Multiferroicity In Bismuth Layer
Structured Materials

Zheng Li

A thesis submitted for the degree of Doctor of Philosophy

‘@__s’ Queen Mary

University of London

School of Engineering and Materials Science,
QueenMary, University of London,
London, UK

Septanber 2016



Declaration

The candidateonfirms that the research included within this thesis isawyn work or
that where it has been carried ontcollaboration with, or supported lmthers The

work of other peoplés duly acknowledged below and my contribution indicated.

This thesis fully complies with the regulations set by the Queen Mary, University of

London.



Abstract

Multiferroics (MF) have attracted much research attention due to the coexistence of
ferroelectric and magnetic orderiag well agnagnetoelectric (ME) couplinéit present
there are veryfew room temperaturesingle phase MFexcept BiFe@. Multiferroic
properties of Aurivillius compound BjFeTikO:5 were reportedat 80 K. The
magnetization oBisFeTk0;5 was significantly improved by ssbtuting parts of Fe
cations by Co cationsBisFeTkO;5 showed ferromagnetic order above room
temperatureThe magnetic cations Fe/Co indie contribute to théoth ferroelectric

and ferromagnetic properties, whicbuld possiblyinduce strong magnetoelectric effect
Aurivillius  materials are layered structured materialswith  formula
(Biz02)** (Am1BmOzm:1)>. The polarization ofAurivillius materialsis mainly in a-b
plane High dense and textured ceramics were fabricated byostep spark plasma
sintering (SPS)method to improve the polarization of ceramic¥he multiferroic
properties ofAurivillius materialswith different octahedrallayers (m=2, 3, 4 and 5)
were investigatedAll these materials showed ferroelectric and ferromagnetic order at
room temperature except BisNby o8& 124C0p 125T10.7509 (m = 2).

Biz 29 a0 79Nbo 29-€ 124C 0 125T125012 (M = 3) was identified to be single phase.
Although a small amount of secondary plagéoFeO,/CaoFeQ;) were found in
Bis2d a0 7976 5C0p5Ti3015 (M = 4) andBisslag 77€CoTiO1g (M = 5), the intrinsic
multiferroicity of the mainAurivillius phase was confirmed by the magnetic controlled

ferroelectric domairswitching Clear ME couplings were observed thesematerias,



where the magnetic ions Fe/Co contribute to ferroelectric polarization and magnetic
moment simultaneouslylhis discovery could guide the design of room temperature

single phase MFs with strong ME coupling $&nsors and memories applications
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Chapter | Introduction

The control of bistable polarization states in ferroelectrics is the underlying basis of
using two spontaneous gatestoarecordtiaetbinasyrcodd u p o
A0O0 and A10 whi ch waAsderfon whe tvdrked irpBelblgbat s e d b
1952" Ferroelectric(FE) random access memorfFRAM) exhibits fastwrite and
nonvolatile character8ut they are limited by the need for destive read and reset
opeation®* Magnetoresistive ratom access memory (MRAMyasdeveloped since

1990s. MRAMconsistof two parallel magnetic layers separated by a thin insulating
layer in nano scale. One of the magnetic layera ermanent magnetic layer in

which the magnetization fixed in one direct@amd the other on is ferromagneieM)

layer in which the magnetization can be changed by external magnetic field. The two
different states of the magnetic layers with magnetization in parallel or antiparallel
showsdifferent resistance which can be used recordthedbi nary cod.e A0O
MRAM obtainsfastread speed without an additionalwete operation compadeto

FRAM. Howeverpower cost are higher thanthat of FRAM during write operation.
Materials thatshow simultaneously more than one ferraibaracteristics such as
coexistence of ferroelectric and magnetic ordering are curreaitiing more and more
attention.These properties give rise to the development of various kinds of materials
and design of multifunctional devieapplication such adevelopment of multiferroic

memory device with fastlow power electric write operation and nrdastructive

magnetic read operatidn.



There are g few single phase multiferroic materials in nature since ferroelectricity
and magnism tend to exclude each otheX. Hill found that electronef transition
metalin 3d orbital which arenecessarjor magnetismcould reduce the tendency for
off-centre ferroelectric distortion This behaviouris in contradiction with the
ferroelectricity which isrelated to thehybridization of empty 3d orbital of centre
catiors such as Ti" and 2p orbital of oxygenMany efforts have been devoted for
new room temperate magnetoelectric multiferroics due to a strdesie to fabricate
materials withnovel functiors.® Two requirementsire necessary te saisfiedin the
commercial device: room temperature multiferrbiehaviourand strong coupling
between ferroelctric and magnetic properti&ésThe initial researches fosed on
BiFeO; (BFO) a lead free multiferroic material. BFSDows ferroelectric orde(T; =
1100K) and antiferromagnetic ordéFy = 640K) at room temperatureHowever, the
high leakage current, tendency to fatigue aadondary phase in the grain boundary
restrict its applicationConsider of the large leakage current of BigeBurivillius
multiferroics which can be considet as insering BiFeO; layerinto bismuth layer
structured ferroelectrics (BLSFexhibit goodinsulativity and have been proposed to
fabricate new room tempasture multiferroic material®® BisFeTiOss (BFTO) has
been successfullyyathesised by combination of BiFeQvith a bismuth layer
structured ferroelectrics, HiizO1, (BIT). BFTO presents ferroelectric and
antiferromagnetic ordeyelow 80 K'° The magnetization dFTO can beemarkably
improved by substituting parts of ¥eby Cco* and magnetic Curie temperature

increase to 618 K To date, room temperature multiferroic behavitas been
2



reportedin BLSFs withm O4. However, there are still debates about the origin of the
ferromagnetismAlthough the second phase miags contribution to the magnetism,
the intrinsic multiferroiccharactef the main phase wasipportedby the magnetic
control of ferroelectric domaiswitching inBigTi..gFe sMng 60152 Thereforethis
thesisis todevelopsingle phase multiferroiBurivillius materials and investigate their
dielectric, ferroelectric and ferromagnetic properties.

In this research multiferroelectric behaviour of(Bi»0,)**(Am1BmOsms+1)> with
different octahedrallayers (m=2, 3, 4 and 5) habeen studied. \& propose to
substitute parts of Fe by Co to improvanagnetism. The origin of weak
ferromagnetsm of BFTO is theindirect super xchange couplingf Fe* cations
(F€¥"-O-Fe*"). DopingCa®* cations cannot directly improve the ferromagnetic property
of BFTO because the magnetic moment of*ds smaller than Fé&(the magnetic
moment of C8" and F&" are 4.8 and 5.92;, respectively, but thesuperexchange
interactionbetween C& and F&" cations(Co®*-O-Fe**) contribute to thémprovement

of ferromagnesm™*

Due to highly anisotropi@latelike grain shape of BFTOthe main directions of
polarization and magnetisatiane in ab plane Grain-oriented textured ceramibsve
beenalready successfully prepareding atwo-step Spark Plasma Sintering (SPS)
method"*'* The two-step methodvas used to fabricate textured bulk ceramire
obtain better ferroelectriand magnetic properties thahat of random oriented
ceramics. Moreover, in order taresearchthe coupling between ferroelectric and

ferromagnetic in-situ neutron diffractiorof BLSFs with externalmagnetic field and
3



ferroelectric domains changes under magnetic field ais@nvestigatel.

A brief introduction of the basic theory of ferroelectitig, magnetism and
multiferroelectrigty is given in Chapter 2 A review of the common
multiferroelectrics andAurivillius phasemultiferroelectricsis also included in this
chapterChapter 3 is thdetails ofexperimeng of this researchiChapters 4, 5, 6 and 7
showed theexperimental results and discussion of multiferroic BL®#tk different
octahedral layerém=2, 3, 4 and 5), respectively. In ChaptetH& mainconclusions
of this research are givencludinga comparison of multiferroibehaviourin BLSFs

with differentoctahedral layer$lans br future work are also outied



Chapter Il Literature Review
2.1 Background of Ferroelectrics

The keyissueof ferroelectrics is spontaneous polarizat(®g which is tightly related

to the crystal structuréAll crystals can be divided into 32 crysfadint grous by using
different symmetry elements, such as centre of symmetry, axes of rotation, mirror planes
and their combinationsAmong the 32 crystal point groups, only 10 of them exhibit
spontaneous polariian, which are defined as polar pointayps These 10 point
groupsbelongto norrcentrosymmetric point groups which is necessary foeistence

of piezoelectricy. The spontaneous polarizatigaried with the change of temperature
due to the temperaturdependenceof atomic configuration, Wch is defined as
pyroelectricity. The difference between ferroelectrics and pyroelectrics is that the
spontaneous polarization can be switchedapglying anexternal electric fieldThus,

all ferroelectrics are pyelectrics and piezoelectridsut notin reverse way~ '

Ferroelectric is an impant kind of functional materialUntili now, anumber of
materials have been foutal obtain ferroelecic propertes The main ferroelectric oxide
families are perovskiteoxides ABQ (BaTiOs), LINbO3; group, Aurivillius phaselayer
structurel group (BisTisO12) and tungsten bronze group(BacSrs«NbipOsg).
Ferroelectrics havbeen widely used in many commercial applications such as: ignitor,
capacitors, random access memories, transpolarizers and piezoelectric “S&hSors.
SrBi,TaxOg and Bisd ag75Ti3012 which belong to Aurivillius layer structured

ferroelectrics are excellent candidates of nwalatile ferreelectric randoraccess
5



memories®* Thus, Aurivillius layer structured feoelectrics were researched as the
base materials in this work.

All of ferroelectricsobtain thecharacteristisincluding Curie Point(T;), Spontaneous
Polarization (Ps), Ferroelectric domairswitching proved byFerroelectric hysteresis

loops.

2.11. FE Curie point

Most ferroelectric materialgransform from a hightemperaturecentrosymmetric
(paraelectric) phase into a lesemperatureon-centrosymmetri¢ferroelectri¢ phaseat

T.. Dielectric, elastic, thermal and other properties of the material commonly become
abnormal around the Curp@int This is different for I and 29 order transitionsFigure

2.1 shows the data measured on BaTe@ramic. It shows spontaneous polarizatio
along c axis in tetragonal phase undgmand none spontaneous polarization in cubic
phase aboveT.. The dielectric permittivitychanges with temperaturebey the
CurieWeiss law above thg..

Some ferroelectrics such as Bafikaveseveral ferroelectric phase transitions and the
direction of Ps change during each phase transition (Fig. 2.2). But only the first
transitiontemperature from cubic paraelectric phase to tetragonal ferroelectric phase is
called Curie point. In BaTig) Ps is along [001], [011] and [111] in tetragonal,

orthorhombic and rhombohedral phase, respectively.
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Fig. 2.2 Ferrelectric phase transition of BaTi®ingle crystatluring heating and coolirfg

2.12. Ferroelectric domain

Ferroelectricdomain is aegionwith spontaneougpolarizatiors in the sameirection.

Spontaneous polarizations in ferroelectric crystal are normally not uniformly aligned
7



throughout the whole crystdfor example, the crystal structure B&TiO3; changs
from cubic totetragonaduring the ferroelectric transition and tRgis dong ¢ axis of
tetragonal (Fig2.2). The three aaxesin cubic are the same and tliRs could arise
from any of them during the phasmnsition The crystal contains margomainsin
which the spontaneous polarizatialong in the same direction. The regi between
two domains ismameddomain wall Fig. 2.3). Ferroelectric domain walls are in the
order of 2 10 nm which are much narrower than domainlisvén ferromagnetic
materials’? In order to achieve the lowest free energy of the system, two kinds of
domain walls are formedThe walls which separate domains with oppositely
orientated polarization are called 180°wallBhe other walls which separate regions
with mutually perpendicular polarization are callesh18C0° or 90°walls. The 180°
domains can help to reduce the enaergysedy depolarization fieldvhichis formed

during the phastansitionat Te.

domain
"'PS___I_IT— +Ps wall 4
region
domain wall region

Fig. 2.3 lllustration of (a) 180°and (b) 90°ferroelectric domains and domavall regions in a tetragonal

perovskite ferroelectrit?



The nonl18C or 90°walls can help to reduce the strain energy caused biattiee
distortion during the phase transition atepolarization fieldin 2011, the 180and
90° domain walls were observed in atoan@solution in PbZy,TiggOsfilm by C.L.

Jia (Fig. 2.4¥*

@) _ (b)

4 4
B 2 .
¢ ¥
v 2%
4 -
} .&.
¢ Ces
1 o
¢ §
4 4
¢ ]
4 ¢
: 4

Fig. 2.4 (a) Atomicresolution image of a fluklosure structure with continuous rotation in
PbZroTiggOs film. 1 is the interface between PhZllipsO; and substrateYellow line is the 180
domain wall and blue line is 9@omain wall. (b)Map of atomic displacement vectorhe arrow is the

displacement of Zfi atoms®*

2.13. Ferroelectric hysteresis loopg domain switching

The direction of spontaneous polarizatioreach domairtan be reserved by applying
an electridield; the relationship between polarization intengitgnd electric fielE is
not linear but like a hysteresis lgags show inFig. 2.5 Domains whichpolarization

have the same directions with the external electric field grow up and domains with the



reversed direction become small, which makes polarizati@msity increasing with
the increase of external electric figfdom A to D). Finally, mostdomainsare aligned
and polarization becomesaturated.ExtendingDC, the intercept withy axis is a
spontaneoupolarization.The Ps in polycrystalline materialgs smaller than that of a
single crystal due to thdifferent orientations of graindVhen electricield decrease
to zerg some domains switch back arlde polarizationat E = 0 is the remnant

polarizationP;.

= N W U
o o o o O

(]
o o

Polarization (uC!cmz}
r
o

¥
[}
o

-40

0 I 1 1 1
-300 -200 -100 0 100 200 300
Electric field (kV/cm)

Fig. 2.5 Ferroelectric hysteresis loofCircles with arrows represent the polarization state of the material

at the indicated field&

Then electric fieldincrease in reservedirection The electricfield that makes
polarizationdecrease to zero is coercive fi&ld The macro polarizatioreserved ak..

The 1P, are stable in zero electric field, which do not need external field to keep it.
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2.2 Backgroundon magnetism

2.21 Macro-magnetism of bulk material

The magnetism of materiakiginatesfrom theorbital movementand spin of unpaired
electrons. Thusaccordng to the interaction of the electromsaterials can bdivided
into the following groups:
1. Diamagnetism and paramagnetism
There are no unpaired electrons in thamagnett materials.The procession of the
electronic orbits of the atoms about theéeemal magnetic field directiowill induce a
small magnetic moment reserves to the extemagneti¢Fig. 2.7a). As a consequenge
the magnetic susceptibility, which is related to the magnetizatidh and magnetic
field H is negativeand the value iabout-10°,
- ... O (@)

Therelativepermeability €, is:

‘ .. p (2)
Paramagnetic materials are the materials with unpaired electrons bexchange
interaction between thenue to thethermalmotion the magnetic moment of atoms
will orient in random direction(Fig. 2.7b). The magneticsusceptibility c is about

10°-102

11
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Fig. 2.7 The atomic dipoleonfiguration with and without a magnetic fieddl (a) diamagnetic materials,

(b) paramagnetic materia.

2. Ferromagnetism, antiferromagnetism and ferrimagnetism

The magnetic moment of ferromagnetise~10-10°), antiferromagnetisma{~102)
and ferrimagnetisma{~10-10°) are in order due to th@irect exchange interactiaor
indirect exchange interactiéh The magnetic momesitof ferromagneticsaligned in
parallel which leads to magneticspontaneous polarization (Fig8a). The magnetic
moments of antiferromagnetsaligned in antparallel which leads to no net
magnetization. However, the magnetic moments of sam#erromagnetsare not
perfectly aligned in anparallel resulting in a small residuahagnetization. This
magnetism is named as canted antiferromagnetism. The magnetic moments of
ferrimagnetics aligned in anparallel too. However, the two magnetic moments in
antrparallel are not equal resulting in a residual magnetizatidme magnetic
susceptibilitiesof the phase of ferromagnetic, antiferromagnetic &mdomagnetic

aboveTc/Ty obeythe CurieWeiss law (Fig2.8)
12



P — ©)
Magnetic materials exhibit magnetic field dependent of magnetizhtisteresidoop

(M-H) analogies tahe P-E loop in ferroelectrics (Fig. 2)9
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Fig. 2.8 Temperature dependence of inverse magraigceptibilityand the magnetic moment ife)

ferromagnetic(b) antiferromagnetic anft) ferromagnetianaterial®
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Magnetic domains are

When titc magnetizing field is removed. 4
= = aligned afler saration

permanent magnets retain significant
portion of the magnetization - M (emu/g)

Demagnetizing field drives the
magnetization to zero. The

alignment of magnetic domains
are random again.

Initial magnetizanon curve
Magnet is sawrated in the opposite direction

Fig. 2.9Magnetic fieldmagnetizatiorhysteresisoop of a ferromagnetipolycrystalline®

2.22 Direct exchange

The ferromgnetism andantiferromagnetism afnetak aremainly caused bythe direct
exchange interactiobetween the neighboured metal atoms. The Hamiltor{id is
generalized between the neanesighbour atomgHeisenberg modgl

O LY DY 4
WhereS, and$S; are thetotal spin quantum number the neighboured atomg; is the

directionexchange integraf

2.2 3 Indirect exchange interaction

The magnetism of magnetic oxide due to theindirect exchange interactisrwhich
include superexchange interaction and double exchange interadtiofike the

transition meta and alloys, the transitiemetal cations in insulators are separated by

14



theaniors with no magnetic moment. For example, in magnetic oxide, the electrons are
localized and only &w 3d electrons are coupledrttugh direct exchange interaction.
Thus, themagnetization of magnetic metal oxidannotbe explained by thEleisenberg
model Most of the transitionmetal 3dorbitals are hybridized with oxygen 2pbitals

and the 3ebrbitals ofneighbouredtations are able to couple through oxygEmere are

two types of indirect exchangeteraction: superexchange interaction and double

exchange interaction.

Superexchange interaction:

A typical superexchange interactiorsisowedn MnO (Fig. 2.10). There is no magnetic
momentdue to the full 2p orbitals ofxygen in ground state (Fig. 2.4) The oxygen

can beturnedinto active statgFig 2.10b) basedon experiment and theopalculation

One of the 2p electrons such ddeaps into the neighboured3d orbital of Mn?* and
residualsingle P electron can couphdth d» electronof the other MA* through direct
exchange interaction. During this process, the spin of the electrons follow the rules
below:

1. P electron obeys the Hund's rule and the spin keeps the same direction during the
transition

2. Thespinof P and P are in anfarallel,

3. The coupling betweenP and d electrons isbasedon direct exchange integral

(anti-parallel forJy<O0, parallel forJ4s>0)

15



2 Mn 2+

d, P’ P d
(a)
Mn* e} ? Mn?*
d,d' p d,

(b)

Fig. 2.10 Superexchange interaction in Mri®

Thus, the spin of dis able to couple with dthrough the ransition of P electron.
Generally, the direct exchange integralJy) is negative for oxygen anias and
transitionmetal cationsSo we carave the following conclusien

1. Compounds exhibit antiferromagnetar ferrimagnetic behaviour when the 3d
orbitals of cations are in or over half filled.

2. Compounds exhibit ferromagnetiehaviourwhen the 3d orbitals of cations dess
thanhalf filled.

Magnetism irmany transition metal oxiddssbeen explained bthis rule. However, it
cannot explainthe magnetismof some other magnetsfor example, Cr,O3 is

antiferromagnetievhich should be ferromagnetic based on this rliken, this rulevas

corrected byGoodenoughand Kanamori by considering the orbitakplitting and

symmetryin crystal field***° The directexchange integradetween the oygen anions

and transitiormetal cations is negative if there is no overlap between the 2p orbital of
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oxygen and 3d orbital ahagnetic metal cations (orthogophatherwisely is positive
(noneorthogonal. Figure 211 showsall the noneorthogonal statef 2p and 3d orbitals

in 18 along y axis

(b)

2
@ 4/
N

Fig. 2.11 Noneorthogonal stateof 2p and 3d orbitals in 18@long y axis(a)d,,-p,dy,, (0) dxy-Py-xy, (C)
dz*-p,-dZ, (d) dx-y*-p,-dZ, (e) dZ-p,-dx’-y?, (f) dx’-y*p,- dZ. *' (i * Wond represent the coupling
between 4; orbitals (dy, d,,, and dy) and 2porbitals fi tbdnd represent the coupling betwegr(nda2 and

dx?-y?) orbitalsand 2p orbitalsfi+o andft-fi represent the two directions of electron spin in one ojbital



In addition, the state of 38p orbital is more complicated by considering the Rb8@

symmetry of the crystal. Table 2.1 shows the all states of th&®mrbitals. For
example,there is overlap betweedz and R when theorbitals align along x axis
(nonorthoganal) which is showed in Fig. 2.¢11f dZ and R align along x or z axis,

there is naverlap between them (orthogonal).

Table 2.1 thestate of the 28d orbitals®

+ orthogonal - non-orthogonal
d Px Py P: S
X - (o) + + - (0)
2 Y + —{0o) + - (o)
Z + + —{0o) - (o)
X = (o) T + — (o)
=g ¥ E —(a) + - (0)
Z + + + +
X + —(x) + -+
xy Y —(x) + + +
VA + + + +
! X + + + +
Yz Y + + —(x) +
Z + — () + -
X + + —(x) +
2z Y + + + +
Z —(x) + + -

Double exchange interaction:
Double exchange interactiasthe interaction between the magnétansitionionswith
different spin amounthrough the media of oxygen anion. F&j12 shows the double

exchange interaction in LgAMnO; (A=Ca, Sr or Ba)? Oneelectronof 2p orbitalof
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O” jumpsinto the 3d orbital of Mf{. The vacan®p orbital of G can be filled byone
3d electrorfrom Mn**. According thepartially filled 3d orbitals of M** andMn**, the
spinof the 2p electromvhich jumpsinto 3d orbital of MiA* is parallel to thespin of 3d
electrons of Mf" and 3d electromwhich jumps into 2p orbital ofoxygen. Thus, the
magnetic moments of Mhand Mrt* are coupled through the media of O

2p 2p ' 2p

1 =] éulifl Ul

Mn'* 0~ Mn** . O M LM o> M
—Mn™* —~Mn**

Fig. 2.12 Double exchange interaction i ,AMnOs.>

2.3 Multiferroic

2.3.1Classification of single phase multiferroics

Multiferroics are the single phase crystasnultaneouslyexhibiing two or more
primary ferroic order at the same temperature and can be interact with each other (Fig.
2.13). Magnetism in multiferroics is either from the interaction between local magnetic
moments of transition metal cations ore@arth cations. However, the FE polarization
originates fromvariantmechanismsAccording to the origin of electric polarization and
magnetization, the multiferroics can Bwidedinto the two types. Typé multiferroics

are the materials in which magfism and ferroelectricity come from different sources.
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Fig. 213 Phase control in ferroics and multiferraid$e electric polarization P, magnetization M, and
strainUcan becontrolledby electric field E, magnetic field H and stréssespectivelyThe coexistence

of at least two ferroic orders leads to additional interactidns.

Typell multiferroics are the materials with ferroelectricicausedby the magnetic
order® The displacement of magnetic cations irsig of Aurivillius phase materials
contribute to parts of the ferroelectric polaripati Thus, multiferroidAurivillius phase

materials are a mixture of Typend Typell multiferroics.

Type-I multiferroics
Typel multiferroics normally exhibit large electric polarization and hidte Curie
temperature. Based on the origin of ferroelectricity, typrultiferroics can belivided

in the following groups:

1. Ferroelectric displacementof B-site cations with  electrons
A large number of AB@multiferroics are designed by using magnetic ions to replace

parts of the Bsite cationssuch as BaTikFeOs.; and Pb(FeNby2)0s (PFN)>% The
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FE polarization of this kind of materials comes from the displacement afehtal
cationswith respect tdhe oxygenoctahedraThe weak magnetism is from treanted
antiferromagnetic afer based on the superexchange interaction J&f-Gde™,
However, these materials all have low magnetoelectric ef¢gtlieson ferroelectric
and magnetic properties of severBlb-based perovskites of general formula
Pb(B B )G; havebeen reportedTable2.2). Furtheresearchebave been reported to
achieve novel room temperature multiferroics based on solid soluin@hsding
relaxor multiferroics and ferroelectrics such as
(1-x)Pb(F&/2Nb1/2) O3(PFN)XPb(Z 2Tig g)Os,  0.8Pb(Fe/;sW1/3)O3(PFW)-0.2PbTiQ

and(1-x)Pb(Fe/sTay,) Os(PFT)}XPb(Ziy 53Ti0.47)O3.>">°,

Table 22 The ferroelectric Curie temperature and magnetic Neel temperatitgreaXO; (X = Ta, Nb.

W), andferroelectric Curie temperatucé PbZr,, Ti,Os.*°

Pb(Fe2Nb12)O3 Pb(FesW13)0s  Pb(Fey Tai)Os  Pb(ZrixTix)Os

Tc 380 K 180 K 310K 620 K

Tn 140150 K 380 K 150 K -

The room temperature crystal structure of 0.4PFT/0.6BZ3rthorhombic(Pmm3.
Magnetic field control of ferroelectric domain in PFT/PAT room temperaturbas
been reported bp.M. Evanset al (Fig.2.14).** Fig. 2.4 a and b are the lateral PFM

images of PFW/PZT scan in two directions. Thections ofin-planepolarization are
21



showed in four colours in Fig2.14 ¢ by combining Fig. 2.14 a and b. These
ferroelectric domain areas changed under an external magnetic field perpendicular to
the plane.However, the magnetoelectric effects of PFW/PZT and PFT/PZT are not
bilinear U;P;M; couplingwhich is an indirect interaction through magnetostriction and

electrostrictiorf” The ME coupling coefficients aboutl*10”" s/m

Fig. 214 Magnetic field control of ferromagnetic domain at 295 Ka) and (b) lateral PFM images
scannedn two directions, and (c) #plane polarization without magnetic field. (e) and (f) lateral PFM

imagesscannedn two directions, and (g) iplane polarization under 18 kOe magnetic fiétd.

2. Ferroelectricity - 6Slone electron pairs

Unlike BariOg3, the polarization in parts of oxide perovskitemainly attributedto the
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long pair € orbital) of A-site cationswhich is dominant in the multiferroics such as
PbMnQ;, PbFe@®, BiMnO; and BiFeQ.***’ To date BiFeQ; is the most welknown
room temperature multiferroic material witly, ~ 643 K and Tc~ 1103 K’ The room
temperature crystal structure is rhombohedRBJ and he electric polarization
mainly comes from thenovement of Bi* cations with respect to thdistortedFeQy
octohedraalong [11 1] (Fig. 215a). Large remnant polarion (P, ~ 60 eC/cnf) has
beenreportedin bulk sample(Fig. 215b).*® The ME coefficient are measured up to 3

V-cm*-0€et in thin film at room temperature.

Fig. 215 (a) Unit cell of BiFeQ in bulk sample (b) P-E loops of BiFe@in bulk samplé*®

The canted antiferromagnetic order of Be@ginaesfrom superexchange interaction
of FE"*-O-Fe**. Below Neel temperaturéhe @nted antiferromagnetic spinsige and
green arrows in Fig2.16) give rise to a net magnetic moment (purple arromsth is

a cycloid magnetic order along (1-1]. The netmagnetic momens containedwithin

the plane defined bgropagabn vector[1 0 -1] and polarization vector [1 1] and the
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