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1.1 Multiferroics

The convergence of magnetism and electricity stands as a pivotal
achievement in contemporary physics. Coined by H. Schmid in 1994, the term
"multiferroics” describes materials that host two or more coexisting ferroic phases'.
These phases are defined by four fundamental order parameters: Ferroelectricity,
Ferromagnetism, Ferroelasticity, and Ferrotoroidicity, which dictate distinct material

behaviors>.

Ferromagnetic (FM) materials exhibit spontaneous magnetization and spin
ordering could be changed by applying an external magnetic field. Correspondingly,
ferroelectric (FE) materials show spontaneous polarization changeable by applying
an electric field. Until recently, It was once thought that the simultaneous existence
of Ferromagnetic and Ferroelectric orders in a single material constituted two
separate factors. But in some multiferroic materials, this behaviors are coupled with
each other by the magnetoelectric (ME) effect. This effect introduces a new class of
substances capable of altering magnetic attributes through electric fields and vice

versa, fostering innovation in material design for various applications.

Ferroelectric materials are polarization-stable and switchable, while
antiferroelectric counterpart’s exhibit mutually nullified dipole moments. The
ferromagnetic materials have stable spontaneous magnetization that can be altered by
an applied magnetic field, whereas antiferromagnetic materials have ordered
magnetic moments that completely cancel each other out within each magnetic unit
cell. Ferroelastic substances exhibit consistent deformation controllable through
stress, and ferrotoroidic materials possess inherent ordered parameters resembling
the curl of polarization or magnetization. This potential switchability of ferrotoroidic

properties remains an ongoing exploration.

! schmid 2011
? Das 2013b
® Das 2013a
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Only a few compounds show magnetic and electric order parameters
simultaneously (Fig 1.1). In 1894 magnetoelectricity was introduced by Pierre Curie.
Magnetoelectricity in Cr,O3 was experimentally and theoretically proved by Astrow
(1959) and Dzyaloshinsky (1960 )*. However, the limited coupling in these materials
impeded their utility, causing a decline in research until NA Hill's theoretical work in
2000 reignited interest’. Nanostructured multiferroics, with robust ME coupling and

reduced dimensions, find applications in nanoelectronics and spintronics.

P ORDER
+ - + -
+ - + -

«

FIELD

Fig 1.1. Magnetoelectric coupling between different orders and field

Multiferroics are used for the development of a wide range of devices, such
as sensors’, Integrated circuit, data storage memories’, power generation and in
electric transformers®. This broad applicability is the motive for creating such a

significant interest in this field. It is one of the most important topics in material

*Yi et al. 1993

® Spaldin & Fiebig 2005

® Filippov et al. 2009; Vazquez & Hernando 1996
7 Li et al. 2006

® Wang 2017
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science nowadays. Notably, the quest for memory systems has led to exploring
multiferroic materials that amalgamate the benefits of magneto-resistance memories
(MRAMs) and ferroelectric random access memories (FERAMs), enabling writing

by ferroelectricity and reading by magnetism”.
1.2 Types of multiferroics

Multiferroic materials segment into two categories according to their

components: single-phase and composite multiferroics.
Single-phase Multiferroic Materials

Single-phase multiferroic materials are those materials with coexisting
ferroelectric and magnetic ordering. They are divided into two more categories. Type

I and Type Il multiferroic materials.

The ferroelectricity and magnetism in type-I multiferroics have distinct
origins, and there is a relatively weak interaction between them. Furthermore, these
materials exhibit ferroelectric and magnetic transitions that occur beyond room
temperature and have high spontaneous polarisation values. It is challenging to
increase the coupling in these types of multiferroic materials while maintaining their
beneficial properties. Conversely, ferroelectricity is only induced in the magnetically
ordered state in type-II multiferroics. The difficulty with these materials, in contrast

to type-I multiferroics, is to improve the ferroelectric and magnetic behaviour.

Further these materials are classified in to different families based on the

origin of ferroelectricity and ferromagnetism'®. They are
Perovskites

The famous ferroelectric materials are perovskites e.g.BaTiO3;, Pb(ZrTi)O;.
There are many magnetic materials that possess perovskite structure. On comparing

these materials, it can see that ferroelectricity and magnetism in perovskite mutually

° Scott 2007
% cane 1999
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exclude each other with some exceptions. The transition metal ions in the
ferroelectric perovskites have an empty d shell. The transition metal ion's off-center
shifts are responsible the ferroelectricity of these materials. The transition metal ion's

partially filled d shell is what generates the magnetic.
Bismuth-Based Compounds

Bismuth Ferrite (BiFeOs) possess simultaneous ferromagnetism and
ferroelectricity and contain only magnetic ion Fe®* (d°). This shows that the presence
of empty d shell (d°) is not the enough condition in these materials to be ferroelectric.
The stereochemical activity of bismuth lone pairs is the cause of ferroelectricity. In
BiFeO; the origin of ferroelectricity is due to the outer 6s electrons, called dangling
bonds, they don’t participate in chemical bond and they possess high polarizability.
The Fe*" is responsible for the magnetism and dangling bonds are responsible for

ferroelectric polarization''.
Hexagonal Manganites

The multiferroic material with general formula LnMnO; (where Ln=Y or
small rare earth) is in hexagonal structure. The compound YMnOj; is ferroelectric
and A-type antiferromagnet. Ferroelectricity in these materials is produce due to the
tilting of the MnOs polyhedral. These material possess high ferroelectric transition

temperature and low Neel temperature'?.

For these materials, ferroelectricity is produced by charge ordering. When an
ion with a different valency exists or when there are inequivalent bonds because of
the material's structure, the charge ordering in the system can happen. Charge
ordering emerges due to formally Mn>" or Mn*" in half-doped manganites such as
Pi»Ca;pMnO; or La;»Ca;»nMnOs; where the situation can be realised. In similar
manner charge disproportionation at the Ni site results in two inequivalent Ni sites

and various Ni-O bond lengths in rare earth (R) Nickelates (RNiOs3). Due to the

" Cane 1999
'2 Cane 1999
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existence of Fe* and Fe’” ions, Fe;04 and MFe,0y also display this kind of charge

ordering"’.
Ferroelectricity due to Magnetic Ordering

There is a significant link between ferroelectricity and magnetism in this
family of material systems because the ferroelectricity develops in a magnetically
ordered state. These materials show small values of polarization (102 pC/cm?). This
type of multiferroic materials are TbMnO;, AgCrO,, Ni3V,0¢ and MnWOQO,, which
have been recently discovered. Large magnetoelectric and magnetocapacitance
effects in TbMnO; are related to the magnetic field's switching of electric

polarization'*.
Limitations of Single-phase Multiferroic Materials

In single-phase multiferroic materials, the coexistence of ferromagnetism and
ferroelectricity is often limited to cryogenic temperatures. Operational complexity
arises due to the need for low-temperature investigations. While such materials
exhibit weak ME responses, LiCoPOj stands out with a notable ME coefficient (o
=30.6 ps m"'). These materials' limitations hinder their practical use in real-world

devices.

In summary, the realm of multiferroics encompasses intricate interactions
between magnetism and electricity, ranging from single-phase materials with diverse
origins of ferroic properties to their composite counterparts. This field's potential

applications make it a focal point of modern materials science research'.
1.3 Multiferroic composite systems

The magneto-electric coupling (ME) of naturally occurring multiferroic
single-phase composites is extremely weak and appears below room temperature.

These materials are extremely uncommon. So, these materials cannot be used for

1% Cane 1999
* Cane 1999
1 Lopatin et al. 2011
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practical applications. But multiferroic composites that contain both ferroelectric and
magnetic phases have large ME coupling above the room temperature and they can
be used for industrial applications. In 1972, Suchtelen put forward the theory of
product property of two-phase composite materials coming up with the elastic

coupling between two phases of different properties. The BaTiOs- CoFe,O4
composites developed at Philips laboratory possess a large ME coupling (Z_fr =

0.13V/cm.Oe) at room temperature. For these nanocomposites, the ME effect
obtained was hundred times larger than single-phase multiferroics. They prepared the
composites by the technique of unidirectional solidification of eutectic compositions.
But this technique is very complex and due to this the research becomes inactive for
20 years. The Newnham’s and others have'® prepared the nanocomposites of ferrites
with barium titanate by a very cost-effective and simple method. After this, various
composites were discovered. The ME composites are classified into five categories:
bulk ceramic composites, nanostructured and composite thin films, three-phase ME
composites, two-phase ME composites made of piezoelectric materials and magnetic
alloys. ME composites find use in energy harvesters, ME transformers, gyrators,
magnetic sensors, memory devices, electrically tunable microwave magnetic devices,

and more'”.
1.4 Microscopic origin of Ferroelectricity and Ferromagnetism

In perovskite (ABOs) multiferroic materials, ferroelectricity and
ferromagnetism are coupled with each other. The fundamental cause of magnetism
in multiferroics closely resembles that of all magnets. It is mostly attributed to
localised electrons that are mostly present in transition metal or rare-earth ion
partially filled d or f subshells. These localized electrons harbor spin or magnetic
moments that interact through exchange mechanisms, leading to magnetic alignment.
In ferroelectric material a distorted asymmetric crystal structure is necessary for FE
polarization but for ferromagnetism symmetric structure is necessary. Scholars have

deduced that there exist multiple tiny sources of ferroelectricity, and thus, distinct

'€ Bichurin et al. 2011; Lopatin et al. 2011
7 Wang 2017
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kinds of multiferroics can be produced. According to reports, the traditional
mechanism for ferroelectricity in perovskite compounds involves off-centering of the
d° electrons at the B-site. Therefore, the atoms that move off centre to generate the
electric dipole moment and the atoms that carry the magnetic moment should be
different in order for ferroelectricity and magnetism to coexist in a single phase.
There is still scope for more research on multiferroics with various forms of
magnetism. This might theoretically be achieved via either an alternative (non-d-
electron) mechanism for magnetism or an alternative mechanism for ferroelectricity;
however, only the latter approach has been considered. For instance, in PbTiO;
(PTO), the influence of Pb lone-pair is dominant, but in BaTiO3; (BTO), the centre of
Ti ions plays a crucial role in ferroelectricity. The most popular method of achieving
multiferroism in magnetic perovskite-structure oxides and related materials is to use
the stereochemical activity of the lone pair on the big (A-site) cation to produce
ferroelectricity while maintaining the magnetic properties of the tiny (B-site)

cation'®,
1.5 Magnetoelectric effect in multiferroics

In multiferroic materials, the electric field and magnetic field are coupled. In
normal situations, the electric and magnetic fields are not intrinsically coupled. This
coupling is very important in designing property of the materials. The

magnetoelectric property can be explained by Landau-theory,
The free energy is given by
1 1
F(E,H) = Fy — PPE; — M{ H; — S o€ EiE; — 5 1o i HiHy — oy EiH; —

1 1
5 BijicEi HiHy=5 VijeHy EjEy= - (1.1)

where P and M} represent spontaneous polarization and magnetization respectively

and € and /i represent electric and magnetic susceptibilities.

Differentiation of 1.1 with respect of E gives the polarization

18 Liou et al. 1999
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OF 1
Pl'(E, H) = _a_El = Pis + EOEijEj + al-jHj + E :Bl]kH]Hk + )/iiji Ej_ (12)

Difterentiation of 1.1 with respect of H gives the magnetization

OF 1
Mi(E,H) = —50-= M + powijHy + aijEq + BijkEi Hy + 5 vipeEpEx— (1.3)

The tensor & describes the induction of electric polarization on the application of
the magnetic field or vice versa and represents the linear ME effect, while, tensors /3

and y describe the higher order ME effect.

Furthermore, the a;; tensor is bounded by the geometric mean of &;; and p;;
a;;% < oMotk

This suggests that multiferroic material which is ferroelectric and ferromagnetic,
is likely to show large ME effect due to the fact that ferroelectric and ferromagnetic
materials often (but not always) exhibit high permittivity and permeability,

respectively.

1.6 Magnetic Properties

Hans Christian Oersted a Danish Physicist found that when an electric field
flows through a wire then the magnetic field is created. This result shows a
connection between electricity and magnetism. The reason for the magnetism is the
orbital and spin motion associated with an electron. The minute current that arises
because of this motion can create magnetic dipoles. When we apply a magnetic field

the medium will be magnetically polarized'’.

The magnetization M is given by

M = Zvolume m; (1.5)

1% Blundell 2001
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Magnetization is defined as M, the magnetic moment per unit volume. The
magnetic susceptibility is defined as the ratio of magnetization (M) to magnetic field

strength (H).

x=z (1.6)

H represents the magnetic field's strength. B is a material's magnetic flux

density or magnetic induction.

B = po(H + M) = poH (L +7) (1.7)
From equation 1.6

B =puoH(1+ x) (1.8)
Here po = 4w x 1077Hm™! s the permeability of free space,
w=to(1+x)

B = uH (1.9)

The M-H curve or magnetization curve is given in Figure 1.2

Magnetization (M)
M o O O O
o> 0 O O
Remanence
field (H) H Magnetic field (H
(In opposite direction) -H n o ( )

“0 <0 <0 O

0 «0-+0- <O . M
Magnetization (M)

nappodrecton

| Ferromagnetic hysteresis loop (M-H) |

Remanence

Fig 1.2 M-H curve of a ferromagnetic material
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The saturation magnetization Mg is defined as the magnetization at highest
value of H, where at the point ‘A’ the magnetization becomes constant. After
saturation, the value of H is reduced to zero, then it reaches the ‘B’ where the
magnetic field is zero and the magnetic induction is not zero. The retained magnetic
induction is known as the retentivity of the material. The magnetic induction
becomes zero with a further decrease in the applied field. The point ‘C’ in the figure
is denoted as the coercivity of the material, it is defined as the negative field applied
to bring the magnetic induction to zero. When we increase the magnetic field in the
negative direction, the magnetization once more gets saturated in the opposite
direction ‘D’. When the field is again reduced to zero, then obtained residual
magnetization ‘E’. The point ‘F’ is reached with the increasing magnetic field in the

positive direction where the magnetization is zero.

There are two types of magnetic materials: soff magnetic materials and hard
magnetic materials. Temporary magnets are made of soft magnetic materials, which
are readily magnetised or demagnetized®’. Their coercivity and retentivity are low.
The area covered by the hysteresis loop will be small. For the soft magnets, the
susceptibility and permeability are high and also eddy current loss is less. The core of
transformers, generators and stators are made of these soft magnets. Hard magnetic
materials are used in permanent magnets because they are difficult to demagnetize®'.
The hysteresis loop area and the hysteresis loss are large for hard magnets. For hard
magnetic materials, the eddy current loss, coercivity and retentivity values are high.
Hard magnetic materials are used in the application of loudspeakers, motors,
telephone receivers, etc. Magnetism is divided into five major types depending on
the interaction of the material with the magnetic field. They are diamagnetism,

. . . . . . 22
paramagnetism, ferromagnetism, antiferromagnetism and ferrimagnetism~".

2 Elements of Materials Science and Engineering (Addison-Wesley Series in Metallurgy & Materials
Engineering)

21 Elements of Materials Science and Engineering (Addison-Wesley Series in Metallurgy & Materials
Engineering).

*2 Blundell 2001
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1.6.1 Diamagnetism

Diamagnetism is the most common form of magnetism. The atom of a
diamagnetic substance has no net magnetic moment, which means the atoms do not
possess unpaired electrons and the orbital shells are filled. In the presence of a non-
uniform magnetic field, a diamagnetic material shift from the stronger to the weaker
part of the magnetic field. In the presence of a magnetic field, the direction of
magnetization is opposite to the field and it drops its magnetization once the field is

removed.

In Langevin's theory, magnetic susceptibility is defined as,

N2 op2s (1.10)

mc?

¥ =-

where N is the number of atoms per unit volume, c is the speed of light, z is
the number of electrons within the atom, and m is the mass of the electron and
< 12 >is denoted as the mean square distance of the electron from the nucleus.
Diamagnetic material has negative susceptibility and is also temperature
independent. Diamond, gold, copper, mercury, silver, tin, and zinc are also the

examples of diamagnetic materials.
1.6.2 Paramagnetism

Paramagnetism is magnetism related to atoms or molecules that carry
unpaired electrons. In the absence of an external magnetic field, the atoms are
orientated randomly, resulting in zero net magnetization. However, when an external
magnetic field is applied, the arrangement of the atomic moments in the direction of
the applied magnetic field results in positive susceptibility and positive

magnetization.

For paramagnetic materials, the magnetization is expressed as,

m=c(%) (1.11)
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where C is defined as the Curie constant, H is the magnetic field strength,

T the temperature

Susceptibility of a paramagnetic material is defined as

c

X=z (1.12)
So, the paramagnetic materials possess small and positive susceptibility and it

is inversely proportional to the temperature. The paramagnetic materials are

aluminum, chromium, copper sulphate, palladium, manganese, tungsten, etc.
1.6.3 Ferromagnetism

A ferromagnetic substance has a net magnetic moment while there is no
external magnetic field. The strong interaction between the individual atoms or
electrons causes the parallel alignment of the magnetic moments; this is the reason
for the net magnetic moment. This interaction results in areas of magnetism called
domains. By the application of external field, the dipoles in the domain get aligned.
The energy required to reorient the domains from a magnetised to a demagnetized
condition is known as hysteresis. The magnetization of ferromagnetic materials
occurs spontaneously, that is, without the presence of an external field. There is a
critical temperature below which the spontaneous magnetization occurs (6).
Spontaneous magnetization is because of the interaction between the magnetic ions.
The ferromagnetic material becomes paramagnetic above Curie temperature due to
the spin alignment because of the thermal effects. The Curie-Weiss law determines a

ferromagnetic material's susceptibility, and its value is high and positive.

C

1.6.4 Antiferromagnetism

The individual magnetic moments in a domain are antiparallel for
antiferromagnetism. Because the nearby magnetic moments cancel each other out, in

the absence of an external magnetic field, there is no net magnetization. However, a
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tiny magnetization is created when an external magnetic field is introduced, and it
grows as temperature rises. Similar to the Curie temperature in ferromagnetic
materials, Neel temperature (Ty) is for antiferromagnetic materials. Above Neel
temperature, antiparallel alignment is disturbed and it comes back to a paramagnetic
state. lonic compounds like sulphides, chlorides, and oxides are examples of

antiferromagnetic substances.
1.6.5 Ferrimagnetism

The magnetic oxides of iron namely ferrites exhibit ferrimagnetism.
Ferrimagnetism is similar to antiferromagnetism in the opposite dipoles being not
equal. The net magnetization is not zero, because the dipoles do not cancel each
other. Above Curie temperature, they show paramagnetism and possess spontaneous
magnetization. The ferrites, Yittirium Iron Garnet (YIG) are examples of

ferrimagnetic materials. Figure 1.3 shows the various types of magnetism.
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Fig.1.3. Types of magnetism

1.6.6 Nano Magnetism

The nanoparticles have at least one of their dimensions in the nanoscale, their
magnetic properties are called Nanomagnetism. Nanomagnetism adds coercive force,
ultrafine magnetic anisotropy, superparamagnetism, and giant magnetic resistance®.

The magnetic properties of nanoparticles can be changed by altering their shape,

% Liou et al. 1999

i
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structure, size, or composition. The properties of nanoparticles turn on with their

composition, size, the shape of the particle, etc*.

Magnetic nanoparticles have gained great attention in applications such as
high-frequency electronics, permanent magnets, etc. The magnetic properties of
nanoparticles are significantly influenced by their finite size and surface effects. The
internal and surface chemical and magnetic structures, as well as the symmetry
breaking of the crystal structure at each particle's boundary, all have an impact on the

surface effects™.
1.6.7 Super-paramagnetism

Super-paramagnetism shown by the nanoparticles is related to their magnetic

anisotropy26.

According to the Stoner-Wohlfarth hypothesis, the energy-related per particle

in an identical single domain particle is approximately as,
Ep = kvsin?@ (1.14)

In this case, 6 indicates the angle formed by the nanoparticles' easy direction
and magnetization direction, v is the volume of the nanoparticles, and k is the
magnetocrystalline anisotropy constant. Easy direction is the favorite direction in
which each particle acquires an ordered magnetic moment when the temperature is
below the Curie temperature. E, is the energy that generates from the angular
momentum of its orbital motion in the crystal lattice and the magnetic coupling of
the electron spin. The product of magnetic anisotropy and the volume, that is, kv
becomes closest to the thermal activation (kgT), when the size of the nanoparticles is
below the threshold value. Here kg represents the Boltzman constant. Even in the
absence of an applied field, thermal energy fluctuation will control the anisotropic

forces one by one that can move easily axis®’. The anisotropy thermal energy

** Das 2013b

*® Kodama 1999; Magnetic Nanoparticles - Google Books n.d.
?® Bedanta & Kleemann 2008

?” Néel 1949
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interaction results in properties similar to that of a paramagnetic material, but
possesses a large magnetic moment represented by m=Msv, which is very high of
the order of thousands of Bohr magnetons. When we apply the field, the magnetic
moment (Msv) tends to align with the field. This phenomenon is known as
superparamagnetism. But in the case of paramagnetism thermal activation energy
(kgT) will restrict the alignment of magnetic moments. The direction of
magnetization fluctuates instead of keeping a fixed direction in the case

superparamagnetic relaxation process.

Neel's theory provides the superparamagnetic relaxation period, which is the

mean interval between magnetization direction reorientations
kv
T= Toexp(m) (1.15)

Where 1, represents the relaxation time constant and T is the temperature.
Blocking temperature (Tp) is the temperature at which magnetic anistropic energy
exceeds the thermal activation energy and the nanoparticle set off

superparamagnetically relaxed.

The blocking temperature Ty is given by,
_ KV (Em
T = . In( . ) (1.16)

when T< Tg, the system is going to be in a blocked state and show hysteresis.
When T> Tg, the system is going to be superparamagnetic, where the hysteresis
vanishes and thermal equilibrium comes to happen. At the temperature below Tg, the
magnetic moment is obstructed by anisotropy but for temperature above Tj it seems
to be superparamagnetic. So the property of the superparamagnetism is the absence
of hysteresis, and as a consequence of this remanence and coercivity disappear. The
main difference between classical paramagnetism and superparamagnetism is the
magnetic saturation attained with a weak field for nanoparticles. This is because the
particle moment (pu~ 10* pg) is a greater value compared to the atomic moment value

Matm ~ 10 252
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1.7 Ferroelectricity.

Piezoelectricity was discovered in the eighteenth and nineteenth century as a
result of research on the pyroelectric effect. In 1920, Vaiasek first observed the first
ferroelectric crystal sodium potassium tartrate tetrahydrate (NaKC4H1Cs-4H>0) also
known as Rochelle salt®. The creation of domain structures with differentially
oriented polarization in virgin ferroelectric single crystals, which resulted in a zero-
net polarization and very tiny pyroelectric and piezoelectric responses, is primarily
responsible for the much later discovery of ferroelectrics. By observing a hysteresis
effect in the electric field polarization curve, Vaiasek identified ferroelectricity. This
was achieved by pinpointing a Curie temperature (Tc) and noting an incredibly large
dielectric and piezoelectric response in and near the ferroelectric temperature region
of the Rochelle salt crystal. These effects are similar to corresponding effects in
ferromagnetism in many ways. Having been discovered in 1945, barium titanate

(BaTi03) is the first ferroelectric substance having a perovskite structure.

Compared to other ferroelectric materials, BaTiOs;, KH,POs, (KDP) and
Rochelle salt are important because of the cubic center-symmetric perovskite
structure which is highly symmetric above the Curie temperature. It has five atoms
per unit cell. It is ferroelectric at room temperature. It is chemically and mechanically
very stable. BaTiO; is the most extensively studied ferroelectric material.
Ferroelectric behavior at a microscopic level is explained by the lattice dynamics

theory.
1.7.1 General properties of ferroelectric materials
1.7.1.1 Crystal symmetry

Seven separate crystal systems can be used to classify the whole variety of
crystals: triclinic, monoclinic, orthorhombic, tetragonal, cubic, trigonal, and
hexagonal *°. Based on their specific symmetry patterns, these systems can be further

classified into 32-point groups, as shown in Figure 1.4. Among these, 11 are

8 Valasek 1921
? Goldschmidt 1926
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