of magnetic content,
the magnetic particles start to cluster, and after a certain concentartion (also called
percolation limit), the magnetic poles are expelled form the interior of the composite to

its ends. This leads to non-zero demagnization factor at the scale of percolative cluster.??

Now the role of piezoelectric (PE) part to the ME coefficient, when an external ac
magnetic field is applied to it, is also crucial in these bi-phase composites. The polar-
ization/charge value of the PE material would change locally as a result of a change in
material strain due to its converse piezoelectric effect. Voltage is applied to the sample via
an external power supply which is responsible for the establishment of the desired electric
field, no matter how much charge is required by the sample. The dielectric losses, if any,
would always be compensated this way externally. On a local scale, the piezoelectric effect
is determined by the local electric field. If partially conducting magnetic grains are in
series with the PE part, the field seen by PE medium would be enhanced. Contrarily, it
would be reduced if they are in parallel to it. Hence samples with higher percolation (e.g.,
BCZT50-NFOs0), are not good for converse ME scenario. They generate partial short cir-
cuits in parallel with the piezoelectric component, reducing the overall piezoelectric as
well ME response. Less number of percolating structures (BCZT79-NFO3g in this case)

are beneficial to the electric part of the sample by reducing the effective electric thick-
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ness of the sample, meaning higher electric fields in the piezoelectric material, generating
better converse ME response. Therefore, it is the role of magnetic field percolation which
increases both the demagnetization field as well as leakage paths in samples with higher

ferrite content.

4.9 Conclusions

A new set of compositions (1-2)BCZT-zNFO (z = 0.2-0.5) was successfully synthesized
with the solid state method. Phase purity, as well as lattice parameters of the respective
phases, were determined using X-ray diffraction, combined with Rietveld analysis tech-
nique. TOF-SIMS maps acquired at room temperature give interesting information about
the phase connectivity. The samples which contain higher volume percentage of one of
the two phases show approximately 3-0 type connectivity, on the other hand, composites
with an equal volume of both phases show a 3-3 connectivity, approximately. Piezoforce
response microscopy and magnetic force microscopy have led us to conclude that the two
phases coexist locally. The cross-coupling between the two phases was determined by
applying an ac electric field, and the resultant induced magnetization was measured. The
induced magnetization tracks the behavior of dA/dH in an applied magnetic field. The
Mg (T) curve has been shown to depend on the effective coupling of electromechanical
and magnetomechanical coefficients of BCZT and NFO phases and the highest value is
obtained in the range where both of these show their best values. The highest value of
direct ME was obtained for the BCZT50-NFOgq sample. The converse magnetoelectric
effect was determined for each composition, and the maximum value was obtained for the
sample with 30 % NFO. The samples show an enhancement of converse magnetoelectric
coefficient, because the maximum value is at least twice as large as similar two-phase
composites obtained via solid state reaction. The role of demagnetization factor and
the connectivity of two phases toward the enhancement of ME coefficient has also been

discussed in detail.
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Chapter 5

Magnetoelectric Effect in Sn-doped
BaTiO3-CFO Composite

This chapter is all about synthesis and characterization of a composite consisting of Sn-
doped BaTiOg and cobalt ferrite i.e. /Ba(S’I’Lg_gTZ'O,7)03/0,8—/COF6204/0‘21. Introduction
of Sn into the crystal lattice of BTO induced certain special properties which include a
decrease of Curie temperature, broadening of the permittivity maximum, and frequency
dependence of electric permittivity. All these features are collectively known as relaxor
properties (relazors are discussed in Chapter 1). Sample synthesis was done by solid-state
reaction method. FElectric permittivity was measured as a function of temperature, with
and without external dc magnetic field and it was found to change by the application of dc
magnetic field. A relationship was established between the change in electric permittivity

in response to external magnetic field and the strain mediated magnetoelectric effect.

5.1 Background and Motivation

I 257

Usman et a reported magnetic control of relaxor features in (BaZrg5Tig.503)0.65-

(CoFe204)0.35. They demonstrated that magnetic field can modulate the behavior of polar

nanoregions in relaxor BaZrg5Tip503 to decrease its Burns temperature. Later Sahoo

l 258

et a studied composition control of magnetoelectricity in the relaxor-ferrimagnetic

composite BaZrg 4Tip.03/CoFea0y4. The control of relaxor features in Ba(Sng 3Tig703)-
CoFez04 has not been demonstrated previously. From a technological perspective, these
materials have gained attention due to their possible application for small antenna appli-

259-262 For example Kim et al. showed that the size of an antenna can be reduced

263, 264

cations.
by using magneto-dielectric materials without the decrease of bandwidth.

Ba(Ti1.,Sn;)O3 (BSnT) offers an interesting and feature-rich phase diagram?%® as
depicted in Fig. 5.1. Briefly describing, there exists a steady crossover from normal
ferroelectric to relaxor behavior in it. Below z = 0.175, it exists in a normal ferroelectric

state and relaxor features related to the reorientation of polar nanoregions appearing in

IThe work reported in this chapter also appeared in the form of a published article in Journal of
Alloys and Compounds, 2015.2°6 Full-text permission was obtained for reuse of figures and tables from
©2015 Elsevier B.V.
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Figure 5.1: (2-T) diagram of Ba(Ti;_,Sny)03.2%5 The figure was reused with permission from
© 2006 Elsevier B.V.

compositions with higher Sn content. In the composition range 0.175 < z < 0.25, its
exists in a mixed state with features of normal as well as relaxor ferroelectrics.?® The
pure relaxor state has its onset around z = 0.30. The relaxor properties in BSn'T are
thought to be induced by weak random fields.

Keeping in mind the above discussed issues, a study about the synthesis, structural, di-
electric and magnetoelectric properties of the two-phase composite [Ba(Sng 3Tip.7)O3]o.s-
[CoFea04]0.2 (BSnTgp-CFO99) was conducted.

5.2 Sample Synthesis

Both BSnT and CFO were synthesized separately using solid-state reaction. To pre-
pare composites of BSnTgyp-CFOyq, the BSn'T and CFO powders were mixed in the pro-
portion: BSnT at 80 vol.% and CFO at 20 vol.% , and ground again to fine powder form.
After that, the mixture was pressed under 3 MPa into disk-shaped pellets (diameter 10.0
mm and thickness 1.0 mm) using a hydraulic press with the addition of some drops of
polyvinyl alcohol (PVA) solution as a binder. The pellets were sintered in air at 1300 °C
for 6 hours in a tube furnace with a heating rate of 5 °C/min. For dielectric measurements,
the sintered disks were painted on both sides with silver paste. Contacts were made with
copper wire and fired in an oven at 200 °C for 1 h to ensure good contacts. The sam-
ples were placed inside a cryostat from Janis Research (model CCS-350) attached with
a Lakeshore 331 temperature controller. The real and imaginary parts of the dielectric
permittivity were measured with a Wayne Kerr 4275 LCR meter in the frequency range
0.2-500 kHz in the temperature range 10-300 K with and without different dc magnetic

fields in longitudinal configuration.
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5.3 Structural Characterization with XRD

Table 5.1: Best fit Rietveld refinement parameters for BSnTgy-CFOq.

Phase Space Group Lattice Parameters (A) GoF
Ba(Sno.3Tio.7)O3 Pm3m a = 4.05888 L3
CoFey04 Fd3m a = 8.39672
BSNT-CFO,, + Observed pattern
Calculated
—— Difference
| Ba(Sn,,Ti,,)O,
. | CoFeO,
s
8
2
2
)
£
“’- - b
|| I ||| ||||||| |||||||||
20 30 40 50 60 70 80
26 (deg.)

Figure 5.2: XRD spectra along with Rietveld analysis of BSnTgg-CFOq.

5.3 Structural Characterization with XRD

The phase and structure of the ceramics were verified with X-ray diffraction at room
temperature and. The resultant pattern is displayed in Fig. 5.2. All peaks in the XRD
spectrum were identified belonging to either the cubic perovskite phase Pm3m for BSnT
or to the cubic spinel F d3m for CFO. Rietveld refinement was carried out with the
software GSAS I1.'% The fitting results are shown as the solid line superposed on the
data points in Fig. 5.2. The observed spectrum fits very well to the two phase model
containing perovskite and spinel phases as it is evident from the difference plot in Fig.
5.2. Lattice parameters obtained from the Rietveld fitting as well as the goodness of fit
(GoF) parameter are given in Table 5.1.

5.4 Electric Permittivity Measurements

Electric permittivity was measured as a function of temperature from 10 K to 300 K
at different electric field frequencies. The plots are shown in Fig. 5.39a) for BSnT, in
which both real and imaginary parts of electric permittivity are shown simultaneously.
A diffuse phase transition at all the frequencies is visible and both ¢'(T") and £”(T) are

frequency dependent. The maximum point on &'(T) curve shifts to higher temperatures
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Figure 5.3: Real and imaginary parts of electric permittivity as a function temperature mea-
sured at various frequencies (a) for BSnT nad (b) for BSnTgy-CFOqq.

with increasing frequency. A similar type of behavior was seen in the imaginary part
of the electric permittivity. All these features correspond to typical relaxor-ferroelectric
materials. Electric permittivity-temperature profiles were also measured for the composite
BSnTgp-CFOgp and are shown in Fig. 5.3(b). Behavior identical to that of BSnT is
witnessed. Similar frequency dispersion as well as a shift of electric permittivity maxima
el to higher temperatures with increasing frequency. Hence a clear indication of relaxor

ferroelectricity in pure BSn'T, as well as the composite, is there.

The second most important step towards the analysis of the relaxor nature of materials
is the analysis of the dielectric data using suitable parameters and models. The first
parameter in this context is AT, which gives the width of the diffuse phase transition, and
is the difference between the temperature maximum of the highest and lowest frequencies
i.e. in our case is: Tp, (500 kHz) - T,,(0.2 kHz). The value of AT}, for BSnT and BSnT-
CFO comes out to be 22 K and 30 K, respectively. Similar values were also obtained for
T/ i.e. the maximum temperature in the imaginary part of electric permittivity. These
values well correspond to the ones previously available in literature about the dielectric

properties of Ba(Sn0.3T10.7)03_266*269

The diffuse phase transition as witnessed in Fig. 5.3(a) and Fig. 5.3(b) can be better

understood in terms of a variable power law as suggested by Santos et al.:2™

1 1 T—-T,

(1< <) (5.)

Here ¢/, is maximum electric permittivity and 7T), is the corresponding temperature to
it. v and O’ are fitting parameters. The most important information about the type
of phase transition is provided by the factor v: a value close to unity corresponds to a

normal ferroelectric transition while values close to 2 are an indicator of a diffuse phase
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transition. To fit the data to Eq. 5.1, a graph between In(1/&’" —1/¢],) and the reduced
temperature In(T — T,,) was plotted for each sample BSnT and BSnT-CFO as it is shown
in the insets of Fig. 5.4(a) and (b) with their fittings to Eq. 5.1 depicted with the solid
lines. The value of v for BSnT is 2.01 and for BSnT-CFO, it is 2.13. Both of these
values well correspond to a highly diffuse type phase transition which is one of the main
characteristics of relaxor-ferroelectrics.

Now let’s go back to the frequency dependence of T}, and T/ , which is another ba-

m
sic feature of a relaxor-ferroelectric. This frequency dependence is directly related to
the distribution of relaxation times of polar nanoregions, which was already discussed
briefly in Section 1.2.10. The polar nanoregions are highly temperature dependent enti-
ties. Above the transition temperature 7),, the number of these polar nanoregions is not
so high. However, with decreasing temperature, the volume fraction as well as their sizes

increase. 10,271,272

Moreover, the interactions between the individual polar nanoregions
increase.?™ 2™ All the above mentioned factors contribute toward the slowing down of
the relaxation mechanisms with the decrease in temperature. At transition temperature
Ty, the whole system of polar nanoregions goes into a state of totally frozen static po-
larization, which is known as the non-ergodic relaxor state. In order to get an insight
into the relaxation phenomena, a well-known approach is the use of the Vogel-Fulcher

relationship given by: 5
a

kp(T!, — Tyr)

f = foexp(— ) (5.2)

Table 5.2: Fitting paramters to Vogel-Fulcher law for BSn'T and BSnTg-CFOq.

Parameters E, (meV) fo (Hz) Tyvr (K)
BST 47 + 4 6.6 x 10° 89 + 3
BSnTgy-CFOq 85 + 8 7.2 x 1010 53 + 3

Here fy is a constant, E, is known as the activation energy, and Ty p is called the
Vogel-Fulcher temperature, which is believed to correspond to the static freezing tem-
perature of polar nanoregions dynamics. The relation 5.2 was derived with an idea that
the temperature dependence of relaxation times in relaxors is associated with the volume
distribution of polar nanoregions.?” Fig. 5.5 (a) and (b) show the curves between T}, (f)
and In(f) for BSnT and BSnTgy-CFOs, respectively. The data was fit to Eq.5.2 and is
indicated by solid lines in both curves, and the best fit parameters are given in Table 5.2.
The values of all the parameters of fitting i.e. F,, Ty r, and fy are in accordance with
the values of similar samples reported in literature.?7®
As discussed earlier, the relaxor dynamics are characterized by a distribution of relax-

ation times. The relaxation that occurs in different materials can be imagined as follows:
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Figure 5.4: Inverse electric permittivity versus temperature and their fitting to Curie-Weiss
law of (a) BSnT and (b) BSnTgo-CFOy, respectively. Inset in (a) and (b) show inverse electric
permittivity versus temperature and their fitting to Modified Curie-Weiss law (Eq. 5.1) of BSnT
and BSnTgy-CFO9, respectively. The data fitting to Modified Curie-Weiss law was done in the
temperature range indicated in the insets.
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Figure 5.5: Plots of frequency versus temperature corresponding to electric permittivity maxima
for (a) BSnT and (b) BSnTgy-CFOgp. The symbols are data points while the solid lines are
fittings to Vogel-Fulcher Law.

At a temperature below characteristic freezing temperature T,, a relaxor consists of a
network of polar nanoregions which are assumed to be embedded in a highly polarizable
medium. Ideally, the polarizable medium itself might be thought of as consisting of a
number of fluctuating dipoles which corresponds to the case of dipolar glasses and order-
disorder type relaxors. On the other hand, it might also be considered to consist of small
sized polar clusters, which is true for displacive type relaxors. However the ideal cases do
not occur always, and there can be materials in which both types of behaviors (i.e. glassy
and displacive) might exist simultaneously.?’” So in case of the displacive relaxors, each
PNR is associated with a characteristic correlation length, which increases with a decrease
in temperature. The correlation length keeps on increasing until the PNRs of similar size
start to merge and transform into polar clusters. Eventually, all of these PNRs freeze due

to the size growth as well as increased interactions between them.?™

5.5 Magnetodielectric Effect

Electric permittivity of the composite BSnTgy-CFO2g was measured as a function of
temperature under different dc magnetic fields. The values of magnetic fields were 5
kOe and 7 kOe, respectively. Under the applied magnetic fields, electric permittivity was
measured with decreasing temperature from 300 K down to 10 K. &/(T") and (T curves
under the designated magnetic fields are shown in Fig. 5.6. The following features in Fig.

5.6 are noteworthy:

o The magnitude of the electric permittivity (i.e. both real and imaginary electric
permittivity) decreases with the application of the magnetic field over a wide tem-

perature range (between 50 K to 300 K).

« The maxima of the electric permittivity (both &/, and €//)) shift to higher tempera-

tures under higher dc magnetic fields.

127



Magnetoelectric Effect in Sn-doped BaTiO3-CFO Composite

1200 400
BSnT-CFO o 0
80 20
1000
300
800 -
“w 600 200 -
W
400 -
100
200
o L& . ) Uittt iy 0
0 50 100 150 200 250 300

T(K)

Figure 5.6: Electric permittivity versus temperature measured at various dc magnetic fields for
BSHTgQ—CFOQO.

To quantify the effect of magnetic field on the electric permittivity, the magnetoelectric
effect (magneto-dielectric effect here) can be defined as:

_ (H)=£0)
MD% = EON

x 100 (5.3)
Here H denotes the magnitude of magnetic field. The MD% is plotted as a function of
temperature in Fig. 5.7. It is positive below 50 K, and above this, it increases in the
negative direction to a value of about 23 % at 104 K. This value of 23 % is, roughly, at
least one order of magnitude higher than reported for other nano-composite systems e.g.
BaTiO3-SrFe;2019,27 BiFeO3-CoFey04-PbTi03,280 Nig 5Zng 5Fes04-BaTiOs,28! and
Co1.2.sMn,Fe; §O4-Pbg 2Bag s Ti03.252

5.6 Discussion

The effect of a slight decrease in electric permittivity can be understood from the
magnetoelectric effect in these two-phase materials which arises due to strain coupling.
The magnetostrictive phase, cobalt ferrite, is a good magnetostrictive material. As soon
as a magnetic field is applied, a strain is produced in it, which due to interface coupling,
transfers to the ferroelectric phase (BSnT in this case). The strain state of the ferroelectric
phase changes, which results in a variation in its polarization/dielectric constant.

Two factors (magnetomechanical coupling factor and the electroemchanical coupling
factors) on which the ME coupling depends were already discussed in Chapter 4. The

anisotropy constant K for cobalt ferrite is positive and decreases only above 150 K. Thus
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Figure 5.7: Magnetodielectric coefficient (MD%) for two different field values as a function of
temperature for BSnTgy-CFOq.

the initial susceptibility and magnetomechanical coupling have moderate values between
50-150 K.?83 The studies about the elastic properties of Ba(Tij_;Sn,;)O3 as documented by
Geske et al.?®* show that this system possesses interesting elastic properties. For example,
it was found that peaks corresponding to elastic compliance maximum and dielectric
constant maximum coincide only for x < 0.1, beyond this, they are decoupled. The
elastic compliance peak occurs at temperatures much lower than the Curie temperature
maximum. Our system Ba(Tij.;Sn;)Os at = 0.3 should, in principle, correspond to a
maximum of compliance constant at around 100 K. Thus clear analogy of the maximum
of MD might correspond to the stress-mediated direct ME coupling, which is maximized
when the stress transfer is maximum due to the elastically soft BSnT. This explanation
also caters for the influences of any non-stress-mediated effects on electric permittivity

such as the effects due to magneto-resistance.

There is another possible explanation for the change in MD which is given as follows:

The Curie-Weiss law is given by:

p C

T T Tew

(5.4)

and it is obeyed by normal-ferroelectrics at temperatures above the temperature for max-
imum &,,. Here the constants C' and Ty are known as Curie-Weiss constant and Curie-
Weiss temperature, respectively. However, relaxors obey it only at temperatures well

above the temperature of maximum electric permittivity. This is displayed for BSnT
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Figure 5.8: Variation of ¢ with temperature. ¢ was calculated from Eq. 5.5 at various dc
magnetic fields. The arrow points to the increase magnetic field direction.

and BSnTgg-CFOqg in Fig. 5.4, where the inverse electric permittivity is plotted against
temperature for both samples. The fit to the Curie-Weiss law is depicted by the dotted
lines. The temperature at which the data start to deviate from it is marked by Ty, known

as deviation temperature. Below Ty, polar nano-regions are believed to start freezing.

As already discussed, the polarization entities in a relaxor material are the polar
nanoregions (PNRs). The existence of these entities has been well-documented in litera-
ture by Shvartsman et al.?8>286 The effect of magnetic field on these PNRs can be taken
into account for the explanation of the shift of the electric permittivity maxima (7},) in
Fig. 5.6. For this, a different form of the Curie-Weiss law is employed, which is given

by1287
C[1—q(T)]

T T—Tow[1—q(T)]

Where C' and Ty are the constants obtained by the high temperature fit of &'(7) (see

g'(T) (5.5)

Fig. 5.4). The original Curie-Weiss law is followed only at much higher temperatures,
however, Eq. 5.5 is useful below the temperature 7T, where PNRs are believed to start
freezing. By definition, the parameter ¢(7') is defined as g o< (P - P;), which can act as a
order-parameter for relaxors in terms of freezing of PNR dynamics. Here P; and P; are
polarizations of neighboring PNRs and its temperature dependence as determined from
Eq. 5.5 is shown in Fig. 5.8. Like any other order-parameter, its value is unity at certain
low temperature, signifying complete freezing of PNRs. It slowly decreases, reaching zero

at a certain high temperature, same as T;. The slow decrease is also in accordance with
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the relaxor behavior.

The unity value of ¢(7') signifies the highest interaction possible among the PNRs. As
increase in the interaction of these PNRs also increases their size, this leads to a "frozen”
state of PNRs.2%% Upon the application of a magnetic field, the interaction parameter
q(T) increases slightly, in the temperature range 60-150 K. This enhanced interaction may
have its origin in flexoelectricity. Flexoelectricity is the coupling between mechanical strain
gradient and electric polarization. In principle, flexoelectricity is present universally in
any crystal symmetry.”® The flexoelectric effect is observed in several non-polar crystal

90

systems, for example in (Ba,Sr) TiO3 system,?”” in relaxor lead magnesium niobate (PMN)

291 and also in paraelectric state of BaTiO3.2%? Due to mixed-

in its paraelectric state,
phase nature of our sample, there may exist regions of inhomgeneous phase distribution.
These inhomogeneities may result in strain gradients upon the strain transfer from the
magnetostrictive phase (after the application of a magnetic field). These strain gradient,
in turn, would result into enhanced flexoelectricity, which promotes the interaction among
the PNRs. This might have caused an enhanced ¢(7T') even above the lowest temperature

in Fig. 5.8.

5.7 Summary and Conclusions

The very last system that studied for the effect of cation substitution of barium-
titanate was the one where Ti** was substituted partially by Sn**. This Ba(Ti,Sn)O3
system was investigated in pure form as well as a composite with cobalt-ferrite. Some
properties like crystal structure, electric permittivity and magnetoelectric coupling were
studied.

The Sn**-substituted system turned out to be a relaxor-ferroelectric in comparison
with the pure barium tinatate which is a normal ferroelectric. At room temperature,
the system is in its paraelectric cubic state (unit cell ngm) and a phase transition
temperature well below it. The relaxor properties of pure as well as the composite system
were investigated with the help of electric permittivity versus temperature data in the
temperature range of 10-300 K. Both systems have frequency dependent ¢'(T') and maxima
of ¢’ (T') shifting with frequency of electric field. The well-known Vogel-Fulcher law was
used to explore the freezing properties associated with polar-nanoregions of both systems.

Interesting properties were observed when an external dc magnetic field was applied

and ¢(T') was studied. Two remarkable features were:

e The overall value of electric permittivity was decreased throughout the temperature

range.

o The maximum of £(7") was shifted to higher temperatures in comparison with their

values without an applied magnetic field.
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Both these properties were explained considering the effect of strain mediated magne-
toelectric coupling on the polar-nanoregions of the Ba(Ti, Sn)O3 relaxor-ferroelectric.
Overall, the applied external magnetic field causes a part of polar-nanoregions on the av-
erage to interact more than the rest and thus freeze in terms of their polarziation response.
This might be due to the piezoelectric strain that had been transferred from the magne-
tostrictive cobalt ferrite through interface coupling between the two phases. Moreover, in
a certain temperature range above the phase transition temperature, the magnetic field
further enhances the interaction among the PNRs due to flexoelectric properties of the
paraelectric phase above phase transition temperature. This strain mediated magneto-
electric coupling was quantified in terms of the magneto-dielectric effect %, which
turns out to be 23 % just around the phase transition temperature. This value is one order

of magnitude higher than the previously studied two-phase multiferroic systems prepared

employing similar synthesis techniques.
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Chapter 6

Magnetoelctric Coupling in
CFO-BTO bilayered Thin Films

6.1 Motivation and Background

The direct magnetoelectric effect in multiferroic heterostructures is very useful from
a device point of view as it allows conversion between a magnetic signal and an electric
voltage without requiring any source-currents or low temperatures. Thus magnetic field
sensors designed on the basis of direct magnetoelectric effect are expected to be cost-
effective,??? with high sensitivity,® compactness, and a broad operational temperature
bandwidth.??3 Advanced heterostructured nanomaterials, such as embedded nanoparti-
cles, and heteroepitaxial composite layers with a functional response, are progressively

294 Tn multiferroic magnetoelectric compos-

investigated for their potential applications.
ites, interfaces also play an important role. The composite system CoFepO4/BaTiO3
has been studied in many different configurations, such as BaTiO3 nanopillars vertically
clamped to a CoFeyO, matrix,'*® self-assembled nanostructures, %161 two-phase ceram-
ics, 1067198 and planar (i.e. layered) heterostructures.?”> It should be pointed out that,
despite the vertical nanopillars have less clamping to the substrate and the matrix, con-
ductive paths can form and, thus, can electrically shut down the application.??¢ As a
result, much effort is focused on layered heterostructures.

For such magnetoelectric composites in layered-form, theoretical models predict that
a perfect elastic interface between the magnetostrictive and piezoelectric layers provides
maximal magnetoelectric coupling,??” provided the properties of the parent materials in
the composite be unchanged during processing. Any variation at the interface that will
induce structural changes in the individual phases will also alter the strain-mediated
magnetoelectric coupling. One of the strategies used so far for ME enhancement in these
layered composites includes efforts to reduce substrate clamping.'% It was achieved by
growing a thicker first layer on the substrate followed by a thinner layer on top of it.
Following the same strategy, this chapter presents two thin films with thicker CoFesOy
layer followed by a thinner BaTiOgs layer, such that to reduce the effect of substrate

clamping. However, these two films would differ in terms of two differently oriented
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substrates (One along (100) direction and the other along (111)). Moreover, the effect of

such orientation on the strain-mediated ME coupling will be studied in detail.

6.2 Experimental

Thin films were prepared using a custom-built pulsed laser deposition (PLD) setup
with commercial ceramic targets of BaTiO3 and CoFeaOy4. One side polished SrTiO3(100)
and SrTiOz(111), both doped with 0.5wt% Nb were purchased from MaTeck GmbH
(Jilich, Germany). The purchased substrates had the dimensions 10mm x 10mmx 0.5
mm. Before the thin film deposition, the as received substrates were cleaned in acetone
and then in ethanol in an ultrasound bath for 5 minutes each. Soon after the cleaning,
they were dried in air. After the insertion of targets and substrates, the PLD chamber
was pre-evacuated using a turbo pump to a pressure of 10% mbar. The temperature was
increased to the desired value (650 °C for CoFesOy4 layer and 750 °C for BaTiOs layer,
respectively) and then the turbo was switched off, but a rotary backing pump contin-
ued to run, and fresh oxygen was introduced to a pressure level of ~ 107! mbar. This
was the working pressure which was maintained for the full deposition process. A KrF
Excimer laser was used for the laser pulses (256 nm wavelength, 25-30 kV laser volt-
age, and 90-100 mJ of laser pulse energy). The substrate was ablated 20 minutes for
the CFO layer and 12 minutes for the BTO layer. Two such films were prepared at
similar conditions. STO(100)//CFO//BTO (here onward will be called BLF100) and
STO(111)//CFO//BTO (here onward will be called BLF111). After the BTO layer de-
position at 850 °C for 30 minutes, each film was annealed in ample oxygen and afterward

removed from the chamber.

6.3 Results and Discussions

6.3.1 Structural Characterizations

6.3.1.1 XRD Analysis

X-ray diffraction spectra of BLF100, STO(100)//CFO, and SrTiO3 (STO)(100) sub-
strate are shown in Fig.6.1(a), (b), and (c), respectively. In panel (b), all the detected
peaks can be identified to be belonging to STO and CFO. The CFO film appears to be
(100) oriented, because the detected peaks are labeled as CFO(400) and CFO(008), re-
spectively. In panel (a), the XRD scan of STO(100)//CFO//BTO is given. Reflections
from both CFO and BTO were identified and indexed accordingly. The BTO film does
not appear to be textured, but rather it is polycrystalline. The strongest reflections for
BTO are (200) and (004), while other strong reflection peaks include (110), (111), (112),
and (003).
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Figure 6.1: XRD spectra of thin films (a) BLF100 (b) BLF111, (¢) STO(100)//CFO (d)
STO(111)//CFO, (e) STO(100), and (f) STO(111), respectively.

XRD spectra of BLF111, STO(111)//CFO film, and STO(111) substrate are displayed
in Fig.6.1(d), (e) and (f), respectively. The CFO film on STO(111), i.e., STO(111)//CFO
displays strong texture, with the strongest reflections being CFO(222), CFO(333) and
CFO(444). The STO(111)//CFO//BTO film (BLF111) as shown in panel (c) is, how-
ever, polycrystalline with randomly oriented crystallites. The strongest reflections are
BTO(111) and BTO(112), however, other reflections are also present which include BTO(003)
and BTO(222).

6.3.1.2 TEM Analysis

Transmission electron microscopy was utilized to elucidate the structure and especially
the interfaces of the thin films. Fig.6.2 shows a cross-sectional view of the film. The
thickness of CFO intermediate layer is about 90-100 nm while that of top BTO layers is
around 50-70 nm.

To further elucidate how the interfaces look like, High-Resolution TEM (HRTEM)
images were acquired at both interfaces, i.e., the STO//CFO interface and CFO//BTO
interface for each film. The STO//CFO interface for the bi-layer thin film grown on
STO(111) substrate is shown in Fig. 6.3(a). The interfaces are sharp enough, and the
planes corresponding to different phases are visible. The analysis of the planes was done

by fast Fourier filtering (FFT-filtering) of the selected area of the film as depicted in
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Figure 6.2: Cross-sectional image of BLF100 showing the growth pattern of the different layers.

the image. This yielded the interplanar distances corresponding to the plane STO(110)
(d110 = 2.79A) and CFO(111) (d111 = 4.65A) at this interface. Similar analysis was also
performed on the CFO//BTO interface as shown in Fig. 6.3(b), where the interplanar
distances calculated form FFT-analysis came out to be CFO(111) (di11 = 4.65A4) and
BTO(101) (d1o1 = 2.89A). This means that the CFO layer has a texture along the {111}
direction while at the interface the BTO layer is {101} oriented. Similar analyses were
done for the film grown on STO(100) substrate as shown in figures 6.4(a) and 6.4(b) for
STO//CFO and CFO//BTO interfaces, respectively. For the STO//CFO interface, the
FFT analysis showed that CFO is oriented along the {220} direction (dagg = 2.92A) while
from the CFO//BTO interface analysis, it was revealed that at this interface CFO is in
direction {220} while BTO has an orientation along the {101} (dio; = 2.92A) direction.

6.3.2 Magnetic Measurements

Magnetization versus magnetic field hystereses normalized to maximum magnetization
for BLF100 and BLF111 are displayed in Fig. 6.5(a) and (b) (measured at 5K), and (c)
and (d) (measured at 300 K), respectively. Coercivity for both thin films increases with
decreasing temperature, pointing out towards the highly ordered ferrimagnetic state of
CFO at 5 K. It is also evident that the M(H) loop for BLF111 at 300 K is slimmer
compared to that of BLF100. BLF100 has a higher value of coercivity (~ 1983 Oe) as
compared to BLF111 which has a value of Ho = 1234 Oe. The corresponding M (T') curves
measured in field-cooling(FC) and zero-field-cooling (ZFC) modes are shown for BLF100
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Figure 6.3: TEM analysis of BLF111. Analysis of (a) STO//CFO interface via high-resolution
dark-field TEM images along with their Fourier-filtered images: and (b) analysis of CFO//BTO
interface. The interplanar distances calculated from Fourier analysis are also given.
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Figure 6.4: TEM analysis of BLF100. Analysis of (a) STO//CFO interface via high-resolution
dark-field TEM images along with their Fourier-filtered images: and (b) analysis of CFO//BTO
interface. The interplanar distances calculated from Fourier analysis are also given.
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Figure 6.5: Normalized magnetic hystereses for both the films. (a) and (b) M(H) curves
for BLF111 measured at 5 K and 300 K, respectively. (c¢) and (d) M (H) curves for BLF100
measured at 5 K and 300 K, respectively.

and BLF111 in Fig. 6.6(a) and (b), respectively. Both curves were measured at 1000e
of dc bias. For BLF111 FC magnetization initially increases with decreasing temperature
and then saturates on the further decrease in temperature. The ZFC curve for BLF111
shows a decrease all the way down to 5 K. This decrease in ZFC magnetization can be
attributed to randomization of different magnetic grains and the absence of long-range
order. For BLF100, the FC behavior of M (T') is similar to that of BLF111. However, the
ZFC M(T) is different. Here the M (T") curve goes through a maximum with a decrease in
temperature. This maximum is a clear indication of the blocking point (see the vertical
arrow in Fig.6.6 (a)). The blocking phenomenon is normally present in the system of
nanoparticles. However, this blocking can be explained a bit differently. The blocking
behavior derives itself from the single magnetic domain structure of grain with size in the
range of several tens of nanometers. These single-domain particles are hard to magnetize
so a magnetic blocking point is encountered.??®2%? This can be interpreted in terms of
the TEM data as follows.

As shown in TEM analysis, CFO in BLF111 has a homogeneous growth. The lattice
planes corresponding to CFO at the STO//CFO interface are the same as those at the
CFO//BTO interface and also inside the bulk. This is not the case for BLE100. Differently
oriented grains inside the bulk of the CFO layer as well as both interfaces are visible in

the TEM images. These randomly oriented grains give rise to a situation similar to a

139



Magnetoelctric Coupling in CFO-BTO bilayered Thin Films

92 40

—e—BLF100 —a—BIF111
(a) y (b)
o FC
Soonpapaneesfos”™ N ey 36 PO
88 Mooatyy
S = ﬁ
§ ZFC ol | \ £ 32
b 84 )
% / | X o8} ki / .
= = ”f
oo 1 -
24 o
-
POy
76 - 20 -
0 50 100 150 200 250 300 0 50 100 150 200 250 300
T (K) T (K)

Figure 6.6: (a) Zero-field-cooled (ZFC) and Field-Cooled (FC) M(T') curve for BLF100. (b)
Zero-field-cooled (ZFC) and field-cooled (FC) M (T') curve for BLF111. Both curves in (a) and
(b) were measured under a magnetic bias of 100 Oe.

distribution of single domain particles as already mentioned. As these grains inside the
CFO are harder to magnetize as compared with almost similarly oriented particle as is
the case with BLF111, therefore, a higher coercive magnetic field was noted for BLF100
as compared with that of BLF111. Moreover, the smaller size of these particles can also
be inferred from the overlapping of the ZFC and FC curves for BLF100 just above the

blocking temperature T5.3%0

6.3.3 Piezoresponse Force Microscopy Under A Magnetic Field

In recent years, PFM studies have been consistent in showing that upon application of
magnetic field to composites, the ferroelectric phase shows a proportional change of the

301 However, the techniques used so far are

locally measured piezoelectric coupling (d®/7)
not statistically sound and scientifically robust. Thus a more rigorous approach in the
form Principal Component Analysis (PCA) to study the local magnetoelectric coupling

d.392" The principal components produce linear combinations

in composites was propose
or dimensions of the data that are really high in variance and that are uncorrelated. In
the current study, PCA was used to analyze the sequential images acquired at different
magnetic fields. The task of PCA here is to identify a statistically significant pattern/s
in the measured piezoresponse as a function of magnetic field. The details about the

303 As a result

PCA application to the ME coupling process were published elsewhere.
of PCA, the relevant patterns in the piezoresponse versus magnetic field behavior were
identified, indicating a change in the local piezoelectric coupling d¢ff as a function of
magnetic field. The differences in the observed patterns were analyzed concerning the
two different orientations of the substrates. The image acquiring sequence was such that
the in-plane magnetic field was applied to a maximum value (600 Oe in this case) and the

vertical PFM image was acquired at that value. Then the magnetic field was sequentially
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component; (e) PCA third component; (f) First component score map; (g) Second component

score map; (h) Third component score map, for BLF111.

decreased in small steps (60 Oe step). After stabilization of the field, PEFM images were
acquired. This procedure was continued for field reversal to a maximum point (-600 Oe).
A set of 21 images was obtained. Special care was taken to adjust the images to any shift

of the measuring spot. Later the PCA procedure was applied to all these images.

To understand the results of PCA analysis, we presume that each of the locally par-
ticipating constitutive phenomena, namely magnetostriction, elasticity, and piezoelec-
tricity, lie within linear (small field) regime. The direct ME coupling is conventionally
defined as ayp = g—fl and electric polarization in a dielectric material is usually given
by P = e¢FE. The effective piezocoefficient for a piezoelectric is given by Eq. 3.17 i.e.,

d°’f = ecgQP(FE). Thus, one gets:

1 o(a)
 0e2Q OH

OME (6.1)
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Figure 6.8: (a) Topography; (b) vertical PFM; and (¢) PCA first component; (d) PCA second
component; (¢) PCA third component; (f) First component score map; (g) Second component
score map; (h) Third component score map, for BLF100.

Thus the variation of d®/f with the magnetic field is a manifestation of stress-mediated
ME coupling.®*! For BLF111, the 1% component of the PCA is interesting (Fig. 6.7 (c)
and its score map is displayed in Fig. 6.7 (f). The PCA component drops quite sharply
with the increase of the magnetic field in either direction. The 2°4 and 3" components
in Fig. 6.7 (d) and (e) do not give any reasonable information. It can be speculated that
these components might give a correlation between environmental noise and some drift
that might still be present even after removing it manually before the analysis, without
any relation to the ME coupling. On the other hand, PCA gives a bit different results in
case of BLF100. Here 15¢ and 2"d components are strange in shape, providing almost zero
information about any physical phenomenon. This is understandable if these components
are compared with the mean-vector of BLF100 as shown in Fig. 6.9 (b). A mean vector
is an average piezoresponse of the whole image area. One notices in Fig. 6.8 (c) that
around zero magnetic field, there is a sharp spike. This peak might be due to the mean-
vector response as depicted in Fig. 6.9(b). The 20d component also does not convey
any valuable information. The 3' component, however, shows a behavior that has some

physical sense regarding our two-phase system. Here a slow decrease is noted when the
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Figure 6.9: Mean-vector as a function of applied magnetic field (a) BLF111; (b) BLF100.

field was increased in either of the two directions. This response can even be compared
with the 15 component of BLF111. The common feature of the two components is the
inflection around the zero magnetic value and then a slow decreasing trend with increasing
magnetic field values.

By looking at the score maps of both films, one realizes that why 1% component in
BLF111 is more reasonable while for BLF100, it is the 3" component which makes more

15* component in BLF111 shows essentially the areas whose

sense. The score map of the
PFM response was affected most by the magnetic field. It is clear that a high response
was found only in those regions where grains were distinct. The other two components
show no correlation with PFM grains. Similarly in case of BLF100, the score maps of the
first two components show no correlation with the PFM response of the film, while the

3" score map is correlated with the PFM response.

6.3.4 Discussion

It is a well-known lattice-matching epitaxy fact that when lattice mismatch is small
(< 8 %), the film grows pseudomorphically up to a certain critical thickness, after that,
it becomes energetically favorable for it to contain dislocations.?** This critical thickness
is on the order of 25-30 nm in most of cases. Thus, when the film thickness is beyond this
critical value, the misfit is divided into both strain and dislocations. In case of BLF111,
the misfit between STO and CFO causes dislocations, but only up to a thickness of 35-40
nm, and afterward, the CFO layer relaxes completely as is evident from the cross-sectional
TEM analysis of the top portion of the CFO layer (Fig. 6.3(b)) where it is proven that
the CFO layer is [111] oriented. When an in-plane magnetic field is applied to this [111]
oriented film, the most probable direction of the field will be either along [-110] or [1-10]
as depicted in Fig. 6.10. These two axes are at right angle to [111] and at 45° to the [100]

direction. By looking at the two-constant equation (Eq. 1.52), it is easy to realize that
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Figure 6.10: Schematic depiction of (111) plane (in blue color) in a CFO unit cell. The plane in
red color shows the orientation of the in-plane magnetic field whose direction is into this plane
or out of it.

the only contribution to magnetostriction would come from Ajgg. As it is well-known in
case of CFO that Agg has a greater slope as compared with A11; in a dc magnetic field.30°
The 15 component for BLF111, thus, can be associated with a qualitative sense of ME
response. The variation of this component follows the behavior of magnetostriction in a
dc magnetic field.

On the other hand, in BLF100, the CFO layer is strained in the in-plane direction,
creating a distribution of differently strained domains. Thus, the interface of CFO and
BTO in BLF100 is also not very smooth. When an in-plane magnetic field is applied to
BLF100, due to the random orientation of magnetic grains, the situation becomes quite
complex. Here both A\jgp and A111 contribute to the overall magnetostriction. Due to the
randomly oriented grains and crystal defects/dislocations in the CFO layer as discussed in
TEM analysis of BLF100, the magnetostrictive strain is not efficiently transferred to the
BTO layer. This might be the most probable reason for the ME response as depicted by
the 3" PCA component in BLF100. The slope of the principal component in de¢ magnetic
field is smaller as compared with that of BLF111. Thus, it can be concluded that the
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overall ME response for BLF100 is smaller as compared with that of BLF111.

6.4 Conclusions

In summary, the stress-mediated magnetoelectric coupling in two ferrite-perovskite
heterostructured thin films grown on differently oriented substrates, which was induced
locally by a dc magnetic field, was investigated. The experimental procedure involved
the measurement of the changes in the piezoresponse of the multiferroic sample when a
static magnetic field was applied in the plane of the film. Due to the magnetostriction of
the ferrite layer, the stress produced is transferred across the interface to the ferroelectric
layer, thereby changing its piezoresponse which could be detected experimentally by a
PFM tip. From the magnetic field variation of the static piezoelectric response, a simple
relationship was deduced with the help of the principal component analysis technique.
The principal components for both thin films showed the effect of stress-mediated ME
coupling. However, the variation of the component for BLF111 was much higher than
BLF100 indicating a strong ME coupling between the electrostrictive and magnetic layers
at room temperature. The ME coupling has an orientational dependence in addition to
the quality of the interface between the magnetostrictive and the ferroelectric layer. The
outcomes indicate that this experimental procedure can be extended to other multifer-
roic magnetoelectric structures with different dimensionalities and connectivity schemes

between the ferroelectric and magnetostrictive phases.
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Chapter 7

Conclusions and Future Outlook

7.1 Conclusions

In this work, the magnetoelectric coupling in extrinsic multiferroic systems, which con-
sist of lead-free BaTiOgs-based piezoelectrics and spinel ferrites, CoFeoO4 and NiFeoOy,
has been investigated to identify the best combination and the best configuration of
them. The systems which were studied include three bulk systems: 0.5Ba(Zrg2Tigg)O3-
0.5(Bag.7Cag.3)TiO3 (BCZT) combined with CoFepO4 (BCZT-CFO) and NiFeaO4 (BCZT-
NFO); one system consisting of Ba(Tig.7Sng 3)O3 combined with CFO (BSnTgp-CFOq);
and a thin film system consisting of bilayered thin films of CoFeoO4 and BaTiOs. To
understand the structure-property relationship and its impact on ME coupling in these
composites, direct and converse ME effects were measured. Several techniques including
direct and converse measurements on a large scale as well as the local scale measurements
with PFM were used. A detailed analysis of field dependent as well as temperature depen-
dent ME properties was performed to find the appropriate relationship between intrinsic
properties like magnetostriction in ferrite and piezoelectricity in piezoelectric phases. A
wide-range of experiments including solid state sample synthesis, PLD thin film growth,
X-ray diffraction, SEM, TEM, ToF-SIMS, PFM ; MFM, direct ME measurement at room
temperature, and converse effect measurement with a modified SQUID setup in a broad-
range of temperatures were employed. Below is a list of significant findings and conclusions

which resulted from these studies.

7.1.1 BCZT-CFO Composites

1. From frequency and temperature dependences of electric permittivity, it was found
that the samples had dielectric contributions from both the piezoelectric and the
ferromagnetic phases. It was concluded that the dielectric response was dominated
by the contribution from CFO at low frequencies and high temperatures. The main
reason for such a dielectric behavior is the large difference in electric conductivity
of the phases i.e., the BCT50-BZT phase is a good electric insulator while the
CFO phase is a semiconductor. When these two are combined in the shape of 3-3

composite, the difference in electric conductivities generate interfacial charges. This

147



Conclusions and Future Outlook

148

interfacial polarization (Maxwell-Wagner polarization) causes dielectric relaxation.

The temperature variation of electrically induced ME magnetization showed a broad
maximum in a particular temperature range, irrespective of the ferrite content in
that composition. This maximum was attributed to the maximum on the electric
compliance constant versus temperature curve of BCZT phase. Important to note
is that the elastic compliance constant for BCZT ceramics is maximum at their
polymorphic phase boundaries and is not directly related to its maximum of electric
permittivity or its Curie temperature. Therefore it was concluded that it is the
elastic compliance of the piezoelectric phase, which is responsible for the maximum
in the induced ME coupling and not the maximum of electric permittivity, which
occurs at the Curie temperature and was previoulsy considered to be coinciding
with the My (T)maz-

The behavior of induced magnetization in a dc magnetic field tracks the behavior
of derivative of magnetostriction of the ferrite phase (d\/dH). It was found that
My p(H) goes through a maximum in both directions of magnetic field (with a
reversal of the sign). It was also found that there exists a special fixed value of dc
magnetic field for each composition where this maximum (My;g(H )mas) occurs, and
which is related to magnetic anisotropy constant of the ferrite phase. In fact, there is
an inverse relationship between the maximum of d\/dH and the anisotropy constant
of cobalt ferrite. The anisotropy constant increases with decrease in temperature

which implies that Mg (H) would decrease with decreasing temperature.

The behavior of magnetostriction derivative d\/dH in a dc magnetic field was
modified by inserting non-magnetic A1>* ions inside the cubic spinel lattice of cobalt
ferrite. AP tend to occupy preferentially the octahedral sites rather than the
tetrahedral sites of CFO, as it was proved by the combined analysis of the data
from XRD, magnetization, and Mésbauer measurements. Thus A>T modification
of CFO reduces its saturation magnetization by replacing a large number of Fe?* on
the octahedral sites which results into a weaker superexchange coupling between the
octahedral Fe3T ions and the tetrahedral Fe3T jons. This superexchange coupling
which is responsible for antiferromagnetic coupling between these two sites is a

decisive factor for the saturation magnetization of spinel ferrites.

Another important consequence of AI>* modification on CFO was that it also dis-
placed some of the Co?* ions for the octahedral sites. These Co®* ions are usually
responsible for high anisotropy and the magnetostriction properties of the ferrite

phase due to their spin-orbit coupling. Thus Al3* had also caused reduction of the
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spin-orbit coupling, thereby reducing the anisotropy constant. This in turn resulted
in the enhanced stress sensitivity which is proprtional to d\/dH and thus a superior
converse ME coefficient for the composite with Al-modified CFO. The converse ME
coefficient for BCZT-CFO(Al) sample was 11 ps/m which is almost four times larger
than its counterpart with unmodified CFO.

7.1.2 BCZT-NFO Composites

Continued from the last section of BCZT-CFO composites, keeping in consideration
the superior electromechanical properties of BCZT, this new series of composites were
formed with variable volume fractions of NiFeaOy4 (20-50 vol.%). NFO is also a spinel
ferrimagnetic material and is obtained by replacing the Co?t by Ni*t completely in
the lattice of CFO. NFO is believed to have better magneto-mechanical properties as
compared with CFO.

1. The samples were shown to have good multiferroic characteristics both in bulk and
on the microscopic level. The piezoelectricity in these samples was verified by mea-
suring their local piezoresponse at room temperature. The saturation magnetization

was seen to be proportional to the nickel ferrite volume content per sample.

2. Time of flight secondary electron mass spectrometry (ToF-SIMS) was used to eluci-
date the 3D distribution of two phases in the ceramics down to certain depth. It was
found that the sample connectivity varied from pseudo 0-3 at lower ferrite content
to pseudo 3-3 at higher content. It was also seen that higher ferrite content resulted
into continuous patches which are detrimental to the piezoelectric properties of the
overall composite because it hinders the electric poling by creating conductive paths

for charge flow.

3. Direct ME effect was measured as a function of dc magnetic field, and the sample
with highest ferrite content shows the maximum value of the coupling constant which
is around 1.9 mV/Oe.cm. from the frequency dependent measurements of direct ME
effect, it was found that one of the samples with 20% ferrite content shows the effect
of piezoelectric resonance of BCZT on the ME coupling. The direct ME coupling
coefficient at a resonance frequency (362 kHz) was found to be 273 mV/Oe.cm for
this sample. No other sample shows such resonance frequency effect which might
be attributed to the high ferrite content which suppresses this electromechanical
feature of BCTZT.

4. Converse ME effect was measured as a function of temperature and dc magnetic
field. The temperature as well as the magnetic field behavior of induced ME mag-

netization were the same as that in the case of BCZT-CFO composites i.e., the
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temperature behavior followed the elastic compliance constant behavior of BCZT
and the magnetic field behavior tracked the d\/dH behavior. The converse ME
coefficient was the highest for the sample with 30 vol.% of the ferrite, while the
direct ME coefficient was not the highest. This means that the mechanisms re-
sponsible for the direct and the converse ME couplings behavior are not exactly the
same even when the ferrite content are the same. This is explained by considering
the real microstructure of these samples. In case of the direct ME coupling, the
off-resonance ME effect is the largest for highest ferrite content (50 vol.%) which is
related to the demagnetization factor. In this case, the shape of magnetic particles
does not matter because the agent that is producing this effect is the magnetic field.
On the other hand, when the agent that is producing the change is an electric field
(converese ME coupling), the scenario is different. We believe that sample with less
ferrite content (30 vol.% and 40 vol.%) can be treated by an equivalent series circuit
of piezoelectric and ferromagnetic grains, resultantly, the piezoelectric grains would
experience more effective electric field as compared with the samples that contained
higher ferrite content. On the other hand, the piezoelectric and ferromagnetic grains
can be treated as being connected in parallel to each other in case of samples with
higher ferrite content, thus reducing the effective electric field and hence the reduced

effect of inverse piezoelectric effect.

A comparison of ME coupling among the BCZT-CFO and BCZT-NFO ceramics can
be made here. The BCZT-NFO composites show overall better ME properties as
compared with those of the BCZT-CFO composites. The highest value of converse
ME coupling coefficient for BCZT-CFO samples is 11 ps/m [for BCZT50-CFO(Al)50]
and the maximum value for BCZT-NFO composites was 45 ps/m [for BCZT7o-
NFO3p 30 vol.% NFO]. This is a large enhancement (~ 400 %) if we consider that
both types of compositions were fabricated using the similar solid state syntheses.
The enhancement in case of NFO containing composites can be attributed to the
larger initial magnetic permeability of NFO.3% The initial permeability of any ferrite
determines the ease with which the magnetic domains can be switched/altered. The
values of initial permeabilities of NFO and CFO are 1 and 39, respectively.?*? Thus
it can be concluded that the initial permeability of a magnetic material is the most

important parameter than the magnetostriction itself.

Thus the two most important conclusions drawn from the studies of these com-
posites are that the properties like electromechanical coupling coeffiecient of the
piezoelectric phase and the magnetomechanical coupling factor of the ferrite phase

are the key factors for optimum ME coupling.
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7.1.3 BSnT-CFO Composite

This composite was designed by keeping in mind the excellent relaxor properties of

Ba(Tig.7Sn0.3)O3. This composition has a Curie temperature in the range of 100-200 K.

1. The relaxor properties of BSnT were retained even in the composite, this is unique
from what was observed in case of BCZT-based composites where the electric per-
mittivity behavior was altered from that of the pure one. The composite with 20
vol.% of CFO also showed all the relaxor features of the pure BSnT.

2. The ME coupling in these composites was measured by measuring the magnetoca-
pacitance as a function of temperature. The sample showed enhanced magnetodi-
electric coefficient in the temperature range around the diffused maximum of the
electric permittivity. Here again, the most probable reasons of the enhancement of
the ME coupling might be following:

The coincidence of elastic compliance maximum with the magnetocapacitance max-
imum in the temperature range;
and the possible effect of magnetic field on polar nanoregions by freezing mechanism

and thus changing the strain state of the ferroelectric phase.

7.1.4 BTO-CFO Bilayered Thin Films

1. It was found from the TEM and XRD analysis that (111) oriented SrTiO3 substrate
offers a better landscape for the growth of CoFesOy4 layer as compared with that of
(100) oriented substrate. The most probable reason for that might be the strain re-
laxation mechanism which favors the (111) orientation rather than the (100). Resul-
tantly, the growth of CFO on STO(100) consists of many small domains throughout
the thickness of the CFO layer while that of CFO on STO(111) consists of compar-
atively larger sized domains and a smooth growth beyond a particular thickness,

which affects the growth of a top layer of BaTiOs.

2. The magnetic studies showed that the coercivity is higher for BLF100 as compared
with BLF111. The most probable reason are the randomly oriented grains of the

former which make it harder for domains to be aligned parallel to the field.

3. Direct magnetoelectric coupling studied with the help of piezoresponse force mi-
croscopy under an applied magnetic field is higher in case of BLF111 film as com-
pared with that of BLF100 film. It was attributed to the fact that smooth interface
between the CFO and BTO layers offers a better medium to transfer the magne-
tostrictive stress from the CFO layer to the BTO layer.
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Future Outlook

Considering the implications of polymorphic phase boundaries, it presents a very in-
teresting scenario for the development of new two-phase piezoelectric-magnetostrictive
composites. Until now, not much attention has been paid to the enhanced piezoelec-
tricity at the morphotropic phase boundaries for use as an ingredient to increase the
ME coupling. Thus there are several systems with polymorphic phase boundaries
which can be investigated as ferroelectric components. One very obvious example
is the system Ba(Sn,Ti)Os, which also possesses a polymorphic phase boundary
around ~10% of Sn doping. A complete study which may comprise of electric,

magnetic and magnetoelectric properties is suggested.

Metal-piezoelectric-metal combination of laminates, also known as graded magneto-
electrics, has also not been studied to date with BCT50-BZT and magnetostrictive
Metglas. This might offer a great possibility toward the ME coupling enhancement.

The manufacturing of such a graded composite is already underway.

The first step of synthesis and study of CFO//BTO bilayered thin films has been
achieved. This would be extended to BCZT//CFO and BCZT//NFO bilayers that
can be grown by PLD technique on various substrates to explore the possibility of
enhanced ME coupling. This can be combined with theoretical modeling to get a

complete physical picture.
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