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Résumeé

L'étude des matériaux multiferroiques est sans doute un des domaineshdechecactuelle les plus
actifs et prolifiques de la matiere condensée. Dans ces matériaux, coepidgrisation, aimantation
et élasticité. On comprend bien que cette coexistence permet une multifonctioneslitdttayante
pour un grand nombre d'applications mais aussi fournit un vivier extiiagiré pour étudier les in-
teractions entre ces grandeurs ainsi que les mécanismes microscopigeiecsats. Cet attrait s'en
trouve d’autant plus renforcé du fait des phénomenes de couplagecess grandeurs physiques au-
torisant des fonctionnalités nouvelles comme par exemple le renversemeataitiantation avec un
champ électrique au lieu d’un champ magnétique classiquement. Cependanté@éguxanultifer-
roigues sont d’'une part en petit nombre et d’autre part, exploitent ipgamcoup d’entre eux, la po-
larisation d’un ferroélectrique et I'aimantation d’un antiferromagnétique. €@cit, il existe d’autres
types d’arrangements polaires et magnétigues encore non-exploitdsjars ce cadre que s'inscrit ce
travail de these.

L'objectif de la thése était de synthétiser de nouveaux multiferroiquesmieddgales arrangements
polaires et magnétiques originaux et d’en caractériser les propriétas mbos sommes tout partic-
ulierement intéressés aux oxydes PhEW,,303 (PFW) et PbZrQ@ (PZO). PFW présente des ordres
polaires et magnétiques a longue et a courte portée : ferroélectriguetrekst antiferromagnétique-
verre de spin (ou ferromagnétisme faible). PZO est quant a lui an#éleamique avec antiferrodistor-
sivité (rotation des octaédres d’oxygéne) et présence d’instabilitfentrique. Nous avons d’une part
combiné ces deux matériaux pour former une solution solide et d’autre péséréa dopage de PZO
avec des ions magnétiques. Aprés avoir synthétisé ces matériaux, noimesaractérisés électrique-
ment (constante diélectrique, phénoméne de relaxation, polarisation, tempéatGurie), magné-
tiguement (susceptibilité magnétique, aimantation) et structuralement (transition é¢ giasi, nous
avons montré qu’il était possible d’obtenir un matériau multiferroique (50%BBWPZO) présentant
I'ensemble des instabilités ferroiques et structurales. Ces nouveaux mwatéuierent ainsi de nou-
velles perspectives d’étude dans ce riche domaine en particulier en titilesaantiferroélectriques.
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Abstract

Multiferroics are currently intensely investigated because the coexistanteoupling of ferroic ar-
rangements brings about new physical effects and, for the few rompetature examples, interesting
prospects for applications in various fields. This interest is illustrated by temt@ublication of sev-
eral articles on multiferroics in high impact reviews over the last five yealse main goal of the
thesis was to look for new multiferroics by exploiting overlooked and origin&rmpand magnetic ar-
rangements. We more precisely investigated compounds based on lead irstetuRgFg ;W1 /303
(PFW) and lead zirconate PbZs@PZO) oxides. PFW displays long- and short-range both polar and
magnetic orders (ferroelectric-relaxor and antiferromagnetic-spsspiahile PZO is antiferroelectric
with antiferrodistorsivity (oxygen tilts) and existence of ferroelectric ib#ities. Combining various
techniques from synthesis to electric, magnetic and structural charatitang, we demonstrated that
it is possible to get a multiferroic compound (50%PFW-50%PZ0) with coexisteirriltiple ferroic
and structural arrangements with room temperature properties of practeasin This work opens
new prospects in this rich field of multiferroics in peculiar by using antifercigtes.
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Chapter 1

Introduction

Multifunctional materials that combine multiple physical properties have alwaysa&érga strong
interest. Among them, multiferroic materials, that exhibit at least magnetic and pdiisacause an
increasing research activity over the last few years due to both thersaiproperties and their po-
tential use in new type of magnetoelectric device applications (new high-denagpetic memories,
spintronics, ...). Indeed, multiferroics are at the intersection of magnetic matgvidisthe possibil-
ity to have colossal magnetoresistance, magnetocapacitance, supetsdtydeffect, ...) and polar
materials (with the possibility to have giant piezoelectricity, huge dielectric consta.

Nevertheless, nowadays only a limited number of multiferroic materials have lsmvered al-
though all the possibilities offered. Indeed, the main inverstigations areatotiee prototype multifer-
roic BiFeQ; compound that crystallizes in the perovskite ABSructure. It is worth noting that this
perovskite structure is of huge interest in the context as one may chiffeserd A and B cations in
order to combine magnetic and polar properties. Therefore by playing on. AABmagnetic / polar
components, it is possible to modify the global physical properties of the muliifearal thus to ac-
quire a better understanding of the magnetic / polar coupling which in turn vidleggynthesis of novel
and greatly improved materials.

In this Chapter, the related concepts are introduced and the relationshigepettucture and prop-
erty is highly emphasized.

1.1 Perovskite

The mineral perovskite ( CaTi) was firstly discovered and named by Gustav Rose in 1839. Now,
many compounds of ABQcomposition are named perovskite. A / B represents a cation or mixture
with different cations or/and vacancies, O represerits @he function properties of perovskite oxides
vary depending on composition and structure.

1.1.1 The prototype perovskite

In the opinion of symmetry, the cubic Bm space group is the highest symmetry of perovskite. The
cations occupy la or 1b positions and the oxygens occupy 3c or 3d posttiertsvo possibilities of
occupation come from two different views of the unit cell by shifting origin 3§ %) (see fig. 1.1).

The first view ( figl.1(a)) is preferred because it highlights octahedron. We also use such kind of
describing. The structure is always taken as a reference to undésttantural deformation related
properties. The cubic prototype structure is always expected at higletatape for all perovskites, the
cubic similar structure is expected at high pressure. In fact, incipierddiectric SrTiQ is a cubic
prototype at room temperature.
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(a) BOg octahedral (b) AO1 tetrakaidecahedron

Figure 1.1 Two different views of the unit cell of the AB@ubic perovskite structure: (a) The B ion ( blue )
is at the center with 6 oxygen ( green ) first neighbors. (b) Alien ( red ) is at the center with 12 oxygen first
neighbors

1.1.2 The deformation perovskite

Many function properties are directly related to deformation of perovskite. defiormation was first
studied by H. D. Megaw]]] [2], A. M. Glazer [3] [4] and else. It can be classified into three types:

1. Cation Displacement,
2. Octahedron Distortion,

3. Anion Octahedron Tilt.

Cation displacement is found in many compounds, especially in ferroelectriciatmteDctahe-
dron distortion occurs in magnetic perovskites. The octahedrons of ppetpgrovskite are regularly
arranged as shown in fig..2. Tilt is a more complex deformation which reflects the rotation of neigh-
bouring octahedrons.

Figure 1.2 Octahedral framework of cubic perovskite

A standard notation was developed by Glazer to describe octahedral tilronskée [8]. The
notation describes a tilt system by rotations of BO6 octahedron about ameefdhthogonal cartesian
axes, which are coincident with the three axes of the aristotype cubic Uniflee notation specifies the
magnitude and phase of the octahedral rotations. The letters in Glazer notdimatdérthe magnitude
of the rotation about a given axis, e.g., the letters a, b, and ¢ imply unequabtits the x, y, and
Z axes. A superscript is used to denote the phase of the octahedral tiltiggimboring layers. A
positive superscript would denote the neighboring octahedral tilt in the ghrection (in-phase) and
a negative superscript implies the tilts of neighboring octahedral tilt in thesgodirection (out of
phase). A superscript of 0 signifies no tilt about that axis. The tilt offeieon reduces the symmetry
of prototype perovskite.
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Glazer derived 23 different tilt systems, which lead to 15 different sgaoups. There are 15
tilt systems that occur in real crystals, each with a different space grblog tilt can be modeled by
software Megawand even can be predicted by software SPUR)S [

The classic formula describing the deformation of perovskite was proposédldgchmidt f]:

{— ra+ro (1.1)

(re+ro)v2
Here,rpa, rg andrg are the radii of A, B and O ions which were summarized by ShanwprConsid-
ering the ionic radii change in different chemical environments, the refsedila is:

dao
t (o) /2 (1.2)
Here,da, anddg, are the distances between cations ( A or B ) and anion ( O ). The distand®can
predicted by Bond Valence Wizar8][or structure refinement which will be discussed in next chapter.
t factor equals to 1 for ideal perovskite structure. Itis a sign of crystate types. According to H. L.
Yakel [9], 0.8 <t < 0.9 is orthorhombic, 0.9 <t < 0.97 is cubic, 0.97 <t < 1.02 is tetragbimkever,
according to Y. TokuralQ], t < 0.96 is orthorhombic, 0.96 <t < 1 is rhombohedral.

Many ferroelectric compounds crystallizes in a rhombohedral structureorire publications, the
names of hexagonal, trigonal and rhombohedral are misused. In fadietagonal, trigonal and
rhombohedral are careful defined in INTERNATIONAL TABLES FORYRALLOGRAPHY [11].
Hexagonal crystal family is separated into trigonal and hexagonadatigigsstem. Seven space groups
( R3, R32, R3m, R3c, Bm and Rc )in trigonal have two different coordinate systems: 1. a=b=c and
a = B =y (rhombohedral axes, primitive cell ); 2=b,a = = 90°,y = 120¢° ( hexagonal axes,
triple obverse cell ). This kind of cells are called rhombohedral. The pdar 81d R3c are two model
ferroelectric structures. In R3m, cation shifts along [111] direction of cphitotype cell. Bc com-
bines cations shifting along [111] direction and octahedral rotations alonydiréttion (aa a tilts
). For R3m, the primitive cell has one formula unia & ap ¢, ) but conventional hexagonal cell has
three formula units § = \/iap_c_, b= ﬁap_c_, cx \/éap_c, ). For R3c, the primitive cell has two formula
units (a2 v/2ap ., o = 60° ) but conventional hexagonab(= v/2ap ¢, b2 v/2a,¢,c 2 2v/3ap. )
has six formula units. Herg,a is pseudo-cubic (p.c.) lattice parameter.

N

(a) p.c.100 (b) n.oo1

Figure 1.3 Projections of Bc space group along pseudo-cubic [100] and hexagonal [0Gfdation. White,
red and green balls represent A, B and O ions

Many magnetic perovskites crystallize in an orthorhombic structure ( Pbnroe gpaup #62 )
which is also named GdFeQype structure. Itis @ a c* tilts structure which is favored for small
tolerance factor (t < 0.975 ). It maximizes coulombic attractions and minimizes repud®-ion
interactions 12]. The tilts can be clear seen along [110] direction ( figt).

Thttp:/imww.amg122.com/programs/megaw.htm
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Figure 1.4 Projection of GdFe@type tilts along [110] direction
1.2 Ferroelectricity

Ferroelectricity is a property of certain materials in which they possessaasm@pus electric polariza-
tion that can be reversed by the application of an external electric field.llidlaatric field, the material
process two or more discrete stable or metastable states with different meteeric polarization, but
any two of states are identical in crystal structure. With the electric field, dheripation must be
possible to switch between these state§ [14]. The ferroelectricity is a subgroup of piezoelectricity
which is a subgroup pyroelectricity. Thus, ferroelectric (FE) materiald@h pyroelectric and piezo-
electric properties. The FE can be directly proved by FE hysteresis Tdopnormal dielectric or the
paraelectric (PE) state of FE has linear relationship between polarization atvitdield (fig. 1.5(a)
but the FE state has nonlinear hysteresis behaviorifigb). Importantly, the polarization ( so-called
spontaneous polarization) is not zero in the absent of an electric field areldhe two polarization
states.

In contrast to FE, AFE are those in which some ferroic entities are spantsiygpolarized along
one direction while the adjacent ferroic groups are polarized in the oppmisttion. Therefore, there
is no net spontaneous polarization contrary to EH.[

P P

(a) PE state (b) FE state
Figure 1.5 P-E relationships

1.2.1 Broken symmetry

The symmetry broken is required for all FE whatever classic FE, relaxgeo@metrically driven FE.
For example, the stucture of classic FE Ba7i@6] [17] [1§] [19] is centosymmetric PBm above
~393K, it transforms to tetrogonal P4mm, orthorhombic Amm2 and rhombohedral g Ti**

shifting along <001>, <110> and <111> direction bele®93K, ~273K and~173K correspondingly.
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The centrosymmetry is broken accompanying phase transition.

1.2.2 Second-order Jahn-Teller Effect

In ionic crystal, long-range Coulomb forces favor FE state but shageaepulsions prefer nonpolar
state R0. The centrosymmetry broken of FE was explained by second-ortier Teller (J-T) effect
in coordination chemistryl]. In the theory, ground energy of electronic was expanded untilrskco
order of distortion. Under two conditions: (1) There exist hight occupigi(nd state, like g) and
lowest unoccupied ( excited state, lid@ ) molecular orbitals, energy difference between two is very
small, (2) Comparing ground state, excited state has a different centrosymmietidistortion occurs.
For example in BaTi@, the centrosymmetry octahedrdhB cation may displace tetragonally aloBg
axis, orthorhombically alon@, axis and rhombohedrally aloii@ axis, mixing with oxygen p orbitals,
the prerequisite condition of FE is satisfied (figh). The theory was firstly proposed for B site driving
FE. In fact, A site driving FE which is also called the lone paisi) FE, i.e. PbTiQ, is also driven by
second order J-T effect.

Figure 1.6 d° B site ion ( blue ) shifts in a octahedron along different directions

1.2.3 Landau theory of phase transitions

Stability of FE is explained by Second-order J-T effect. Phase transitibB& & explained by phenom-
enal landau phase transition theory. In the theory, free energy is wrdtarfitenction of polarization:

1 1 1
F= EaF>2+ pr“+ 6cF>6— EP (1.3)
The equilibrium configuration is determined by finding the minima of F:

oF
i 1.4
oP 0 (1.4)

Sso:

E=aP+bP*+cP° (1.5)
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Considering the PE state equilibrium conditior%(z 0, P =0), the parameter a is directly related to
dielectric susceptibility:

oP 1
=—== 1.6
X=3E~ 3 (1.6)
In fact, a is the function of temperature by agE(dl - Tg ). This is assumption of Landau-Devonshire
theory, also, it is Curie-Weiss law which is observed in FE material.

Including the linear temperature dependence of a, the free energy ipmess&d by:

F= %ao(T—TO)P2+%bP4+%cP6—EP (1.7)

If b > 0, retaining the lowest-order terms in the form(ild and E = 0, the polarization is a function
of temperature:
ag

P=[7 (To-T): (L8)

The polarization as a function of temperature is plotted irlfifa) The spontaneous polarization
will continue to increase if temperature decreases frgmThis is second order ( continuous ) phase
transition which was was discussed by C. Hd24.[ The free energy as a function of temperature is
plotted in figl.7:

1. T> Tg, P =0 is stable state.

2. T <Tp, P =4 Ps are stable states.

To is the phase transition temperature.
If b <0, the high-order polarization in formula5should not be neglected. By adding new condition
F =0, the critical temperature,Ts found :

32

To=T;
c 0+16aoc

(1.9)

3ol
4c

energy minima can exist betweeg dnd Ty = Tp +

with polarization P = and three local energy minima (sP0 Ps) coexist atT.. In fact, three
=

1. T>T;, P=0is stable state.

2. Te [T T4], P =0 s stable state, but P==Ps can exist.

3. T=Tc, P=0and P =t Ps both are stable state.

4. T € [To, T¢], P =4 Psis stable state, but P jsRan exist.

5. T <Ty, P = Ris stable state.

The squared polarization is expressed by:

_|b| 4aoc(T —To)
P2_20[1+\/1—b2 ] (1.10)

The polarization as a function of temperature is plotted il fig(b) The polarization jumps a8, phase
transition is discontinuous and thermal hysteresis is obvious for first ohdeegransition.
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F F

(a) PE state (b) FE state
Figure 1.7 Free energy versus polarization
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Figure 1.8 Polarization versus temperature
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1.2.4 Soft mode theory

Soft mode theory was developed by lattice dynamic study on2BH 4] [25]. The lowest-frequency
polar-phonon mode becomes softer during cooling, finally goes to zenodiney at £. The dielectric
permittivity peak is successful explained by soft mode theory. After R.dwl€y [26], BSW notation
[27] is prevalent used in describing dynamic properties of perovskite steicithe dynamic matrix
calculation p6], various experiment methods ( neutron scattering, infrared and Rapeatr@scopy
... ) [28] and first principle calculationZ9] [30] are used to study the instability of FE. FE related
point instability appears in FE BaTiand PbTiQ. It is primarily B-ion character in BaTi@but A-ion
character in PbTi@ The R point instability appears in PbZg@hich is antiferroelectric (AFE) with
oxygen octahedron rotation.

1.2.5 Curie-Weiss law

Curie-Weiss law is one of classic behavior of FE. The dielectric permittivity disergence at § for
second order phase transition and jump for first order phase transitign At PE phase, the dielectric
permittivity obeys C-W law:

, C
T T-To
Here, C andly are the Curie constant and the Curie temperature respectively. Fodsextar phase

transition, = T¢, for first order phase transitiong & Tc. As we already described, this is also the
assumption of Landu-Devonshire theory.

£ (1.11)

1.3 Relaxor

The study of relaxor is strongly related to FE. Different with FE, relaxspldys B1] [32]:

1. astrong frequency dependence of the dielectric permittivity,

2. a broad dielectric anomaly around the temperature of the maximum dielectmdtpéty, T,
for a given frequency,

3. no structural macroscopic phase transition acfgss

It is generally accepted that the strong dielectric relaxation ardgmeeeds two crucial ingredients
[32]. The first one concerns the quenched random ele@Bcdnd strain fields ( RFs ) arising from
chemical disorder and the difference in ionic charges and radii bettheatifferent kinds of B cations
(in fact, the cations on the B site of the perovskite structure typically deviate &rperfectly random
distribution by possessing a short range order at a nanoscale thrioeigtically ordered regions). The
second ingredient concerns the dynamical polar nanoregions ( EMR&h nucleate several hundred
degrees abovg, at the Burns temperaturég [34].

1.3.1 Diffuse phase transitions

In relaxor, C-W law was observed only at temperature much higheffthagpical neaiTg in PbMg; ;3Nby/303
[35].

For describing the diffuse phase transition ( DFT ) character in relaxogléhskii [36] hypoth-
esized the composition fluctuation model. The total number of relaxators which contobihie di-
electric response in the vicinity of the permittivity peak is temperature depeaddrthe temperature
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distribution of this number is given by a Gaussian function with a mean viglaed a standard devia-
tion o:

£— & (T —To)?
=eXp———=— 1.12
Here, &, is the electronic and ionic permittivity. Neglecting the valuegofand assumingp = Tr:
Em
E=— o (1.13)
1_|_ (T2;—2m)

This quadratic law is valid at T ¥, for complete DFT materials. More general formula describing
DFT follows powder law 87] [38]:

&m _ 14 (T—Tm)"
€ 203
Here,y corresponds to degree of relaxation, in a normaly=g.,, in a typical relaxoly = 2. &y is the
broadening parametes;, is the dielectric permittivity maximum at temperatiig
Considering the reasonable unitafind dielectric permittivity around,, , the powder law can also
be expressed a89] [40]:

(1<y<2) (1.14)

(T—Tm)
A

Here,A is similar with o and £ is similar with y. According the study of late#{l] [42], the formula
1.14and1.15have the same fitting results.

B )¢ (1.15)

1.3.2 \Vogel-Fulcher relationship
Empirically, Vogel-Fulcher ( V-F ) relation is used to describe dynamic beha¥icglaxor [43] [44]:

_ B
kB(Tm - Tf)

Here, f is the experiment frequency, is the temperature of maximum dielectric permittivity, is
the polarization fluctuation activation energy of an isolated clusgis the Boltzmann constani
is the freezing temperature at which the dynamic of PNRs slow down and fgeeatn By defining
the relaxation time = 1/w =1/21f, it is obvious that the characteristic relaxation time diverges at the
freezing temperaturg; as 0.

Recently, another character temperature named T* was found in leadtedeseor FE B2] which
corresponds to a nanoscale phase transition associated with random fields

The relation between also these character temperatuigs>ig « > T, > Ty > 0. During cooling,
the dynamic PNRs nucleate at the Burns temperdfigirthe static PNRs appear at the temperature T*,
slow down and freeze out at the freezing temperatire

f = foexg— ] (1.16)

1.3.3 Local and long range polar order

In perovskite relaxor, one of common character is that the same symmeitippads occupied by
disorder non-isovalent ions, no long range order is observed. Ofsntastic properties of relaxor
perovskite is quite different structure phase transitions. For example, PlMd; sNb, /303 ) remains
the average cubic symmetry whatever the temperature, however, PZN ¢ BWEs);03 ) displays
rhombohedral symmetry below 390K,( =405K ).

The origin of polar in relaxor was revealed after the study on Piiidpo s Tip 103 [45]. The polar
comes from PB' in a sophisticated method. The composition of cooperative shifting along the [111]
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polar direction plus Pb short-range shifting alondL[12] direction gives the local position of Ph
slight shifting deviating one of <100> direction about 13ee figl.9).

Figure 1.9 PP?* shifts in an oxygen cuboctahedrofd]

1.4 Magnetism

The physical quantities describing magnetic materials are comparable with FEatsatdagnetization
(M) is the net magnetic moments in unit volume. Magnetic inductiBn {s given by:
B = po(H +M) = po[H + (pr — 1)H] = poptrH (1.17)

Here,H is the magnetic fieldy, — 1 is the magnetic susceptibilityy ).
Similar to FE, ferromagnetic ( FM ) is a material has a spontaneous magnetic mopematl€!
each other) even in zero applied magnetic field.

1.4.1 Magnetic moment

The magnetic property of an atom is decided by the electron configurati@nmalnetic moments of
an electron is separated into orbital angular momentum magnetic moment:

M, = — gl (1.18)

and spin magnetic moment:

MG, = —Gelles; (1.19)

Here, ug = €h/2me, is Bohr magnetonge = 2(1 + €2 /4mmghc) = 2.0023,1, is the magnetic quantum
numbers, = i% is spin quantum number.
The total magnetic moment is related to the total angular momentum quantum nuinber (

m, = —gusJ; (1.20)
Here, g is called the lardsplitting factor which is given by

10
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3 S(S+1)-L(L+1)
2 2J(J+1)

J is decided by the couplings of orbit-orbit, orbit-spin and spin-spin. For agirs, as the orbit-spin
interaction is weak, the coupling is simple to Russell-Saunders coupling and ifiespéy Hund'’s
rules. Thus, it is possible to compare the magnetic moments of ions between exparichealculated
values ( the magnitude of total magnetic moment is gug./J(J+1) ).

41t 4L IH AN
ERRENATR
AA A A 1 HA¢ ]“\]“\

(@) FM (b) AFM (c) FIM (d) Canted
Figure 1.10 Some simple magnetic orders

g= (1.22)

> =

If J equals zero, the material displays diamagnetic behavior which is explaingddsjc electro-
magnetic theory. 19 is not zero, ferromagnetic ( FM ), antiferromagnetic ( AFM ), ferrimadri€iv )
and more complicated magnetic order structures like helical, canted, spiral,lianaioiek etc. can exist
in solid. The simple magnetic orders are shown inifigQ

All these magnetic structures are instable at high temperature because ofl thgitatéon effect.
The material shows paramagnetic( PM ) behavior at high temperature. Tiléystd magnetic struc-
ture is related to exchange interaction.

1.4.2 Exchange interaction

According Pauli Exclusion Principle, there is zero probability of finding ®lectrons of the same
spins at the same point in space, but opposite spins can be find at the sameSo the average
separation of electrons r will be larger for parallel spins than anti-pargtiels. The inter-electron
coulomb repulsion energye?/4mgr ) is smaller for parallel than anti-parallel spins. This effect is
referred to as the exchange interaction. For the whole solid, the exchaeqy ¢ expressed as:

4 :Z%J” 5.5 (1.22)

The coupling constant J signs magnetic order: positive J is FM, negative=Ms Very short distance
supports AFM, then FM, the long distance supports PM because the gechrdaraction is a short-
range interaction.

1.4.3 Double exchange interaction

The metallic FM order can be explained by double exchange interaet&n47], i.e. in manganites.
Because of the existence disordered mixture of Mand Mrf*, the electron hops from M to O,

from O~ to Mn** depending on the alignment of local spins of Mrand Mrf*. If the spins of Mit+

and Mrf* are parallelgy electron of MRt hops to the vacated spin site of the oxygen which was leaved

11
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by electron hoping to Mt. If the spins of Mi* and Mrf* are anti-parallel, they spin electron can
not hop to the oxygen because its spin is parallel to the spin remained in tgeroxpccording this
mechanism, the compound of FM has itinerant electron and behaves like canducto

1.4.4 Superexchange interaction

Superexchange was proposed by Hendrik Kramers in 14984hd developed by Phillip Andersoaq

[50], John Bannister Goodenoughl] and Junjiro Kanamorig2] in 1950’s-1960's. The insulator FM
and AFM orders are explained by superexchange depending on admifdurations. Two magnetic
ions ( B with part occupie@y orbitals or B’ with emptyey orbitals ) couple through an intermediary
non-magnetic ion (e. g0*~). Depending on magnetic ions ( B or B’ ) and orbital couping orientations
( parallel or orthogonal ), there are 5 cases in superexchange tiwerffoy. 1.11): (a) strong AFM,

(b) weak AFM, (c) weak FM, (d) FM, (e) AFM.

fewacis O oo

(a) Case 1 (b) Case 2
(c) Case 3 l
(d) Case 4
B O B
c . (f) Legend
(e) Case

Figure 1.11 Different magnetic orders because of superexchange interaciigrj 54]

Superexchange effect is successful in explaining the AFM order iryrimesulator perovskites.
Similar to AFE, the magnetic moments exist in AFM but the net magnetic moment in one maggiletic
is zero because every magnetic moment has a anti-parallel magnetic moment nelighsvovskite
compounds, different AFM orders below magnetic phase transition tempefatuvere named after
E. O. Wollan and W. C. Koehler who studied perovskite magnetic ordergbiran diffraction 5] (
see figl.12).

In simple perovskite BiFeg§BFO), disordered complex perovskite Pppélb; ;03 (PFN), PbFe/»Tay 203
(PFT) and PbFg3W,,303 (PFW), G-type AFM order is related to Fe-O-Fe superexchanget¢féc
[57] [58] [59] [60]. The AFM phase transition point (NT) may relate to the quantity of Be in the
compound. | of PFN, PFT, PFW and BFO are 143K, 133K-180K [62], 350K [63], and 643K re-
spectively. Recently, the Fe-Pb-Fe also is expected to explain the edhidéebtemperaturesf] [65].

1.4.5 Jahn-Teller effect

As we already described, except cation displacement and tile, distortion &teatype deformation
in perovskite, especially in magnetic perovskite materials.

If odd number of electrons occupy thg erbitals (i.e. d, low-spin d and high-spin #) in
octahedron center position, the pronounced J-T distortion occurs. Awgoedystal field theory, in
octahedral environment, the five d orbits split into lower eneggystates ( ¢, dy;, Oxy ) Which point

12
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(@A (b) C (©E d) G
Figure 1.12 Different AFM orders in perovskitesp]

€ d.2.2
< 4 1As
3d4 + 1dzz
ACF

Freion \ M dx
d yz dxz

Crystal field effect
) Jahn-Teller effect
Figure 1.13 Electron configuration o8d*

between oxygen ions and higher energystates ( g, diz_y2 ) Which point toward six oxygen ions.
Using group theory, H. A. Jahn and E. Teller proved that these degfenelectronic ground states
are instable §6]. Considering thegy state, if octahedron is elongated along the z-axis, thésdess
overlapped with apical oxygen orbitals, sp Hecomes a lower energy level thap_d..

J-T effect in 3d configuration is shown in fig.13 There are two type of distortionSZ](fig.1.14):
the orthorhombic normal mode,@ the normal coordination equalg ¥2(x; — X4 — Y2 +Vs) ) short-
ens two 180 M-O bonds elongates another two M-O bonds in the same plane, the tetragomal
modeQs ( the normal coordination equalg¥6(2z3 — 225 — X1 + X4 — Y2 +Vs) ) shortens all the M-O
bonds in the same plane but elongates two perpendicular M-O bonds. Asdistorted structure is
centrosymmetric, the inversion center is preserved after distortions.

(@ Q2 (b) Qs
Figure 1.14 Two different J-T distortions: normal mode@nd Q; [52]
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1.4.6 Curie Law

In Langevin paramagnetic theory, the magnetization of a material is the competgidhatmagnetic
field and thermal agitation:

_ keT
HomH

HomH, HomH

Under huge magnetic fieldipo m H » kg T ), M = Nm; under high temperaturggp mH «kg T), M =

HOSI\IianH' When spatial quantization is considered, Langevin functio#lf?) is replaced by Brillouin

function By (2R ):

M = Nml(

] (1.23)

Jiu_?_H ) — Ngaws 2ot Lot 2ot L I0HeH
B

The susceptibility becomes:

1 JgugH

1
M = NgJuBu AL e i LA O R )

(1.24)

M NgPJJ+1ui C
= — = —_— = 1.25
Xpm = 1y = Ho AT T (1.25)
This is Curie law for PM, N is the number of atoms per unit volumgjsthe Boltzmann constant.

Curie-Weiss Law for FM is expressed by:

C

_— 1.26
T-Tc ( )

XFM =

Here, Tc = yYLlb %:1)“5 y is called the “molecular field” constant. Weiss derived the formula by

just adding “molecular field” @y = y M ) in the formulal.25 The origin of “molecular field” is the
guantum exchange effect.

The similar behavior in AFM and ferrimagnetic was studied by Néel and wikesdc@urie-Neel
Law:

C
Xarm = 3 (1.27)
1  T+4+C/xo b
SRS 8 (1.28)

1.5 Spin Glass

Similar to the relationship between FE and relaxor, spin glass is a conceptednielsponds to classic
magnetic behavior. Spin glass is a magnetic system exhibiting both quenchestedisod frustration.
Recently, spin glass behavior was found in many perovskite compounds.

In PFEN, glasslike state freezes at 27.6&/][and is proved by muon spin rotation and neutron
scattering §8]. In PFT, magnetic phase transition point was found about 55K which dmeiietlated
to spin glass behavio6p]. In BFO, spin glass behavior was found in single-crys#i] [and thin
film [71]. The phase transition temperaturg,Tis about 30K and weak FM was found below 10K].
The magnetic hysteresis loop was found at 2K for PBM,[below 10K for BFO [f(], even room
temperature for PFTER]. All these results seems imply that spin glass state is quite normal for Fe based
perovskites. In fact, in PFW-PZT, low temperature magnetic relaxor wasalsd this yearT2].

The weak FM below 9K for PFN and PFTJ], below 20K for PFW B3] was explained by weak
long-range superexchange interaction between Fe-O-X-O-Fe ( X isdelatmagnetic ion in the com-
pounds). This is a short-range order at B site. which is similar to spin gtdss. o

14
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1.6 Multiferroics

1.6.1 Definition

Multiferroics have been formally defined as materials that exhibit more thapramary ferroic order
parameter simultaneously. The four basic primary ferroic order parasresteferromagnetism, ferro-
electricity, ferroelasticity T3] and ferrotoroidicity [/4]. The definition of schmid emphasizes “the same
phase”. In fact, the definition can be expanded to include non-primagr patameters, such as anti-
ferromagnetism, ferrimagnetism and antiferroelectricity. If the coupling bertvedectric and magnetic
order parameters exists, a multiferroic material becomes a magnetoelectric m&atia magneto-
electric ( or a multiferroic ) material does not necessary to be a multiferroic (eagnetoelectric )
material [/5] ( see fig1.15).

— Magnetically polarizable

= Farromagnetic
Electrically polarizable

== Ferroelectric

< Multiferroic

2% Magnetoelectric

Figure 1.15 Relationship between multiferroic and magnetoelectric materiét [

1.6.2 Recent progress of multiferroics

The history of magnetoelectric multiferroics can be traced back to the 196Ddi the most general
sense the field of multiferroics was born from studies of magnetoelectriasysta recent 10 years,
there is a great revival in multiferroics. In 2000, Nicola A. Hill gave anversabout scarcity of
ferromagnetic ferroelectric coexisten@@]. In 2003 the large ferroelectric polarization was discovered
in epitaxially grown thin films of BiFe@[78]. The same year, the strong magnetic and electric coupling
was found in orthorhombic TbMn§J79] and TbMn,Os5 [80).

The recent studies of multiferroics clearly show the important of collaboragbneen experiment
technology and modeling design. There are many classic review articles digctiss interesting
multiferroics B1] [75] [82] [83] [84].

1.6.3 Two approaches

We have already see that J-T effect keeps centrosymmetry of oatethledr second order J-T effect
breaks centrosymmetry of octahedron, it becomes difficult to design a Brisiean multiferroic. There
are two type of methods to avoid the incompatibilityABOs perovskite:

1. A-site participates in electric ( or magnetic order ) while B-site brings magoetar ( or electric
order), i.e. A-site is occupied by the stereochemical activity lone pair catichvprovides the
ferroelectric but B-site cation carries magnetic moment.

2. Fabrication double perovskite, one of sublattices consis§ afagnetic cation while the other
consists ofl° ferroelectric cation.

15
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Figure 1.16 Publications on the topic of multiferroics: data come from ISI web database

There are also some challenges from technical side. For example, therkr@roving method
needs good insulation property of material, however, magnetic transition mesaadg@mommodating
different valence states can lead to oxygen nonstoichiometry and hogpgiklgictivity.

1.6.4 Magnetoelectric couping

Magnetoelectric ( ME ) couping describes the influence of a magnetic (ielefitd in the polarization
( magnetization ) of a material. ME effect can be obtained by expanding theffiergy in terms of the
electric fieldE and magnetic fieldH [81]:

F(E,H)=FR—P°E+M>H —%sosijEiEj —%UOUiniHj — aij EiH; —%BijkEiHij—%MijiEjEk—”'
(2.29)

Here, i, j and k are direction®S andMS are the spontaneous polarization and magnetizatiamd u

are the electric permittivity and magnetic permeabilidy.expresses the linear magnetoelectric coup-

ing, induces polarization ( magnetization ) by an electric ( magnetic ) figldndy express bilinear

magnetoelectric couping. Polarization and magnetization can be gotten byrdifiom the equation:

- oF 1
H(E,H):—TEi:HS+Eo£ijEj+ainj-i-éBiijij-f-‘-' (1.30)
Lo JoF 1
Mi(E,H) = -3 = M+ HobtijHj + i+ > i EjEic+ - (1.31)

in formula1.3Q settingPiS =0,E; =0, one obtains

— 1
R(H) = aijH; + 5 BijcHjHe+ - (1.32)

in formula1.31, settingM> = 0,H; = 0, one obtains

. 1
Mi(E) = aijEi + S VikEiEx+ - (1.33)

Equationsl.32and 1.33express the magnetic ( electric ) induced polarization ( magnetization ). The
boundary condition of linear ME couping was discussed by W. F. Br@&Bh [The couping coefficient
was expressed by:

E.. ..
aij < /& Ho&ii Hjj = 20““ (1.34)
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Here, o = 4mx 107702, 0 = 5 Limi2, o =3 x 10PT.

The formula highlights that large linear ME couping can be gotten by large eleetnuifivity and
magnetic permeability even without ferroic orders.

In multiferroic, magnetoelectric coupling may through directly couping or indiremtiyping by
strain. The strain effect does not discussed in the free energy eguétiéact, strong coupling is ex-
pected if strain is induced. The idea pushes us using antiferroelectrfORdEsign novel multiferroic
system.

The typical behavior of AFE is electric induced phase transition ( sek fig). In a multiferroic
system, if the direct magnetoelectric coupling exists, under electric field, ahbigge of the mag-
netoelectric coupling is expected because of the rearrangement of potarig see figl.18(a)). If
polarization and magnetization are coupled through strain (indirect coupliagube of the induced
strain ( in the case of PbZeDthe change of volume is 0.74% ) it is also expected a big change of the
magnetoelectric coupling ( see figl8(b)).

AP

.

mY

Yy __

A

1J
it

Figure 1.17 Electric field induced phase transition in AFE

AFE FE
A | A A A E#O A A A A A A A N
Y Y
- > E
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(a) Direct coupling
AFE FE
Ad ]
A A A A - A A A A A A A .
d i v v ¥ E+0 E
NN d| -——————

(b) Indirect coupling
Figure 1.18 Possibilities of magnetoelectric coupling based on AFE

1.7 Workplan of the thesis

Voluntarily, we do not dedicated a chapter on the synthesis in order to lightem#imuscript and
to go directly to the main goal i.e. the investigation of new solid solutions with coexetaEnarious
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structural, polar and magnetic instabilities. Nevertheless, it is worth mentioniadtsd the fabrication
of homogeneous powders and good quality ceramics is not an easy taskaigpvhen dealing with
lead and iron compounds at high temperature. It has taken a lot of time wittakattempts to get
good samples free of any parasitic phase at least using the “eyes” oféghdiffraction technique.

Moreover, in order to simplify the presentation of the thesis work, a shoddmplete state-of-the-
art is made when appropriated.

After this first chapter reminding the main structural and physical progangeded for the under-
standing of this manuscript, Chapter 2 presents the experimental techniguesed during the thesis
work for the measurements of the properties of our materials. A peculiatiatténdone for describing
the dielectric relaxation and complex conductivity because the compoundsionelgtigation display
coexistence of polar states and electronic conduction. Chapter 3 will allog+égamine the proper-
ties of both PbFg3Wy/,303, ( PFW ) and lead zirconate PbZgQ(PZO) compounds for which a lot
of questions are still open. The goal here is to show that these compowelsa hat of instabilities
(polar, magnetic and structural). In Chapter 4 the solid solution between PEWZ0 will be inves-
tigated in order to look for a material having multiferroic properties close to reonperature. Finally
Chapter 5 is an alternative solution in which PZO is doped with magnetic ions. ddiésgo create an
antiferroelectric with magnetic properties.
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Chapter 2

Structure, Electric and Magnetic
Characterization

2.1 Crystal structure and diffraction

2.1.1 Diffraction geometry

A crystal or crystalline is a material whose constituent atoms, molecules or iope@odical repeat

in space ( 1D, 2D, 3D or 3+nD ). The periodical structure in 3D is namadesgroup which have 230
types possibilities. The diffraction methods are the main technique to studyl@ystaure. Neutron

diffraction bringing magnetic moment is unique in determination magnetic structure.

detector

%

X-ray >

sample

(a) Bragg-brentano geometry (o) Translation and rotation of diffraction
plane sample

Figure 2.1 Diffraction geometry and adjustment of diffraction planeSPMS
The diffraction obeys Bragg'’s law:

A is the wavelegthfhragg is the diffraction angledyy is the interplanar distance of neighbouring net
planes (hkl). For triclinic lattice ( lengths of basis vectors a, b and c; intdraxglesa, 8 andy respect
tobAc,cAaandanb),

Ohit =
(1—coga — coZP — coLy+ 2coxcoPBcosy)
I sirta + K si?B + S sir?y + 211 (cosrcosy — cosB) + 21 (cosacogB — cosy) + 2. (coBeosy — cosr)

(2.2)
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Equation2.2is the most normal condition so it can been used for all the lattice by symmetrytiesic
In bragg-brentano geometrg.(L(a) ( sample movingd - detector moving 2 ) diffractometer, a
diffraction peak will induced if the equation is satisfied except when extinctippédrzs.
In SPMS, diffraction plane can been precisely adjusted by translation ( X, Y and @, @®01mm
) and rotation (w, @ andy, up to 0.0001) sample (2.1(b)) by newport MM4006 motion controller,
the same time, large temperature range and strong electric filed environmantgésan be gotten by
combining with cryostat ( 80K - 480K ) or four ( 300K - 800K ) and Keithley D000V high voltage
supply. The C-like syntax software SPE® used to control all the system. The software intensas
compiled by GUIBLIN Nicolas for visualization the data. Two type wavelengthg, idixedA Kq1 =
1.5405A orA Kgz = 1.5443A), K3 = 1.3922A can facile be switched which are generated by Rigaku
18 kW X-ray generator with Cu as anode material.

2.1.2 Diffraction theory
Diffraction is waves elastic diffusion by matter. With the concept of recigiatiice, the generalization
Bragg’s law is expressed as:

Ky— K =H (2.3)
Ka (%) is diffraction vectorK; (1) is incident vectorH (hak +kbx -+ I ¢k) is a reciprocal vector.

The diffraction intensity of X-ray by N unit cells is expressed as:

I e 1+co26
0rzmzc4< 2

|o,z§fzc4(%) is single electron diffraction intensity ( The formula itself proves the diffractibn o

nucleus is negligible )& is structure factor:

| =N?

) |Frial? (2.4)

N
Fow = Z fiexg2mi (hx; +ky; +12;)] (2.5)
J:

N is the atom number in the unit cefi; is the scattering factor of atomy;, y; andz; are the coordinates
of atom j. The dynamic behavior of atoms can be summarized in Debye-Watter {aB / u factor or
the temperature factor ). Basically, the structure factor is expressed as:

N _ sirf0
Frii = Zl fjexp2ri(hx +ky; +1z)) — B—5-] (2.6)
=

The temperature factor can be expressed as the function of atom displagereneter (ADP) by
relationship:

Sinfe

=7 2.7)

N
Fa = fiexp2ri(hx; +ky; +1z)) — 81U,
=1

or:

N
Foa =3 fiexp2ri(hx +ky; +12)) — 21 (Ui X2 +U3y 2 + U3z + 2U1X Y + 22U 7 + 2035y 7")]
=1
(2.8)

http:/mww.spms.ecp.frlequipements.html
2http:/ww.certif.com/
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for anisotropic atom displacement.

In fact, many factors influence the intensity of x-ray, like Lorentz polarizag% ), absorption (
| = lge HX)...
2.1.3 Neutron diffraction

Neutron is produced as a result of nuclear reaction which is also be gddiffraction source. The
special characteristics of neutron diffraction are:

1. Neutron is scattered by nuclear force ( X-ray is scattered by electron

2. The nuclear scattering does not depend on scattering angle, nha@mfactor(% ) as
in X-ray.

3. Neutron with spin %) interacts with magnetic moment, additional diffraction peaks could be
induced for magnetic materials.

Neutron is important in magnetic structure decision. In nuclear unit cell, niagmement is
described by summation of basis vector:

F=ycuh (2.9)

plus a propagation vectok) The basis vector can be gotten by group theory. Softwares like §6ah
or Moody [87] can do such kind of calculation. The coefficient can be gotten by magraiictsre
refinement. Then magnetic moments can be expanded as a Fourier series:

m =y e 2k (2.10)
k

Thet is translatiorf{ = 18+ t,b+ts& ) vector. The magnetic scattering vector is the summation of
the reciprocal lattice vectdi and the magnetic moment propagation ve&t¢h = H + k ), magnetic
structure factor is given by:

nc - — —
Fn(H +k) = pij(H +R)§ exrmi(H +K)r (2.11)
=
p="e— % = 0.2695, is used to convert magnetic moments from Bohr magnatdio scattering

2
lengths units 10%%cm

2.1.4 Rietveld refinement

The splitting of Bragg diffraction peaks gives the information about lattice type.splitting regulation
of some typical p.c. Bragg peaks are summarized in talléor perovskite.

Table 2.1 Splitting p.c. Bragg peaks (200), (220) and (222) for défdgrsymmetries

Latticetype | (200) (220) (222)
Cubic 1 1 1
Tetragonal 2 2 1
Rhombohedra 1 2 2
Orthorhombic 3 3 1
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Unit cell can be indexed by Crysfire suit8g which includes many indexing softwares. Many
methods were developed to deal with diffraction data. Lebail fitt@8}is a powerful profile matching
method. Structure information can be gotten by charge flipping method baftedrsolike superflip
[90]. The precise crystal structure can be obtained by Rietveld refinemeaah ighfirst devised by
Hugo rietveld P1]. The Rietveld method uses a least squares approach to refine a treqraifde
until it matches with the measured profile. There are many softwares camctdkimd of work, like
XND [92], Fullprof [93] and Jana2006}]. The international union of crystallography commission on
powder diffraction has published a Rietveld refinement guideli@gls Basically, structure refinement
is not structure determination, also, there are many intrinsic ( Lorentz pdlariza ) and material (
preferred orientation, absorption, grain size ... ) factors which influefficeengent results.

The basic assumption of powder refinement is that the step-scanning p¥dd jotensity can
described by a function. Different peak-shape functions were @&dTwo important functions are:

2 In2 4in2
G(20) = =i\ e F- Erz (20 — 2Bbrago)] (2.12)
and
2
L(20) = nEWHM (2.13)

1+ e (20 — 26bragg)®

The former ( formula&2.12) is Gaussian function which is predominant in neutron diffraction, the later
(formula2.13) is Lorentzian function which is predominant in X-ray diffraction. In pradtmafile,
Pseudo-voigt (P-V) function is used:

PV(26) = nL(26) + (1—n)G(26) (2.14)

it gives best fitting results97]. The different between Gaussian and Lorentzian function is shown in
fig 2.2 by setting diffraction Bragg angle to 20changing FWHM (Full Width at Half Maximum) from
0.001 to 1, normalized peaks intensity to 1. Obviously, Lorentzian functiontisride fit broadening
peak.

Agreement factors of profile are calculated by:

- s v —v21Y
R:looLyz'y_ycl szloolw'%\ly'zy_zyd] (2.15)

Agreement factors of refinement are calculated by:

Fobs— F
R,:leOM Rey = 100

> |Fobs| (2.18)

,71/2
Wobs) |Fobs— Fealcl
Wobs Y |Fobs|2
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Figure 2.2 Normalized peak shapes of 29) and L(26) with different FWHM, the Bragg angle is set t0°20
2.2 Electric characterization

Under electric field, both displacement current and polarization currennheduced in materials. Di-
electrics refers to materials which have larger polarization current thatadéspent current under
electric filed. Generally, dielectrics is an insulator. The polarization cuisepbsitive and negative
charges ( +q and -q ) shifting each other with limited distan&e,(this coupling is named dipole and
moment ( electric dipole moment ) is given by:

p=oqd (2.17)

The density of the electric dipole moment is polarizati®h)( Polarization is a important parameter
for multiferroics. Here, Polarization related electric properties and measntemil be introduced.

2.2.1 Dielectric permittivity

In a dielectric material, the electric displace field § is defined as:

D =gE+P=g(1+xe)E = &&E (2.18)

& is relative permittivity, more normally is named dielectric permittivity or dielectric coristat zero
frequency, it is named static dielectric permittivity. Generally, it is a complex lmutehl part is still
named dielectric permittivityxe is electric susceptibility.

The capacitance is defined as:

C= ersog (2.19)

This is also the basic relationship for dielectric permittivity measurement. In SRM3npedance
analyzers, HP 4192 ( 5Hz - 13MHz) and Agilent 4294A ( 40Hz - 100N)Hze used in combination
with cryostat ( 80K - 500K ) or four ( 300K - 1000K ) achieving large tengpere range dielectric
characterization.

For most insulator, the basic electric circuit can modeled as parallel or ségapacitor and re-
sistor. In our case, the parallel model was used4fgy.and initial measured parameter was complex
admittance (Y = G +jB ). The temperature of sample was detected by KEITHLEDigigal Multi-
meter. The measurement was controlled under LabVIEW based soffwasés dielectric parameters
was calculated by the formulas:

£ =ko (2.20)
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£ = k% (2.21)
tand = g (2.22)

k ( 72;‘%109 ) is geometric parameter related with thickness t (mm ) and diameter d (mm ). disefrey (
Hz ). Other electric parameters, like impedance, conductivity or electric modafualso be calculated
and more complex electric circuit can be modeled to calculate electric parameters.

Figure 2.3 Equivalent electric circuit of a dielectric material.

2.2.2 Piezoelectric measurement

Piezoelectricity is the charge that accumulates in a material in response to apptibenical stress. It
is a subgroup of dielectricity. The IEEE recommended piezoelectric measutés complex impedance
method ( fig2.4). This method is based on mechanical resonance of samples excited by aitlgev
oscillation. Near the vibration frequency, the behavior is modeled by Masauitojrig. 2.4). The
resonance and antiresonance angular frequencies are:

1 [Co+C1
= = 2.23
@ VL0L1Cy “a L1CoCy (2.23)

These frequencies are identified by extrema in the impedance spectrurale€tree-mechanical coef-
ficients can be calculated by formulas depending on specific vibration modes.

—___ 00—
R L Ci

Co

Figure 2.4 Resonant equivalent circuit of piezoelectric measurement

2.2.3 Pyroelectric current

Pyroelectricity is the ability of a material to generate a temporary current wigehetted or cooled. It
is a subgroup of piezoelectricity. Under electric field, the current ( Issjmay through a materials can
be separated as conduction currely Y and displacement current ):

I =lc+Ip (2.24)

Displacement current is defined as:

(2.25)
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2.2. ELECTRIC CHARACTERIZATION

During heating or cooling a material by a veloc%? the change of polarization will induce polariza-
tion current.

The pyroelectric current measurement in SPMS is realized by Keithley Gigftgmmable elec-
tometer collaborating with cryostat for heating or cooling. The pyroelectricficaestft is calculated

by:

_

VS

v is the speed of heating or cooling, S is the surface of sample.

P (2.26)

2.2.4 Ferroelectric hysteresis loop

Ferroelectricity is the subgroup of pyroelectricity. FE hysteresis loop igliteet proving of ferro-
electricity. Classic electric circuit for FE hysteresis loop measurement isth&agyer-Tower electric
circuit [98]. The measurement circuit can be simplified like fig.5. Cy is the capacitance of a FE
meterial,C, is the capacitance of a constant capacitor. The polarization ( P ) is the funttiohiage
of the constant capacitol, ).

Py (2.27)

@ i

Oscilloscope

Figure 2.5 Sawyer-Tower electric circuit for ferroelectric hysteresis loop measerd

In SPMS, we used sin function as signal source which was amplified by higloieaircuit, the
frequency was 50Hz. The hysteresis behavior is directly shown orkiaonéx TDS 320 Digitizing
Oscilloscope and the data was recorded by LabVIEW based software.

2.2.5 Electric modulus and complex conductivity

In many cases, a material is not a ideal insulator. If a material exhibits al&akage current, electric
modulus and complex conductivity are used to analyze polarization behavior.

Electric modulus

The electric modulus is the reciprocal of dielectric permittivity, it is defined as:

1 : & (w) . &’ (w)
M* (W)= — =M +iM" = 2.28
Electric modulus corresponds to the relaxation of electric field in a material whetmie displace-
ment remains constant. It is more sensitive to conductivity relaxation behawlonigh capacitance

effect can be avoide®p]. The conductivity can aslo be suppressed when the data are pekgetiie
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modulus representatiod(= i wCo(Z + %cs) = (M + %) +iM”). Considering electrical heterogene-
ity effect, imaginary part of impedance is sensitive to big resistance but thggriarg part of electric
modulus is more sensitive to small capacitance.

Complex conductivity
Complex conductivity is defined as:
O=0 +0p+i0 =iwge (2.29)

Here, 0y is the direct current( DC ) conductivitg is the alternating current ( AC ) conductivity. The
existence oty in the formula is a open question. The relationship between two can be looked as:

do=limo as w—0 (2.30)

In the thesis, AC conductivity was calculated by:

Opc = €€ (2.31)

For many dielectrics, the frequency dependent AC conductivity satigfisersal dielectric re-
sponse (UDR)10Q:

Opc = Aw" (2.32)
or nearly constant loss (NCL):

Opc = Aw (2.33)

UDR is understood as ion hopping effe@Ofl] [102. But, electric heterogeneity can also induce
this behavior at high frequencg (3. NCL happens at sufficiently low temperature or high frequency
[101], the origin was understood as vibration relaxatitf]] or off-center relaxations swear out into a
broad distribution102. More general AC conductivity can be formulated by:

w
Opc = Op[1+ (—)" 2.34
AC = 00| (wH) ] (2.34)
Different from AC conductivity, DC conductivity does not change witbguency. However, DC
conductivity is related with hopping transition and it is strong temperature depénd

OpcT = gpexp (2.35)

—E )
ke T
The fitted thermal activity energy give a information about current carrier

2.2.6 Dielectric relaxation
Debye relaxation

The polarization momentary delays to electric sign is named relaxation. Classic Bséyation is
expressed as:

&0 — &

l+iwt
Here & and &, are the static and high frequency limit dielectric permittivity respectivalyis the
character relaxation time which is the function of temperature:

£=Ent (2.36)

T = 10e™/KT (2.37)
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— 1
R R,
Cs C:

Figure 2.6 Two-layer electric circuit model of M-W relaxation
Maxwell-Wagner relaxation

Ideal Debye relaxation seldom happens in a solid material. Normally, eledétafogeneity can
induce Maxwell-Wagner ( M-W ) relaxatiorlp4 [105. Two-layer model of M-W is shown in fig.
2.6.

The dielectric permittivity is expressed as:

80_800 g

€= & — — 11— 2.38
+ l+iwt I w ( )
All the parameters are directly related with circuit elements:
1 1
Eo = — (2.39)
Cgte
R2C
g~ AL R (2.40)
Co(Ri+Ry)
S S (2.41)
Co(Ri+R2) '
Rle(Cl-i-Cz)
T=-——2 2.42
Ri+Ry ( )
Co = &S/d (2.43)

The obvious relaxation would be observed when there are a big difletertween two resistances. The
temperature character of the relaxation is directly related with the temperatueetenaf the small
resistance. The impedance of the circuit can be expressed as:

Ry Ry
Z = 2.44
1+ (WRCZ T 14 (wRCy )2 (2:44)
wR1Cy wRCy
Z'=R R 2.45
l[l+(O)R1C1)2]+ 2[1+((A)R2C2)2 ( )

The impedance normalization highlights small resistance relaxation. The electric mofithe circuit
can be expressed as:

r_ @[ ((A)R]_Cl)z @ (CL)RZCZ)Z ]
Ci 1+ (Q)R]_Cl)z Cl+ (O)R2C2)2
"n_ %[ wWRCy ] + @[ wRYC)
Ci 1+ (0)R1C1)2 (07) 1+(00R2C2)2
The electric modulus normalization highlights small capacitance relaxation. Congideeirspecific

values of resistance and capacitance in ceramic materials, relaxation is moreetisé by electric
modulus normanization.

(2.46)

(2.47)
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2.3 Magnetic characterization

The magnetization can be measured by superconducting quantum intezfele@rice magnetometer
(SQUID) after the discovery of Josephson effect. The magnetic mhafvour materials were mea-
sured by Quantum Desigh MPMS-5 ( 0 - 5.5T, 1.7 - 800K). The raw da&tanagnetic moment ( m)
in electomagnetic units ( 1 emu = 1®A-m? = 103 J/T ) and magnetic moment in unit mase,
emug~—!). Two conventional measurement procedures were used duringreepés: zero field cool
(ZFC) and field cool (FC). In ZFC, the sample was measured by heatingh@etying magnetic field
after a first cooling without magnetic field. In FC, the sample was measured bggaocompanying
magnetic field. The magnetization (M) was calculated by:

M = mmp (2.48)

Here, p is the density of sample. Hypothesis magnetization just coming from the spin ( this is the
case for the first-raw transition metal0fg ), the spin quantum number of atoms can be calculated by
formula:

M
> mmNA'N'QO'IlB (2.49)
Ug = 9.27400915(23) 1024 A - m?, Na = 6.02214179(30) 10> mol1, go = 2, M is the molar mass,
N is the number of magnetic atoms.
In published results, different authors may used different units fornet@ation and magnetic
susceptibility. We summarized a conversion table of different units &t&h.where Myo andp are the
mole mass (.g/mol ) and the density ( gfpof a material.

Table 2.2 Magnetization and magnetic susceptibility units conersi

Quantity Unit
M emu-g ! g per f.u. emu/cc| A-m?/kg
factor 1 X Mmoi/5585 X P 1
X emu-g1-Oel| ugperfu.-Oe?l|cm’gl| mikg™?
factor 1 X Mmo/5585 A1 41 103

2.4 A paradox

There are many similar behaviors between FE and FM, for example, bothzatilam and magnetiza-

tion follow C-W law, both of them have hysteresis loops. However, thereliwi@mos contradiction: the

conductivity of a material can totally erase FE behavidiq [ 10§ but many magnetic materials are
good conductor because of exchange interaction. The precise tehaation small FE polarization is

still a problem.
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Chapter 3

Intrinsic Properties of Lead Iron Tungsten
and Lead Zirconate

Our aim being the investigation of the solid solution between lead iron tungster, BR&0s, (
PFW ) and lead zirconate PbZsQ(PZ0O), we first re-examined the properties of both PFW and PZO
which are our reference compounds. As already stressed, PFW idyafr@aultiferroic system having
relaxor ferroelectric character and antiferromagnetic features. dlaef PZO in our solid solution is

to introduce, in addition to PFW ferroic orders, antiferroelectric ( and anbidistorsive ) instabilities.
While these two compounds are rather well known at a first glance, it epfrean the literature that
there remain several not yet understood experimental observationsgdada situation that needs
to be clarified. This chapter, in which PFW is first presented followed b§,Rill give us a basic
background to understand the richness to combine both compounds.

3.1 Literature review on the multiferroic lead iron tungsten

PFW was first studied by smolenskii's groutOF] and displays both FE and AFM features. PFW is
also a so-called relaxor FE with,J'the temperature associated to the maximum dielectric constant near
180K. The ralaxor behavior in PFW is of course related to short rargge ¢oder [L10.

Fig. 3.1illustrates the electric and magnetic orders in PFW.

Figure 3.1 Electric and magnetic orders in PFV&({)],the red and black bowls represent Fe ions and
Pb ions respectively, here the oxygen ions are omitted. The dashedlibickpresents the possible
polar component through Bb displacements along <111> directio(]. The red arrows represent
the magnetic moment direction alternatively distributed up and down along><@@8ctions.
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As in the model PMN relaxor, the structure of PFW remains cubic witBfrepace group down
to 10K [60]. As a result, no macroscopic polarization was observed in PFW without afpiphcof
external electric fieldJ11 [117. However, at a short-range scale some structural deviations from
the ideal cubic perovskite were reported. Indeed, the atoms are notdomate their ideal cubic
positions B3] and more precisely P shifts along <111> directions{] were reported suggesting
the existence of rhombohedral nanopolar clust&i€)] In addition chemical ordering at nanoscale
giving rise to doubling of the perovskite structure were also repotéd [114. These features are
typical of lead-based relaxors.

While lead ions are responsible of the polar properties , the iron ions soeiated to the magnetic
features in PFW. Indeed, 2/3 of the perovskite B-site in PFW is occupidgeby bringing 5.92i5
spin ( 3@ electron configuration ) net magnetic moment. The arrangment of these magnetiniisiome
gives rise to a G-type AFM ordering(]. The AFM phase transition point i.8y was reported to be
383K [109], 370K [115 or 350K [63] using magnetic measurements, and 343K by neutron diffraction
[60] technique. Interestingly, at the same time at low temperatures, a weak FM wéswais below
20K [63] or 9K [115. This magnetic character is similar to that observed in low temperature spin glass
states reported in many Fe-based perovskites as;P¥fg ,03 ( PFN ) [67] [68], PbFe 2Tay 203 (
PFT) [69] or BiFeO; (BFO) [70] [72] [70].

Moreover, we believe that the discrepencies bewteen the values ofitival demperatures is
sample-dependent. Indeed, it is obvious that the magnetism arises frororthieris. However these
ions are not distributed in a same way from one sample to another one as trespood to 2/3 of the
B-site and are randomly distributed. Therefore the magnetic exchangadcitibeis should be slightly
different from one sample to another one, which may explain the differi¢tictd temperatures reported.

3.2 Reexamination of the properties of lead iron tungsten

3.2.1 Structural aspects

Fig. 3.2 shows some characteristic Bragg peak reflections at 100K, 180K, 260K320K. All the
peaks remains single whatever the temperature attesting of the cubic symmetky.of PF

For illustration, we show the Room Temperature (RT) Rietveld refinement reSblexperimental
diffraction pattern and the calculated one are plotted inFig.and the refined parameters are listed in
table3.1

Table 3.1 Refined structural parameters and agreement factors for REWom temperature

a=3.98A
Coordinates
Atom X y z U
Pb 0 0 0 0.024
Fe 0.5 05 05 0.002
w 05 05 0.5 0.002
o1 05 05 O 0.002
R=12.18%, R =15.28%
Rp =6.37%, Ryw=7.44%

It is obvious that the cubic model allows a rather good matching between theveddsand calcu-
lated diffraction patterns. However, as shown in the inset of figuséhe high angle diffraction pattern
shows some discrepencies and in addition, the thermal agitation parameterarfsRb-abnormally
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Figure 3.2 Main Bragg diffraction peaks (200), (220) and (222) of PF\Widflerent temperatures
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Figure 3.3 Diffractogram of PFW with Rietveld refinement
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strong. These observations which affect the Bragg peak intensitiestlefial disorder which proba-

bly comes from ion displacements. Indeed, in lead-based relaxors Phsatupposed to be localed
in a multiwelled potential around its special Wyckoff positi@b]. To check this, we used a common
procedure45] which has already proved its efficiency. During this refinement praaednly thermal

u factor of Pb atom, the whole scale factor are free while all the other pananaegekept fix. Pb atom

is then smoothly moved along different directions i.e. <100>, <110>, <11d>=&#3> corresponding,

respectively to 6, 8, 12 and 48 equivalent directions in the cubic symmehig. approach allows the

agreement factors to decrease attesting a better matching between thedbsehcalculated diffrac-

tion pattern. The agreement R factar R plotted as a function of Pb atom shift in fig.4.
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Figure 3.4 Re as a function of Pb shift in different directions at 300K. (8im up to 0.56&1)

A minimum is obtained at 0.238A, for <111> direction, and at 0.252Afor all thermdirections.
Thus as already observed in many other Pb-based relaxors, thergda@ @lar displacement of Pb
ions. However, we can not say how this ionic shifts arrange themselvbeayifire randomly distributed
or correlated to form the so-called polar nanoregions (PNRs). It issiimgrto remark that in case of
the antiferroelectric PZO, the antiparallel shift of Pb atoms is about 0.24&lu& very close to that we
determined for PFW.

In order to get more insights into the possible correlation of Pb ions, we dgrahalyzed the
Bragg peaks as a function of temperature. The (200), (220) and (228yBliffraction peaks depicted
in fig. 3.2show already indication of such correlations. Indeed, the first indicationctnoma the tem-
perature evolution of the intensity of the Bragg peaks. In3ig, the data are plotted at the same scale.
Itis clear that the maximum of the intensity of each Bragg peak is decrea#imgemperature decreas-
ing. However, in a standard situation one would expect an increase of tingitytevith temperature
decreasing. Indeed when the temperature decreases, the contributiorthterthal diffuse scattering
(TDS) decreases too. As a consequence, if no structural modifications ttee maximum of the Bragg
peak intensity should increases when the temperature diminishes as the Tgabkases; in other
words the TDS goes from the backgroud into the main Bragg peak whenntipetature decreases.
Our data rather show that the intensity is going somewhere else when the tempdegtreases. Con-
trary to single crystals in which the diffuse scattering can be accessedifftdalt to reach it in powder
samples. Nevertheless, the presence of polar shift correlations shimaltlaé width of the Bragg peak
and even its position.

The Full-Width-at-Half-Maximum (FWHM) for the (200), (220) and (222aks are plotted in
fig.3.5(a)

At a first glance, it appears in figj5(a)that the FWHM remains constant whatever the temperature
as one would expect for a cubic phase. However a careful look towH¢NF of (200) Bragg peak ( fig.
3.5(b)) allows to evidence a weak enhancement of the width below 160-170Kuérih recalling that
usually the so-called butterfly diffuse scattering observed in Pb-ba$axbrs which is associated to
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Figure 3.5 FWHM of Bragg (200), (220) and (222) peaks of PFW

the PNRs is more pronounced around h0O-type Bragg reflections. It caexp&in why the FWHM
broadens in case of (200) and not (or at least, less) for (220)22&)deaks. The structural anomaly at
160-170K is better seen in the pseudo-cubic lattice parameter extraatedhiedBragg peak positions
versus temperature in fig) 6.
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Figure 3.6 Temperature dependence of the pseudo-cubic lattice parameter in PFW

Indeed, below 160K-170K a plateau is obviously evidenced. Such plagsbeen also reported
in other systems like the model relaxor PMN. In addition to the 160-170K anomtalgr structural
anomalies can be observed in 8¢ Indeed starting from high temperature, there is a deviation of
the linear evolution at about 300K below which the pseudocubic lattice parabetemes soft (al-
most constant with temperature) before increasing below 240K. And finallyl#teau occurs below
160-170K. It appears then that something in the structure is occuringebpt40K and 300K. The
increasing of the volume on cooling below 240K might be a signature of a praasstion. However,
as no splitting or additional Bragg peaks is evidenced if such phase transitarspit would be at a
local scale.

3.2.2 Polar order

The real part of the dielectric permittivity and the dielectric losses of PFVElare/n in fig3.7 between
100K and 300K for a frequency ranging from 1kHz to 1IMHz. As expedte a relaxor compound,
there is a strong dielectric relaxation below 210K for this frequency rahgeworth mentioning that
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in addition to this relaxor behavior a high temperature dielectric dispersion cawmitbenced. Such
frequency dispersion is related to conduction and will be discussed lattes jpattagraph.
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Figure 3.7 Temperature dependent dielectric permittivity and diteledoss tangent of PFW

The temperaturdy, associated to the maximum of the dielectric permittivity increases with fre-
guency increasing: 185K at 1kHz, 188K at 10kHz, 194K at 100kHz200K at 1MHz. The dielectric
losses show similar behavior.

The dielectric relaxation of relaxors can be treated using the so-called-Fagher (V-F) relation
in order to extract dynamic properties related to PNRs and the freezing tatomget;. In the fig. 3.8,
the V-F relation (solid line) fits rather well with the experimental points.
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Figure 3.8 \ogel-Fulcher freezing in PFW

The fitting data give3s = 150.2K, fo = 5.30*10'%, E5 = 0.067 eVA[ T(1MHz)-T¢] = 49.8K. These
results are in good agreement with previous report giving: 153K, fo = 6.19*1¢F, E; = 0.0396
eV [116. Besides, the activation enerdy, and the characteristic relaxation tinfig values are also
close to those found in other relaxors, for example, in PMN-1085], [fo = 1.03*10%, E; = 0.0407
eV. It is remarkable that the freezing temperatliyel 50K found using the V-F relationship is close
to the temperature associated to the appearance of the plateau in the diffdattidifig3.6) and the
broadening of the (200) Bragg peak (8dx(a).

We also used power law formula to model the dielectric response aroyn@dth experimental
data and the fitted power law of dielectric permittivity are plotted in 3ig.

As expected the power law describes rather well the dielectric respomsedaand above i but
does not match the low temperature dielectric response because of the slowimgf the PNRs. The
fitted parameters are listed in taldlle, yis 1 for normal FE while it becomes equal to 2 for ideal relaxor.
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Figure 3.9 Dielectric permittivity of PFW fitted by powder law
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Here in case of PFWy value is about 1.75 attesting the relaxor-like shape of the dielectric response
around T,

Table 3.2 Powder law parameters for PFW at different frequencies

f €m Tm y On
1kHZ 9864 185 1.74 26.34
10kHZ 9512 188 1.80 28.92
100kHZ 9142 193 1.73 24.37
IMHZ 8659 199 1.75 24.45

However far above #, the power law is no more valid and instead of a Curie-Weiss (C-W) law is
much more adapted to describe the high temperature dielectric response. Adidlnsthe reciprocal
dielectric permittivity at 1LMHz and the fits using both the power law and C-W relakiip are plotted
in the same figure (fig3.10; note that T is also marked.
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Figure 3.10 Modeling dielectric permittivity of PFW

Interestingly, the C-W law gives parameters which age=T239K and C = 1.3*19 and deviates
below roughly 300K. These two peculiar temperatures i.e. 240K and 30{ni@ed by dielectric
analysis, are quit close to those already evidenced using X-ray diffrdsterfig3.6). Besides itis also
worth mentioning that the power law deviates at around 240K, showing thedhithis temperature is
specific to PFW. Combining both dielectric constant and structure data, it maydgested that a
local phase transition occurs indeed gt Z40K. One may also speculate that the anomaly observed
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at 300K in both dielectric and XRD measurements might correspond to thafiieg’ of the local
phase transition assuming a first order-like transition i.e. in betwgeand@ 300K there is a phase
coexistence.

Let us now come back to the high-temperature-like dielectric dispersion e@gden fig3.7. Such
dispersion can be more easily evidenced by dielectric loss tangent dasal(fig) which display a
series of relaxations.
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11 T T T T T T T T T T 11 = main relaxation
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(a) Dielectric loss tangent (b) Arrhenius fitting tangent

Figure 3.11 Non conventional dielectric relaxation in PFW

For example for a frequency of 1kHz, the dielectric losses show two obpvimaxima at 320K
and 410K and suggest further at least a third one above 440K. Bh&20K relaxation is prominent
with a broad temperature peak shift over the frequency range which me aamain relaxation for
convenient discussion. The second relaxation is weaker as it spresxds warrower temperature scale
into the temperature-frequency range we selected, therefore it is namedelagation. These both
relaxations/dispersions follow a classical Arrhenius law as shown i fig(b) The black solid square
points correspond to the main relaxation experiment while the open squate poirespond to the
slight relaxation experiment. The straight lines are the fits using Arrhenius avth& main relaxation
and slight relaxation, the thermal activation energy obtained are 0.61eV d@eMXx8spectively while
the pre-exponential factors are 2.37*3@nd 8.39*182 respectively.

These parameters are typical for relaxations related to defects as it wadyatrieseved in pure
PFW [116 [117], La-doped PFW 11§, PFW-PTO [119 [12( or Mn- and Co-doped PFWL[L7).

According to the thermal activation energy value, a first feeling is to attributeethelaxations
to oxygen vacancy defects which are usual in perovskite oxiti2q [127] [123 [124] [125 [126].
However, we rather assume that here they are much more related to Pbhiea@mwas also recently
suggested]16 [117]. Indeed, two key features supporting such assumption have been reported
deed, the relaxations can be eliminated by annealing in nitrogen atmosphéfevhich is a typical
reducing environment and thus can not be explained oxygen vacahwsover, it was also shown
using hall effect measuremerit]d that in PFW there exist hole carriers which is in agreement with
existence of Pb defects.

Let us now come back to the polar aspect of PFW. In this goal, the polanzatiBFW was mea-
sured directly through FE hysteresis loop as a function of temperaturé (fig).obtained using Sawer-
Tawer electrical circuit.

As one may see while the macroscopic symmetry remains cubic thus centrosymanetiier soft
hysteresis loop can be measured. The loop is soft meaning that the paarizmelectric field has a
"S" shape rather than a rectangular one as expected for a normaltieEhysteresis loop becomes
bigger on cooling indicating continuous growth of the polarization in PFW. The ipataon reaches a
maximum value of about 14C-.cm 2 and gets a remanent value ofi-cm~2 . This is in agreement
with previous report]11]. The polarization can be fitted in the mean field theory based on the following
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Figure 3.12 Ferroelectric properties of PFW

formula:

PO(Tc—T)P (3.1)

which gives £ = 170K andB = 0.13. The obtained critical temperature is 20K higher than the freezing
temperature T and very comparable to the temperature associated to the appearance oéa iplate
the diffraction data (see fi§.6). Moreover, the value of the critical exponghis far from mean field
theory 3 = 0.50). Itis rather closer to 1/8 which corresponds to a description ofalagipation within

an Ising model into 2-dimension. Itis worth mentioning that close values havediready observed in
other perovskites like NaNb{{3 = 0.17) et RbCaf(8 = 0.18) and have been explaind®[] because

of the presence of asymmetric defects that broken the local symnfistr§).125 for a 3D system). This
last explanation is better appropriate in our case as indeed both either chiamicabgeneities and/or
PNRs can be responsible of such lowering of the local symmetry.

It is now of interest to investigate how the polar state can be affected usiagternal dc-electric
field. In this goal we especially investigated the dielectric constant vs tempeiattwo different
electric field regimes i.e. Field-Cooling (FC) and Zero-Field-Heating-aftdd¥i®oling (ZFHaFC).
During the FC regime, an electric field value between 1kV/cm to 6kV/cm is apptid&0OK and the
dielectric constnat is recorded on cooling keeping the electric field con3tiaen at 100K, the electric
field is switched off and a short-circuit is realized in order to dischargedpeacitor from any parasitic
electron-hole carriers. Finally the dielectric constant is recorded amgg@FHaFC) till 450K. Figure
3.13shows the dielectric constant and losses in both regimes at a frequebigiHaf

As one may see there is no drastic change of the permittivity until an electrivéikld of 6kV/cm.
Both the maximum of the dielectric constant afjglare decreasing with increasing of the strenght of
electric field as shown in fig3.14

Moreover, a small and sharp signal is evidenced at 210K under FQ20K under ZFHaFC (see
arrow on fig3.13. This additional dielectric signal is much more enhanced at a frequency tdose
500kHz ( see fig.15).

This behavior is explained by a piezoelectric resonance and is assdoiatedlectric-field-induced
phase transition. Note that the critical temperature is the same whatever the &kddtvialue meaning
that in contrast to the maximum of the dielectric constant this dielectric signalspmnds to a ‘normal’
ferroelectric phase transition. This transition is also of a first order as i$ talleee at different tem-
perature on cooling and heating. Interestingly a FE phase transition can bedalsedrby an electric
field in case of PMN the model relaxor. However, while in case of PMN sinase is induced at a
temperature below;,, in case of PFW it occurs abovg,.

To confirm the piezoelectric resonance, the modulus and phase of the impekaa function of
frequency is measured at different temperature 8figh).
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Figure 3.13 Dielectric permittivity and dielectric loss tangent of PRAW1MHz for FC and ZFHaFC
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As shown in fig3.16 several resonances (associated to the dimensions of the pellet udbd for
measurement) are obtained for frequencies around 500kHz. Usihgdsts, it is possible to extract
electromechanical properties of PFW ceramics. The effective trasedggrcoefficient is close to 6.6%
and the mechanical factor of quali@, is 235 which rather small values.

In order to determine the ‘true’ critical temperature of this induced phassitian the amplitude
of the resonance signal(%%fm‘”) ) versus temperature is plotted in igl7. While the maximum is
observed at 210-220K, the signal still exists until 240K which can be¢besidered as the "trueTc.
This temperature of the induced-phase transition in PFW is then close to the Ad6@ialy evidenced
by Curie-Weiss analysis and diffraction results.
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Figure 3.17 Amplitudes of resonance signal

3.2.3 Magnetic order in PFW

Beyond its original polar properties, PFW exhibits also magnetic propeRigs3.18shows the mag-
netic susceptibility of PFW as a function of temperature measured by SQUID orFf&ld-Cooling

(ZFC). In low temperature range( 2K - 300K ) the Field Cooling (FC) susceptilfilitth a magnetic
field fixed at 100 Oe) is also measured in addition to ZFC regime.

SG

8.0x107 4.2x107
AFM |

6.0x107
4.1x107

x Im*ekg™

4.0x107

4.0x107

ZFC
2.0x107 ZFC

TIPS TP AP NPU TP TS AP B BAPR D | 1 1 1 ! 3.9
0 10 20 30 40 50 60 70 80 90 100 300 320 340 360 380 400

T/K
Figure 3.18 Magnetic susceptibility of PFW

x107

At high temperature, a sharp peak at 358K (marked by an arrow) pomds to | the temperature
associated to the ParaMagnetic (PM) to AntiFerroMagnetic (AFM) phassiti@n. The straight line in
figure3.18corresponds to the fit using Curie-Neel law which gives Curie con&t@sk 104 m? - kg!
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- K~1. As one may see, the transition occurs in a very small magnitude of the susceptibkitygma
its detection rather difficult. This can explain why; Ts slightly higher than that obtained by neutron
powder diffraction $0] and similar to that determined by magnetic measurentSjt [To confirm the
long-range AFM character, figuf219shows the room temperature neutron diffraction data. The data
have been recorded at Institute Laue Langevin (Grenoble, Franc@BrbBamline.
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Figure 3.19 Comparison of x-ray and neutron diffraction patterns at room tempeeatur

Comparing x-ray diffraction, the neutron diffraction pattern exhibits extakp®f{3, 3,3 }-type
associated to the magnetic ordering. As expected at 300K, the magnetizasans thee applied mag-
netic field (M-H) remains linear up to 5000 Oe with a slopexef9.8x10-° ug/Oe (fig3.20).
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Figure 3.20 Magnetization-magnetic field loop of PFW at room temperature

M /u, per f.u.

Assuming the molecular field approximation, the OK perpendicular AFM susceptibilifyes by
X1 = Mo/ He, where M is the magnetization of one sublattice angd id the first neighbor exchange
field. Besides, H is linked to the Néel temperature bgky = (1/3)MoHe. In case of powder, the
susceptibility is written agarpm = (2/3)x1 [128. Using Ty =358K and M) = (2/3)x5.92ug, we obtain
XaFm = 6.5x107° ug, which is very close to the measured sloge 0.8x10~° ug/Oe).

However in addition to this long-range AFM order, a short-range one eXistleed at low tem-
perature, ZFC-FC has a cusp (see arrow in $id.9 at 5K (Tsg.) which is typical of spin-glass-like
behavior. Note that a weak FM was also reported at 12[in PFW meaning that indeed at a short
scale, some magnetic arrangments coexists within the long-range AFM one.

Moreover, having a look at the room temperature M-H curve3fitf) , the magnetic moment is
not zero at zero magnetic field and is roughly equal *d@ “ ug. This weak magnetization can be
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explained either by some magnetic impurities or by a canting of the AFM spin givia¢ors magnetic
order with a non zero value. This situation might be similar to the well-known BFO mudiiée{129
with its net magnetization of 0.02%. Here PFW displays a net magnetic moment of 0.Qg%hich
indeed can suggest a canted magnetic order in PFW.

Finally as for the polar features, PFW displays both long-range and-sirayze magnetic orders.
Typically, the AFM order can be related to ¥eO- Fe&* superexchange mechanism through Fe/W
disordered regions and the weak FM may come froft F@-W-O-Fé+ superexchange through Fe/W
chemically ordered region§ 8. Indeed, nanoscale ordered domains of 2-5 nm size were foung\éh P
because of alternating 1:1 ¥eand WP+ chemical order along the <111> directiohlfy. Besides,
the competitions between weak FM clusters within an AFM matrix can give rise to aglgsn (or
frustrated) behavior at low temperature.

3.3 Literature review on the antiferroelectric lead zirconate PZO

Lead zirconate (PbZrg) PZO) was the first compound identified as an AntiFerroElectric (AFE). In
its low-temperature phase ( Tk ~505K ) PZO crystallizes in an orthorhombic symmetry allowing
60°, 9C¢° and 180 domain structuresiB( [131] [137 to satisfy the AFE character and the head-to-tail
arrangement of the polarization. The unit cell contains eight formula unit$ @nd is derived from
the single-perovskite cubic structure (a 4.16 A). The unit-cell parameters are a/2a. = 5.89 A,

b = 2v/2a = 11.76 A, and ¢ =8 = 8.22 A. The orthorhombic phase of PZO is strongly AFE in the
plane perpendicular to the c-axit33 [134]. Indeed, the AFE character is defined by tenormal-
mode displacement corresponding to antiparallel shifts of the lead ions alengfahe [110]-cubic
like directions (see fig3.21).

N L7
N/

Figure 3.21 P shifts along [110] direction within (001) plane of PZO

In addition to this vibration mode, two other phonons associated to the oxygeredadxist i.e.
the zone-boundary B and Ms modes [L3] which correspond to opposite octahedral rotations in suc-
cessive layers and rotations in the same direction in all layers along the R3] respectively. As
a consequence, such displacements make the [001]-axis polar andzbms-aeentre polar mode;s
similar to that observed in normal FE like Ba®® also instable and make PZO not a strict antiferro-
electric according to Kittel's theoryl] and might explain the weak piezoelectric effestl0~'3 C/F
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Figure 3.22 Oxygen octahedra tilts in the unit cell of PZO

) [135 and the ferroelectric hysteresis loop obtained by D& at room temperature. The existence
of weak ferroelectric behavior is also supported by structural anagdise nhoncentrosymmetric Pba2
space group was reportetldq [136 [137] [138. However, structural refinements with oxygen tilts
is not an easy task and moreover it is well known that hysteresis loop neeasoits have to be con-
sidered with care because of parasitic free charges that can resultsrig tysteresis loop. Note that
it was reported that there is no geometric similarity between the displacements lefathions and
the dipole moments responsible for the antiferroelectricity, a two-layer modet afipiole ordering of
PZO was proposedlBY. Therefore, the FE behavior at room temperature of PZO remains dbubtf
and despite many published conflicting studies about the symmetry, a centrosigrPliam space
group 140 [141 [147 is now more frequently considered for the structure of PZO description. At
high temperature, PZO displays the prototype PEBRncubic perovskite structure whereas existence
of polar clusters 143 [144] associated to anharmonic lead-ions hopping was reported. By decreas-
ing the temperature a pronounced dielectric anomEBJ[[ 134 [ 145 is observed at § ~505K with

a dielectric permittivity value of several thousands similar to first-order likesphransition occur-
ring in classical ferroelectric materials. Based on infrared reflectivitysomesnents, it was proposed
that an overdamped low-frequency mode the so-called central mode domindtesRE phase and
is responsible for most of the strong dielectric anomaly near the phase trarjdign The phase
transition of PZO was investigated by several techniques including X-eayran and electron diffrac-
tion [141[142[147[148[149 [150, Raman spectroscopyBg [143, electrical conductivity ]5]],

etc. In between the orthorhombic AFE and cubic PE structure, an intermedigibdse of rhombo-
hedral symmetry was reporteddg [143 [149 [150 [15]] in a narrow temperature interval-(0

K) and might present oxygen octahedra rotation mdds€]] However no real consensus exists yet
concerning its existence as it seems to be related to the defect concentratistoi@hiometry 152.
Moreover, first-principles calculations confirm that it exists a small endifgrence between AFE and
FE states]53 [154]. Despite still some unclear features, some basic conclusions can be made:

1. There exists a competition between FE (polar) and AFE (antipolar) ordezin

2. Extrinsic factors (temperature, electric field, strain/pressure, defegng,... ) can easily affect
the properties of PZO.
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3.4 Reexamination of lead zirconate properties

3.4.1 The stability of AFE
PZO at ambient condition

In general, the anti-parallel displacements of Palong p.c. (110)-direction are associated to the AFE
state of PZO. Besides, oxygen tilts are always present when AFE. ofdenvestigate oxygen tilts
usually is better to consider neutron diffraction technique. Indeed in XHfénaction, light elements
have small contribution to the intensity compared to heavy ones. Neverthelegerformed a RT
Rietveld refinement using X-ray data. For this purpose we consider thétad Pbam space group
(note that it is difficult, even impossible to distinguish this space group fromthies one proposed i.e.
Pba2 ). to illustrate the role of oxygen tilts, we consider modeling by considering @&itkad oxygen
octahedra or free to rotate oxygen octahedra. The refinement resuisted in table3.3and table3.4.

Table 3.3 Refined structural parameters and agreement factors for RZGom temperature. The coordinates
of O were fixed.

a=5.88A b=11.77A c=8.22A
Coordinates
Atom X y z U
Pb1l 0.705 0.130 O 0.0100
Pb2 0.711 0.123 0.5 0.0140
Zrl 0.242 0.124 0.248 0.0013
01 0.250 0.125 O 0.001
02 0.250 0.125 0.500 0.001
03 0.000 0.250 0.250 0.001
04 0 0.500 0.250 0.001
05 0 0 0.250 0.001
R=10.46%, R =16.05%
Rr =5.46%, Rw=6.68%

There are no significant differences on Pb and Zr coordinates (radtPlhare shifted anti-parallel),
but the R factors are obvious larger in no tilts structure model attesting thatinkdeda a—c°) tilt
system has to be taken into account. The diffraction patterns of both expésinaend calculated
structure are shown in fig.23

3.4.2 Existence of a FE intermediate phase or how single-ctgd and powder samples
are different

The existence or not of an intermediate phase is still debated. Even wheh#gs/ed, its polar nature
(FE or rather AFE) or its symmetry (rhombohedral) are not clear. Herestway both ceramic and
crystal of PZO using dielectric, pyroelectric, hysteresis loop and XRDsareanents.

Dielectric permittivity of PZO as a function of temperature is plotted inF&y. While for ceramic,
an obvious difference between heating and cooling scans over 30K (~&WKK ) can be clearly
evidenced, only a sharp dielectric peak which is around 506K is olémarystal whatever heating
or cooling process.

Note that in contrast to our findings, there are some reports showingigtereoe of an intermediate
region even in single crystalbg [152 [156]. Moreover, in our single-crystal, the similar curve on
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Table 3.4 Refined structural parameters and agreement factors for RA@Gom temperature. The coordinates
of O were refined.
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a=5.88A b=11.77A c=8.22A
Coordinates

Atom X y z U
Pbl  0.705 0.129 O 0.0122
Pb2 0.711 0.124 05 0.0125
Zrl 0.241 0.124 0.252 0.0013
0O1 0.285 0.106 O 0.001
02 0.266 0.165 0.500 0.001
03 0.031 0.262 0.242 0.001
04 0 0.500 0.304 0.001
05 0 0 0.279 0.001
R=9.08%, R/ =14.61%
Rr =3.02%, Rw=3.50%
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Figure 3.23 Diffractogram of PZO with Rietveld refinement
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Figure 3.24 Dielectric permittivity versus temperature of PZO

heating and cooling (no hysteresis loop) suggests a second order @mesioin despite the discontin-
uous jump of the dielectric constant. Let us first investigate the intermediateobsse/ed in ceramic
sample. To determine the possible polar character of the intermediate phamseglyic current and
FE hysteresis loop measurements were performed. It is worth mentioning ¢hatéhmediate phase
was observed in several studié$[] [155 [138 [152 [143 [141] [147 [148. Some of them support
a FE phasel5]] [155 [13§ [152 [143 while others support rather a AFE phadel]] [147 [148].
Here, the pyroelectric current is measured on heating and cooling the cesammite around the phase
transition region. On heating, a current peak at 500K is observed withudeiat 504K while on cool-
ing two well separated peaks at 484K and at 505K are evidence®(fi§(a). These peaks confirms
the existence of two phase transitions.
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Figure 3.25 Ferroelectric properties of PZO. (a) shows pyroelectricrent on heating and cooling. (b) shows
a ferroelectric hysteresis loop at 490K. (c) shows caledgpolarization by pyroelectric current data

In the intermediate region i.e. from 490K to 505K on heating and from 475K @X%h cooling,
it is possible to measure a FE hysteresis loop. Big@5(b)shows the hysteresis loop at 490K which
is typical of a FE behavior and thus confirms the FE nature of the intermediatep The remanent
polarizationP; of PZO at 490K is around 7 C/cm 2. Using the pyroelectric current, the polarization
can be also calculated through= f%dT, where v is the rate of heating, S is the area of the disk
sample, T is the temperature. The as-determined polarization on heating is plotted3r2fi¢c) It
gives a polarization value of 46 C/cm 2 which is very close to that determined from hysteresis loop.

The phase transitions can also be investigated using x-ray diffraction reesnts. For the single
crystal which is oriented along [00I] direction, the p.c. (400) is recordeuh 300K to 600K by heating
sample. In case of the ceramic, p.c. (111), (200), (220), (222) Bvagls are measured from 300K to
800K on heating. Some Bragg peaks at different temperatures are plogexbior illustration.

It is clear that the strong shift of the (400) peak for the crystal andglitisg of the Bragg peaks
in the ceramic indicate the phase transitions. Using a Pseudo-voigt shapgbesdidata from 300K to
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600K , the lattice parameters normalized for comparison between crystageardic are shown in fig.
3.27(a)
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Figure 3.27 Normalized lattice parameters (a) and FWHM (b) as a functibtemperature for PZO.

For the ceramic, the structural phase transition occurs at 490K whileyfstatthe phase transition
occurs at higher temperature i.e. at 515K. For both the phase transition m@eatied by a strong
volume change of 0.6%. For both samples the phase transition, according tonfhanjthe volume of
the unit cell, is of first order. This suggests then that even for the simgdtat, the dielectric constant
( see fig3.24(b) should display at least a weak hysteresis through heating and coolindJdtbehat
for the ceramic, it is difficult to extract properly the lattice parameters within ttegrimediate region,
it is why it does not appear in fig3.27(a) To exctract much more information on this intermediate
FE phase, the FWHM is also plotted.27(b) in addition to the data (peak position and width) of p.c.
(222) diffraction peak measured on heating and cooling around the phastior(see fig3.29).

Having a look to fig.3.28(c)and 3.28(d)a clear hysteresis on cooling and heating is observed. It
is worth noting that on heating the change through the intermediate phase ismpfred to that on
cooling. Itis clear that the intermediate phase is FE and thus it is excludedithtgriperature region
can be explained by a phase coexistence of AFE orthorhombic low tempepatase and PE cubic
high temperature phase. Rather one has to imagine another phase phase #hiend should have a
non-centrosymmetric structure. Some authors have suggested a rhonabélieghase. However, this
solution can be safely excluded because while (222) peak indeed heoadihe intermediate phase,
the (200) peak broadens too which is not compatible with a rhombohedral symmssymming a
first-order phase transition towards a FE phase which can not be neitmbohedral nor tetragonal
((222) peak is splitted) and because of group-sub-group relatiorislgppossible to suggest an or-
thorhombic phase with a Amm2 space group. Indeed such phase correspdhd FE orthorhombic
phase of BaTi@ and satisfy all above requirements. We did some Rietveld refinements to ttheck
possibility. It is clear that the Amm2 phase gives a better agreement facubisettier matching be-
tween experimental-calculated diffraction patterns than a cubic or rhrombépbdse ( R are 4.39%,
4.50% and 5.25% for Amm2, R3m and Bm respectively ).

PZO under electric field

It was not possible to induce at RT, the FE state from the AFE state by agmyirexternal electric
field. The reason is that the voltage to be applied is very strong i.e. roughW\Zm and thus the
breakdown occurs before ( 10MV/m). To induce such transition usinig lsigh electric field, the idea
is to go towards thin film. Here we rather decided to investigate the effect el¢ktric field in the FC
regime as we did for pure PFW in the previous section. &9 shows the dielectric constant on FC
regime for electric field values from OkV/cm to 7kV/cm.
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Figure 3.29 Dielectric permittivity of PZO for different electric fiektrengths on FC regime
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As one may see no significative change is observed. Having a carekuldee fig.3.29(b) around
the phase transition one can see that the electric field affects the slop of ¢batifigity (the region
where the intermediate FE phase is observed for ceramics). The slopeaagiag with the electric
field or in other words the phase transition is broad. This tendency vanistiesZFHaFC regime (see
fig 3.30.
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Figure 3.30 Dielectric permittivity versus temperature on ZFHaFC regime

It appears that the electric field does not affect efficiently the progeotiéZO. This can be ex-
plained by the rather weak electric field applied and thus push furthercegesvards thin films where
much higher electric field values can be reached.

PZO under pressure

As mentioned before in order to improve the efficiency of the electric field, asetdrdecrease the
thickness of the sample and thus to go towards thin films. It is well-known thabfoithe main effect
of such size reduction is the stress/strain coming from the clamping onto theasebdtris not our
goal here to study thin films but rather to bring some understanding elemetits effect of stress on
the structure. Therefore in this paragraph we investigate the effegtdobstatic pressure in order to
highlight what would be the consequences on the structure of PZO.

At RT, the AFE configuration in PZO is stabilized. However, a FE phase eainduced under
strong enough electric field (2x 10’ V/m ) [157] [158. The polarization in AFE state comes from
PRt shifts along pseudo cubid 10] or [110] direction. The electric field will rotate all the polar
vectors of 90 but still remaining within the (001) plane.

Such instability can also be produced by external stress. Generallytathibty of the structure
is balanced between the long-range coulomb forces and short-rangfemecepulsions. The pres-
sure has been revealed as a powerful tool to influence interatomic distadcdus is widely used
to investigate structure (in-)stability of ferroelectrics for a long tih89 and multiferroics more re-
cently [16Q [161].

The high pressure behavior of PZO was studied by DIBY], dielectric measurement$63 [ 164],
Raman spectroscopy g [166 and ab initio method]67] [16§. The first studies have found triple
phase points around 0.64 GR#&P] or 0.5 GPa163. Most recent studies have been rather performed at
room temperature and used higher pressure value for the investigation. Ateaghfact, several phase
changes have been evidenced. For instance, there are obviousteges on PZO at 19 GPa and 37
GPa [L64]. Using Raman spectroscopy phase transitions were found near 2.3 &1@Ra 165 [ 164].

A broad dielectric peak at-3 and a sharp one at 19 GPa have evidenced by dielectric measurements
[164). Ab initio method have demonstrated the occurence of a phase transition atwiish is related
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with M3 mode [L6§. Moreover, while X-ray diffraction measurements have showed thabdrtimbic
phases are stabilized under high pressure, it was proposed thattRi£@re becomes monoclinic at
39.9 GPa and changes to another monoclinic phase at 75.9168a |

High pressure synchrotron x-ray diffraction experiments of PZO weréopmed at the European
Synchrotron Radiation Facility (ESRF) on the ID27 beamline up to 60.79 GPdlabomtion with
P. Bouvier and J. Kreisel from LMGP (Grenoble). The wavelength us€d3738 Aand is selected
by a iodine K-edge filter and focused to a beam size of abquin3 The powder sample was loaded
in a diamond-anvil cell (DAV) with diamond tips of diameter 25@ and helium is used as pressure
transmitting medium. The two dimension diffraction images were analyzed using the E&RD
software yielding intensity versu®aiiffraction patterns.

After a careful inspection of the diffraction patterns looking for supecsime reflections and split-
ting of main refection peaks, at least five different phases as a functiaesgyre can be evidenced at
critical pressures: 4.56 GPa, 7.83 GPa, 19.81 GPa, 33.08 GPa and3%a87

At ambient pressure and temperature, PZO has an orthorhombic AFE strwittuf@bamspace
group. There is an obvious superstructure diffraction peak which iséaubas (% %1 0) associated to the
multiplicity of the unit cell (the unit cell is multiplied 4 times in a and b directions). This superire
is then of interest to investigate the evolution of the ambient orthorhombic phaseextra peak is
fitted using a Pseudo-Voigt shape as a function of pressure. Theaigrasspendent parameters are
plotted in fig.3.31

Comparing the interplanar distance of superstructure distance, therbvdoejumps of the su-
perstructure interplane distance at 4.56 GPa, 7.83 GPa and 33.08 GhgalGwy the FWHM of
the superstructure, it starts broad at 55.87 GPa. We also calculated thalistea of superstructure
diffraction, the minimum occurs at 31.3 GPa where no superstructurediiffrawas found (see fig.
3.35(a).

We first checked that after pressure releasing the sample recoversahortibic structure. While
back to ambient pressure the structure indeed recovers its orthorhombe (slaane peaks and same
peak positions and widths) the intensity changes (see3figl(c) and thus reflects the domain con-
figuration changes rather than a new symmetry phase. Therefore thegatiea is done carefully by
comparing all the structural features (peak position, width, intensity) to avgithainterpretation.

Looking at the superstructure peak position &igl(a), three anomalies can be evidenced. The
first one occurs between 0.87 GPa and 4.56GPa. Unfortunately we daveénough data to conclude
on the exact value of the first critical pressure that we fixed to 4.568&%. that a change of the peak
width reflects alos this change (fi§.31(b). Another anomaly is clearly seen at 7.83 GPa on all the
parameters (fig3.31). The most obvious changes occurs at 33.08 GPa with a strong deofahse
interplane distance and an inversion in the intensity evolution. In addition, two atloenalies, more
subtle, can be evidenced. The less obvious one appears at 19.8id€anebe seen on the change of
slope of the intensity (fig3.31(c) and an other higher pressure one can be seen in the change of width
occuring at 55.87GPa (figg.31(b). Both critical pressures are confirmed in the following.

In addition to the superstructure peak, the p.c. ( 110 ) peak is also corsidedetermine the
critical pressures. The fitted parameters were plotted irBfig2

It is obvious that both interplanar distance and FWHM of p.c. (110) sHmmges at the critical
pressures. The pressure dependent interplanar distance disphaggestat 19.8 GPa, 33 GPa and 55
GPa while the pressure dependent width shows modifications at 6-7 GPaR&033 GPa and 56
GPa. The pressure evolution of p.c. (110) gives the same phase trandiiondtion as superstructure
diffraction. The change at 20GPa which was subtle considering the sugtuse peak is now more
obvious because of the splitting of main Bragg peak as illustrated ir8fi3(a) The same situation
occurs also for the high 56GPa pressure phase transition (s&e3&fb).

To summarize six different stable phases are found in PZO under higbupee The typical diffrac-
tion patterns are plotted in fi.34
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The six high pressure phases of PZO are named phase | to VI on iimgrgaessure up to 60.79
GPa. Besides, in order to illustrate the main changes between the diffepmasplig.3.35(a)and fig
3.35(b)are a focus of 2 region associated to the superstructure peak and the main (110) Bigg pe

Fig. 3.35(b)shows clear splitting associated to each phase ané f§.(a)shows clear changes of
the shape and position of the superstructure. Note that for 31.30 GPaptrstsucture peak is almost
absent.

The phase transition between phase | and phase Il occurs betweenRa8h@ 4.56 GPa, this is
consistence with the phase transition evidenced by Raman spectroscogyhé&dita 165 [166], the
broad dielectric peak at3 GPa [L64] and the 4 GPa phase transition found by ab initio calculations
[16§.

The phase transition between phase Il and phase Il occurs at 7.8®GH8&7 GPa) and was not
reported before. The phase transition between phase Il and phasecivs at 19.8 GPa and is in
agreement with the color change, the sharp dielectric peak at 191G6Bahd Raman data suggesting
a phase transition at 17.5 GP6p [ 164].

The phase transitions between phase IV and phase V occuring at 33a0h@ Ehat between phase
V and VI occurring at 55.87 GPa could be related to the two high pressuredtimio phases found by
X-ray diffraction at 39.9 GPa and 75.9 GP&Hf].

Using Crysfire softwared8] the unit cell parameters are determined for pressure below 30GPa
considering an orthorhombic-like phase. It is worth mentioning that aboveP&80Be same treatment
is not possible because it was not possible to extract a satisfying seudd@pending on the FOM
(Figure of Merit) of different unit cells and the results of profile usinga2006 software, the lattice
parameters are obtained. The result is presented in3able

The phase | is similar with the RT structure of PZO, a/éap,c‘, b= Zﬂap.c., C =23 having a
multiplicity of 8 (8 formula unit).

In the phase Il the b axis increases and the unit cell is well described withZey ¢, b = 3v/2a,c,

C = ay¢ having a multiplicity of 12. Note that the ¢ parameter could be also multiplied by two as in
the ambient condition. To extract properly the lattice parameters, for both Il @éses, we used a
Rietveld refinement assuming a Pbam space group. Note that the agrésetmmis not good and thus
Pbam model does not reproduce the measured diffraction patterns ab6@P4. Indeed while the
position are well reproduced there are some discrepancies in the intensity.

For the phase Il and phase 1V, we did Rietveld refinement using the emgplace group for all the
pressure values. We first started the refinement with the data at 31.3@B®ase the superstructure
intensity is not detectable. At 31.30 GPa, the best refinement is obtaingdau€immm space group.
Fig.3.36shows a very good matching between experiment and calculated pattern.

In this Cmmm orthorhombic structure having two formula unit, the lattice parametera are
\/?ap_c_, b= ﬁap_c_, C = &.. The data of the Rietveld refinement at 31.30 GPa are listed in table
3.6. The refinement is improved using anisotropic thermal factors as reportable3.7.
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Table 3.5 The effect of pressure on the lattice parameters of PZO

P/GPa al/A b/A clA  gc/A bpc/A cpclA Vo lA3
Phase |
0.87 5.866 11.754 8.212 4.148 4.156 4.106 70.776
0.87 5.864 11.751 8.209 4.146 4.155 4.104 70.708
Phase Il
456 5.791 17.506 4.072 4.095 4.126 4.072 68.801
456 5.790 17.508 4.071 4.094 4127 4.071 68.780
537 5786 17.496 4.068 4.091 4.124 4.068 68.635
535 5782 17.488 4.066 4.088 4.122 4.066 68.523
5.62 5779 17.483 4.064 4.086 4.121 4.064 68.434
6.08 5771 17.472 4.060 4.081 4.118 4.060 68.229
6.37 5.767 17.459 4.057 4.078 4.115 4.057 68.080
Phase Il
783 5803 5742 4.048 4.103 4.060 4.048 67.441
9.74 5788 5721 4.037 4.093 4.045 4.037 66.839
11.47 5771 5697 4.024 4.081 4.028 4.024 66.149
1294 5760 5680 4.014 4.073 4016 4.014 65.663
14.81 5.747 5659 4.002 4.064 4.002 4.002 65.077
1582 5.740 5.647 3996 4.059 3.993 3996 64.763
16.53 5.733 5.638 3.991 4.054 3987 3.991 64.500
17.71 5725 5623 3.982 4.048 3976 3.982 64.094
18.44 5720 5.615 3.978 4.045 3970 3.978 63.882
Phase IV
19.81 5.711 5600 3.970 4.038 3960 3.970 63.483
20.88 5.704 5588 3963 4.033 3951 3.963 63.158
2286 5.689 5565 3.951 4.023 3935 3.951 62.543
2342 5.686 5559 3948 4.021 3931 3.948 62.395
25.15 5.675 5541 3937 4.013 3918 3.937 61.900
26.88 5.663 5521 3926 4.004 3904 3926 61.374
28.33 5655 5509 3920 3999 389 3920 61.061
29.48 5.647 5.496 3.912 3993 3.88 3.912 60.706
30.02 5.644 5491 3910 3991 3.883 3.910 60.588
31.30 5.635 5.478 3.902 3984 3.874 3.902 60.224

Table 3.6 Refined structural parameters and agreement factors for BZ&1.3 GPa
a=5.636A b=5478A c=3.902A

X y z U
Pb 0 0 0.5 0.0071
Zr 0.5 0 0 0.0018
01 0.25 0.25 0 0.0906
02 0.5 0 0.5 0.2062
R=5.44%, R,=7.39%
Rr =4.08%, Rw=4.48%
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Figure 3.36 Diffractogram of PZO with Rietveld refinement at 31.3 GPa

Table 3.7 Refined anisotropic thermal parameters for PZO at 31.3 GPa
a=5.635A b=5478A c=3.902A

U1 U2 Uss Ui Uiz Uz2s
Pb 0.0201 | 0.0043 | -0.0010 | 0.0000 | 0.0000 | 0.0000
Zr 0.0089 | -0.0141 | 0.0070 | 0.0000 | 0.0000 | 0.0000
01 -0.0184 | 0.2277 | 0.4747 | -0.1229 | 0.0000 | 0.0000
02 0.4789 | -0.0029 | -0.0932 | 0.0000 | 0.0000 | 0.0000
R=4.01%, R, =5.40%
R =2.21%, Rw=2.59%




3.4. REEXAMINATION OF LEAD ZIRCONATE PROPERTIES

In Cmmm group, the P, Zr*+ and G are fixed by symmetry and there are no oxygen octahedral
tilting. It is interesting to remark that Cmmm is a supergroup of Pbam ( No. 55 Jwisithe ambient
pressure structure of PZO and a supergroup of Cm2m ( No. 123 )whilel &ectric field induced FE
structure in PZO. No improvement is obtained using this last ferroelectrigpgaad thus we can not
conclude on the polar character of the real structure. Note that thgelodminit cell can be looked as
an extending or a shrinking of the b axis with the anti-parallel shifts 8f Recreasing continuously
until becoming zero at 31.3 GPa.

Concerning the pressure between 7.83GPa and 31.30GPa, we used @aremgreup to determine
properly the unit cell parameters with Jana2006 through Rietveld refitremiote nevertheless that
Cmmm is not the true space group as there is superstructure peaks fer@ktsure values (fi@.37
and fig.3.39.
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Figure 3.37 Diffractogram of PZO with Rietveld refinement at 7.83 GPa (arrows indgatger-
structure peaks)

Note that the only pressure where the superstructure is not seen i&SPhR 3t below and above
this pressure we still continue to observe it. Indeed3i§9(a)shows a selected region of the diffraction
pattern for a couple of pressure showing obvious change of the stwotd at the same time f8939(b)
shows clear superstructure peaks in this new phase.

The p.c. cell volume is fitted by a third-order Birch-Murnaghan EoS by HOSV5.2) [169 from
0.87 GPato 31.3 GPa. There is a good fit agreement as shown &n4iy.

Vy is found to be equal to 70. 99 A, very close to ambient p.c. volume of PZO whith.id A. Ky
is 146.12 GPa a value between 104 for PhMib,/305 [170 and 238 for BiFeQ@ [160], Kp is 3.34
between 2.2 of BiFe®[160 and 4.7 of PbMg,3Nb,/303 [170.

More complex phase transitions occur above 31.30 GPa (sée3figa)and fig. 3.35(b). Phases
IV, V and VI show clear splittings but unfortunately no satisfying spaagrto describe the struc-
ture was found. Note nevertheless that the cubic phase is never deagdre at the highest pressure
value as observed in other systems like in normal ferroelectric Pp[li®@1], relaxor ferroelectric
PbZn ;3Nb,/303 [172 or multiferroic BiFeQ [160] [161].
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Figure 3.38 Diffractogram of PZO with Rietveld refinement at 19.81 GPa (arrows ind&auper-
structure peaks)
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Figure 3.39 Diffraction patterns for selected@regions at 31.30, 33.08, 38.68 GPa
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Figure 3.40 Pressure-dependent evolution of unit-cell volume of PZO

3.5 Conclusion

In this chapter, we investigate in details the different properties of both BRUVPZO. In case of
PFW, there exists a long-range and short-range both polar and magrigtis.oThis situation is ex-
plained through several instabilities which are in competition. Several peterigoeratures have been
evidenced including the freezing temperature (150K), the temperatur@assdo macroscopic polar-
ization (170K), the local Curie temperature (240K) at which a phase transiome induced using
an external electric field, the Néel temperature (358K) and the spin-gtastkb). All these physical
properties can be related to the structure. Indeed while the structure secodiic on average, several
structural changes in the volume can be evidenced. The key entities Hmitmgolar and magnetic
properties are directly related to the local Pb disorder and to chemical irderaities through random
distribution of Fe and W ions and some local chemically ordered regions.

PZO is antiferroelectric with an orthorhombic structure having oxygen odtahéts. There exist
also some instabilities especially in the region approaching the cubic phaseowigietition with a FE
intermediate phase. The stability of the AFE phase can be also affectecetengal pressure. Indeed,
five presure-induced phase transitions have been found.

Itis then of interest to combine both compounds in order to get a solid solutiongseweral kinds
of instabilities. This is the goal of the next chapter.
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Chapter 4

Lead Iron Tungsten - Lead Zirconate
Solid Solution System

Preparing solid solution system is a common strategy for adjusting critical tempsratud bringing
new and (or) unexpected properties. In fact, there are already natayive strategies using PFW as a
end member for either fabricating room temperature FE or studying interesting muitifieetwaviors.

In this chapter, following a short literature on PFW based solid solution systeémsnteresting and
rich properties of PFW-PZO will be introduced.

4.1 Literature review on lead iron tungsten based solid solution systems

41.1 PFW-PTO

PbTiO; ( PTO ) is a well-studied displacive type of ferroelectic material. It has tertalgsymmetry
( space group P4mm) with the spontaneous polarization vector parallel tcatkie.cand undergoes a
cubic-to-tetragonal first-order phase transformation upon cooling & 6383 [174).

In order to modify polar orderslfL9 [175 [178 [11] [179 [187 [4]1] [115 [12Q or fabricate
novel multiferroic materials8Q) [181] [115 [184], PFW-PZO solid solution was considered recently.
A complete solid solution between PFW and PTO can be gotten by solid reaction method.

Fig.4.1(a)shows the polar diagram of PFW-PZO by combing various dielectric, diffesx@anning
calorimetry (DSC) and X-ray diffraction methods. A slight rhombohedral distovtiasmfound for small
PTO content solid solution; large PTO content solid solution crystallize in a PT®#kem structure.

A morphotropic phase boundary ( MBP ) was found betwe&20% PTO and- 40% PTO where both
rhombohedral and tetragonal coexist.

Different with polar phase diagram, many confused conclusions weagnelol for magnetic phase
transition. Magnetic phase diagram of PFW-PTO shows indfigy(b)which was plotted by combining
the experiments of SQUIDLBQ [115 and acoustic emission ( AE 184. Firstly, a low temperature
phase transitionTyz in the figure) was found, in addition to the antiferromagnetic phase transitjgn (
in the figure ). In our opinion]ys is spin glass phase transition as in pure PFW. Second, the tendency
of Tn2 with the content of PTO is not clear. People even proposed a corersbdél to explain the
confusion L84 [183.

41.2 PFW-PZT

After starting the work of PFW-PZO, we noticed a encouraging result warehpublished in 2009.
Magnetic control polarization is possible in P&V, 303-PbZip 53Ti.4703 (PFW-PZT) [185 [186

[187.
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Figure 4.1 Phase and magnetic diagrams of PFW-PT. x represents thetiguahPTO in the solid solution.
In fig (a), square points are experimental data of dielegtflircle points are experiments of DSC; data from
different authors are separated by color of points. In fig ¢lBJo magnetic phase transitions were marked gy T
and Ty2 which is related to antiferromagnetic phase transitioradk points are the experimental data of SQUID;
red points are the experimental data of AE; green point aeedimgle crystal data.

Fig. 4.2shows magnetic field control of polarization; magnetic field switches polarizetipero at
0.5 T. The result suggests the strong magnetoelectric coupling in PFW-PEH isfook as a birelaxor,
consistence with strong magnetoelectric coupling in magnetoelectric relaxoragrktoelectric multi-
glass 188 [189. However, magnetic field switched-off polarization in PFW-PZT was ngkeoled by
other authors19Q [191].
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Figure 4.2 P-E hysteresis under the application of external magnetic field from 0 to Otafiges
polarization to zero. The inset is the P = 0 relaxor state on expanded sdabayisg a linear lossy
dielectric [185.

4.1.3 Antiferromagnetic phase transition

Considering our aim of fabricating novel multiferroic by combining PFW and BE®,emergent to
get a clear information that how is antiferroelectric magnetic phase transitioericfd by solid so-
lution. Unfortunately, we did not find obvious conclusion in PFW-PTO. H#re phase transition is
consider by combining the results of PFW-PTO with other PFW based solid salpBofg 3W1 /303
PbFQ_/ZNbl/zog(PFW'PFN) [I.ga, PbFQ/ng/gog'PbSQ/3W1/303(PFW'PSW) ﬂ.g:ﬂ, PbFQ/3W1/303-
PbSg/3W1,/303-PbTiO;(PFW-PSW-PTO) and PbEgW303-PbSg 3W1 /303-BiFeO3(PFW-PSW-BFO)
[194.
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4.2. PFW-PZO SOLID SOLUTION

We plotted the relationship between antiferromagnetic phase tran$itiand content of F& in
related solid solution which is shown in figl.3. Ty is localed between 160K and 360K but there is
not a clear regulation betwedR and content of F&. After careful checked all the original literature,
we find that antiferromagnetic phase transition is weak peak on magnetic SbititgpAlso, magnetic
field dependent spin glass phase transition is not noticed by many authersnisnamedy may be
published.
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Figure 4.3 Ty versus content of Be for PFW based solid solution. Black point represents datum of
PFW-PFN; the red, green, blue and cyan points represent data of-PFWPFW-PSW, PFW-PSW-PT,
PFW-PSW-BF respectively, soft red points represent data of PFWHe <rystal.

4.2 PFW-PZO solid solution

PFW-PZO is a good candidate to study. We already demonstrated that maegsiefjfreedom exist
in both PFW and PZO. PFW is a so-called relaxor ferroelectric witlx adar to 180K and exhibits
an antiferromagnetic phase transition beloy ffear 358K and a spin glass phase transition near 5K.
It is already a multiferroic and possesses for both ferroic parametess; simd long-range orders
and thus strong instability with respect to external stress. PHZRXO ) is an antiferroelectric with
high Tc near to 500K and exhibits a ferroelectric phase which is sensitive to temperaaumple... .
Moreover, PZO alsp displays oxygen octahedra tilts ( or antiferrodigéoysn addition to antipolar
structural shifts. In tilted structure, A-ions off-centering on adjacemd &re not equivalent, which may
favor AFE state rather a FE one in the non-tilted structlid [In short, antiferrodistorsive is needed for
antiferroelectic. Very often magnetic compounds crystallize in tilted phasePerga), (La, Sr)MnO3.
Thus, antipolar and/or AFE with magnetism should coexist interestingly. Alsoplate solid solution
is possible 195 and critical temperature must approach room temperature.

After many tentative experiments, we successful fabricated completexjPte 3W; 303-XPbZr0s
(xPZO, x varies from 0 to 100 )solid solution without any parasitic phaséednsof describing specific
preparing processing, we will directly discuss the interesting propertigeafolid solution.

4.3 Crystal structures of PFW-PZO

The crystal structures of PFW-PZO were firstly investigated at room tetuperay X-ray diffraction
which is produced by Cu target including botfnkk,> beams. After directly checking diffraction pat-
terns, we found that a PFW similar structure keeps up to 40PZ0. Themy type diffraction pattern
was observed from 50PZO to 90PZO; at last, a PZO like structure sgapéar 95PZ0. Non super-
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structure diffraction was found in all the diffraction patterns, it suggestsatheaompounds crystallize
in a perovskite structure which is also expected because both PFW andref@rovskites.

Rietveld refinement was used to investigate precise structural informatioR&¥rPZO. The ho-
mogeneous powder samples were used for data collection. The data wereedditem 5 to 147
which is the maximum of our diffractometer by a step 0.02&8 every points stay 10s.

It is very surprising PFW-like cubic even exist for 40PZO because RF@Ady becomes instable
after % PTO for solid solution PFW-PTO. Therefor, both cubic3@mand a polar R3m space groups
which is the most possible model were considered during Rietveld refinememievidp R3m does
not show any advantagies because there is non obvious shifts of caatidriarger R factors were
gotten comparing with cubic PBm space group. In this average cubic structure, a parameter of unit
cell increases by a step of 0.2 Afor every 10% PZO. Becau$e as larger ionic radius comparing
with W8+ or Fet [196], the evolution of lattice parameter suggests the B site replaced®y Zr

The splitting regulations of Bragg peaks satisfy rhombohedral symmetry weatottient of PZO
changes from 50% to 90%. All the compounds were successful refinadhmmbohedral R3m space
group. The simulation and experimental data match very well, i.e. shown4dn4fifjg.4.5and4.6.

The cubic PrBm space group was also built for comparing. The p.c. Bragg (200)228) peaks
are plotted in fig4.7including the simulated peaks. Rhombohedral model gives much better matching
profile for both (200) and (222) peaks than cubic. In fact, cubic §ve5.33 and Rw 5.47 which
are significantly larger comparing with.R2.27% and Rw 2.96% by rhombohedral structure. Also,
abnormal u factors were found during simulation by cubic structure. Weae¥iltlse dielectric properties
also imply intrisic different between 40PZO and 50PZ0.
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Figure 4.4 Rietveld refinement plots for 50PZ0O. Points are experimental data; dieenare simu-
lated diffraction peaks; red lines are the differences between two.

The hexagonal triple obverse cell was used during refinement. Thethrae formula units for
every cell. The P coordinates was firstly directly decided by change flipping method and then
refined. Rietveld refinement gives us the crystallographic data of the sdlitios, i.e. tablé.1, 70pzo-
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Figure 4.5 Rietveld refinement plots for 70PZO. Points are experimental data; dieesnare simu-
lated diffraction peaks; red lines are the differences between two.
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Figure 4.6 Rietveld refinement plots for 50PZ0. Points are experimental data; dimesare simu-
lated diffraction peaks; red lines are the differences between two.

65



CHAPTER 4. LEAD IRON TUNGSTEN - LEAD ZIRCONATE SOLID SOLUTIN SYSTEM

(@) (200) peak versus simulated peak(by (222) peak versus simulated peak by
cubic model cubic model

(c) (200) peak versus simulated peak(dy(222) versus simulated peak by rhom-
rhombohedral model bohedral model

Figure 4.7 P.c. Bragg (200) and (222) peaks ( points ) versus simulaiffdction peaks (lines) for 50PZ0 at
300K

refinement and.3 show the data of 50PZ0, 70PZ0O and 90PZO.

Table 4.1 Refined structural parameters and agreement factors foiZ&DRt room temperature

a=5.763A c¢=7.074A
Coordinates

Atom X y z U

Pbl1 O 0 0.500 0.0619
Zrl 0 0 -0.030 0.0044
Fel 0 0 -0.030 0.0044
w1 0 0 -0.030 0.0044

01 0.3910 0.1955 0.1399 0.0030
R=9.24%, R =12.34%
Rr =2.27%, Rw=2.96%

Ferroelectric spontaneous polarization origins from the the shits of ions nit&ell, i.e. , the
Ti* shift in a BTO unit cell. Therefore, polarization can be directly calculatemmtng to atomic
coordinate and unit cell parameters by formula:

1 ~
PC:VIZQiri (4.1)

Here, V is the unit cell volume, Q is the charge of i igh,s the shit of i ion. The formula give a
direct method to calculate polarization, in deed, we did calculate for PFW-RZ0ind that the major
contributor to polarization is P ( fig.4.8). The results, once again, prove that lone pa#‘Pb the
origin of lead based ferroelectric.

X-ray diffraction pattern of 95PZ0 is similar with PZO, suggesting orthorhombidearoelectric
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Table 4.2 Refined structural parameters and agreement factors foZAt room temperature

a=5.816A c=7.154A
Coordinates

Atom X y z U

Pbl 0 0 0.637 0.0529
Zrl 0 0 0.101 0.0013
Fel 0 0 0.101 0.0013
w1 0 0 0.101 0.0013

o1 0.380 0.190 0.249 0.0188
R=9.61%, R =13.57%
Rr =2.52%, Rw=3.34%

Table 4.3 Refined structural parameters and agreement factors foZ@Rt room temperature

a=5.850A c=7.206A
Coordinates

Atom X y z U

Pbl 0 0 0.724 0.0334
Zrl 0 0 0.189 0.0069
Fel 0 0 0.189 0.0069
w1 0 0 0.189 0.0069

01 0.332 0.166 0.328 0.0365
R=10.96%, R =15.41%
Rr =3.72%, Rw=4.29%
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Figure 4.8 Polarization versus compositions. Black points are experimental datangrests are

calculated by PB" shifts.
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structure. For illustration, we show the Room Temperature (RT) Rietveld refimewsults. The ex-
perimental diffraction pattern and the calculated one are plotted irtfigand the refined parameters
are listed in tablet.4. During refining, the ADP of oxygens are rational fixed. The anti-pardike
placements of PY along p.c. [110]-direction are 0.25Aand 0.19A. The values are slight sntiadlar
the anti-parallel displacements of$1in PZO which are 0.26Aand 0.23A.

Table 4.4 Refined structural parameters and agreement factors foZ@bBt room temperature

a=5.86A b=11.75A c=8.21A
Coordinates
Atom X y z U
Pbl 0.793 0.131 O 0.021
Pb2 0.783 0.122 05 0.011
Zrl 0.257 0.119 0.251 0.0047
Fel 0.257 0.119 0.251 0.0047
w1l 0.257 0.119 0.251 0.0047
o1 0.229 0.119 O 0.001
02 0.215 0.120 0.500 0.001
03 0.998 0.261 0.273 0.001
o4 0 0.500 0.243 0.001
05 0 0 0.245 0.001
R=13.04%, R =16.80%
Rp =7.27%, Rw=8.08%

The structural study of PFW-PZO reveals three structures, cubic, rhoedbal and orthorhombic
depending on the content of PZO (fi§.10. Interestingly even unexpected, cubic is quite stable up to
40PZ0O. However, a local polar order and oxygen octahedra distortstnoisgly expected because of
PNRs in PFW and antiferrodistortive in PZO. The continuing deformation afmddohedral was found
after 40PZO by composition adjusting effect (fid.O(a). The unit cell volume linear enlarges up to
90PZ0, accompanying a reducing which marks the appearing of orthorhomlsitise. Rhombohedra
is a classic ferroelectric structure, thus room temperature ferroelectrasshbe in PFW-PZO as we
already described by polarization calculation.
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Figure 4.9 Rietveld refinement plots for 95PZ0. Points are experimental data; dieeshare simu-
lated diffraction peaks; red lines are the differences between two.
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4.4 Phase transitions and polar properties of PFW-PZO

4.4.1 (100-x) PFW -xPZ0O:0<x<40
Phase transitions

Itis interesting to investigate the stability of cubic solid solution because the richpbase transitions
were found even in pure PFW. The Bragg (200), (220) and (228kspwere recorded from 80K to
450K, i.e., Bragg peaks of 40PZ0O are plotted in4ijL. All peaks keep single whatever temperatures
but the intensity at low temperature is significantly small. As we already discubsdaehavior suggest
the presence of polar shift in a short range.

The short range order is difficult to be observed by direct splitting afjBrmpeak but may sensitive
with the size of unit cell 32]. This is the case for pure PFW. Thus we first checked the evolution of
FWHM, unfortunately, the results are quite confused. Instead, thetewolof lattice parameters give
rich informations. Fig.4.12 shows lattice parameters versus temperature for three different relaxor
solid solution, 20PZ0, 30PZO and 40PZ0.

On cooling, a linear shrinking of the lattice parameters is firstly obeyed, it istdd@s phase I. A
anomaly occur at 320K, 380K and 390K for 20PZ0O, 30PZO and 40R&pectively. Then, 20PZ0O
keeps almost constant lattice parameter but a slow shrinking is obsen@dFZO and 40PZO0, this
is denoted as phase Il. Another linear shrinking of the lattice parametegstseflhase Il which is
stable between 260K-180K, 260K-210K and 300K - 200K for 20PZ»,Z0 and 40PZO respectively.
Phase IV exists between 180K - 130K, 210K - 160K and 200K-160KR6# 20, 30PZO and 40PZO
and there is a sharp decreasing the lattice parameter for 20PZ0. A platsédeisced at last which is
phase V, similar with other relaxor PFW, PMN... .

The common character is that five phases are separated by four @restdns which are noticed
by anomalies of lattice parameter versus temperature. The phase at herigimagifferent with the
common concept. It should be a local polar shift because the structtive blid solution is still cubic.
But, it is quite surprising that there are so many 'phase’ transition.

Dielectric properties

We also did dielectric measurement from 1kHz to 1MHz to study the polar beh&ig.4.13shows the
dielectric response for every composition. The dielectric relaxation is oliséwall four compounds.
Temperature of the dielectric maximum {7} increases with the content of PZO in the solid solution.
It is 220K, 254K, 282K and 314K at 1kHz; 232K, 264K, 296K and R2& 1MHz; for for 10PZO,
20PZ0, 30PZO and 40PZO respectively. Thus, 40PZO is a room tempeerataxor. The results
consist with the X-ray diffraction that the average cubic but local shiffsoddr.

Large dielectric permittivities is noticed especially at high temperature and laydrey ( fig.
4.13(a)) which is not a intrinsic behavior because it is strong dependent on samipldact, this
relaxation is losses related which can be clearly noticed by dielectric losstaveysus temperature
(fig. 4.14). The relaxation satisfies Arrhenius relationship and gives a thermal tamtivenergy around
0.5 eV for 10PZ0O and 20PZ0O which implies the defects related relaxation asVh PF

Relaxor show interesting Vogel-Fulcher freezing, i.e.. PFW, PMN. Adagrthe experiments, the
behavior was fitted by least-square method and fitted parameters are listeld ihaThe validation of
the fitting is shown in fig4.15where black points are experiments but the lines are fitted Vogel-Fulcher
relationship. The relaxor solid solution obeys Vogel-Fulcher freezing,ditiad, freezing temperature
increases with the content of PZO. It suggests that the relaxation is exthayB site Z#* replacement.
One of critical ingredient of relaxor is the quenched random electricstrath fields. It is obvious that
B site Zr*+ replacement will enhance the fields. The relaxation activation energy is alh@same
for all relaxor solid solution and comparable with PFW. Importantly, the freezing textpe is also
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reflected by X-ray diffraction. It matches with the phase transition betweeseRhi Phase Ill. Thus,
different with PFW, there are other polar activities below freezing temper&turelaxor solid solution.
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Figure 4.15 Int versus 1/(F-T¢) for 10PZO, 20PZ0O, 30PZ0 and 40PZO. Points are the expetiaheata;
lines are the fits with with parameters given in tablle

Table 4.5 Vogel-Fulcher freezing parameters for PFW, 10PZ0O, 20PATP,Z0 and 40PZO

X T; fo Ea | A(Tm(IMHz)-T)
PFW | 150 | 5.30x10™2 | 0.067 34
10PZO| 188 | 1.45x10'2 | 0.037 44
20PZO| 233 | 1.14x10%2 | 0.037 31
30PZO| 265 | 6.27x10° | 0.023 31
40PZO| 293 | 1.15x10'2 | 0.037 31

Except polar freezing, relaxor also displays interesting diffuse phassitions which is described
by powder law. We also use least-square method to fit the diffuse phaséitmas for relaxor solid
solution. The fitted parameters are list in talllé and the validation of fitting is shown in figd.16
). The relaxor solid solution obeys powder lay.approaches complete relaxor which hag a 2.
Increasingey, and Ty, but decreasingy, may suggest that polar order is stabilized or/and enhanced by
solid solution with PZO which brings long range polar order. In fact, we fiedctlolution of broadening
parameted, obeys mean field theory. In fif} 17, black point are experiments and red line is the fitting
curve by mean field theory based formdlall (x; —x)?. The fitting gives a¢ which equals to 43. It
suggests 43PZ0 is a critical composition. In fact, room temperature strudtwatgladready shows that
that PFW-PZO shows a cubic structure for 40PZ0O but a rhomboheduratste for 50PZ0.
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Table 4.6 Powder law parameters for x PZO (x=10, 20, 30 and 40)
X &n Tnm 1% o
10 2800 234 1.84 38.69
20 3775 265 1.83 36.74
30 4014 296 1.76 29.61
40 5448 326 1.62 20.49

0 L 1 1 1 1

0 10 20 30 40 50
X

Figure 4.17 The broadening parameter as a funtion of x
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Curie-Weiss law also was observed for relaxor, i.e., PMN. The line deiagaf lattice parameter
at phase | is similar with the behavior of ferroelectric at paraelectic ph@ikerefor, we study the
dielectric behavior at high temperature far from conventional relaxationmegiig. 4.18) shows the
Curie-Weiss behavior for relaxor solids solution. After careful examinirgdielectric permittivity
and Curie-Weiss law, we find that the deviation temperature between two is the fphaasition point
between phase | and phase Il. The deviation temperatures are also affliaaviich is not so far
from T* [32]. Both disturbing lattice parameter and Curie-Weiss law deviation suggess BNIRs
static behavior on cooling around 400K.
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Figure 4.18 1/¢' versus T for 10PZ0O, 20PZ0O, 30PZO and 40PZO. Points are theriempntal data; lines are
the fits by Curie-Weiss law

Ferroelectric properties

We already clear the phase transition from phase | to phase Il is bedarts®gsof static polar and the
phase transition from phase Il to phase lll is because polar freezimgever, there are more two phase
transitions waiting to study. We did ferroelectric hysteresis loop experimemelxor solid solution
over large temperature. Fig4.19 shows P-E relationship of 20PZO and 40PZO at three selected
temperatures. Between high temperature paraelectric state and low temperatarentegerroelectric
state, a ferroelectric hysteresis loop is observed. 20PZ0 has a 'Soiypevhich is similar with PFW
but 40PZO shows a rectangular one which is similar with normal ferroelectric

The temperature dependent P-E loops are summarized infitf) where both polarization and
coercive field are plotted as a function of temperature.

On cooling, the polarization appear at a temperature which match the phase transitigghse I
to phase lllI; then, it stays stable with a plateau; after two different palwiz decreasing states were
observed. The two less ferroelectric states correspond to the phasiidrafrom phase Il to phase
IV and the phase transition from phase IV to phase V. The maximum polarizati®6uC e cm 2,
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Figure 4.19 P-E relationship of 40PZO at different temperatures

6.8uCecn?, 2.65uC/cmit and 6.8uC/cn ! for 10PZ0O, 20PZ0, 30PZO and 40PZO. The values are
smaller than the polarization of PFW or PZO and there is no obvious regulatiordrethe polarization
and the content of PZO. In fact, PZO shows both antiferrodistorsig@atipolar structural shifts which
favor a less or antiferroelectic state. In a average cubic, the strongetivimms between the short range
polar and antiferrodistorsive ( or / and antipolar ) gives the true evolatigolarization. At last, a no
ferroelectric or antiferroelectric is produced.

4.4.2 (100-xX)PFW -x PZ0O:50< x < 80
Phase transitions

We already demonstrated PFW-PZO crystallines in a rhombohedra structorés®®z0 to 80PZO
which is a classic ferroelectric structure. The rhombohedra is instable &thoperature accompanying
tilts of octahedral for PZT. We also investigated the stability of rhombohedrBFoV-PZO by X-ray
diffraction.

Fig.4.21and fig.4.22show some diffraction peaks of 50PZ0O and 80PZO at selected temperatures.
All diffraction peaks are single at high temperature; then, p.c. Bragg (&&£))s single on cooling but
p.c. Bragg (220) and (222) peaks split in two. It should be noticed tleaintensities of Bragg peaks
decrease with temperature decreasing is a abnormal behavior as we aesadbed, especially for
Bragg (222) peak. The (222) peak is strongly related to oxygen ahtah&he decreasing of intensity
suggests new or difference tilts occur at low temperature for rhrombohelittaslution.

The lattice parameters and unit cell volumes of rhombohedral solid solution catrelated by
fitting Bragg peak using P-V function. Fig.23shows the unit cell volumes and FWHM as a function
of temperature.

On cooling, the unit cell volume of 50PZO firstly decreases, then slowly &se® below 360K,
reaches a maximum at 260K, then decreases again below 260K with astwther The unit cell
volume evolution shows two anomalies at 360K and 260K. The similar behavie@lso found for
60PZ0O, 70PZ0 and 80PZO. Three different phases which are maskeldase |, Phase Il and Phase Il
in fig. 4.23exist for rhombohedra PFW-PZO solid solution. The phase transitions ocd00K and
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Figure 4.22 P.c. Bragg diffraction peaks (200), (220) and (222) of 80PZdifferent temperatures

340K for 60PZ0; they are 420K and 270K for 70PZ0O; 450K and 39@@#Z0. The phase transitions
are also proved by the variation of FWHM.

Phase Il is a cubic structure and Phase Il is a rhombohedral R3m strumttidee structure of phase
Illis not clear. R3c is expected for Phase Il because there is nowdeplitting of Bragg peaks and it
is a tilts structure 'fighting’ polarization.

Dielectric properties

The dielectric permittivity of rhomboheda solid solution was measured from 1kH&itdz over large
temperature range. Fig4.24 shows the dielectric permittivity at 1kH, 10kHz, 100kHz and 1MHz
for 50PZ0O, 60PZ0, 70PZ0 and 80PZO. One of common characteyf isdependent of frequency as
expected for a normal ferroelectric phase transition. In additigiproves the phase transition between
phase | to phase Il by the evolution of unit cell volume. However, dielectiakshows a flat or diffused
shape, especial for 50PZ0O and 60PZO0, instead of a sharp pedkssiccferroelectric. The peak of
80PZO is similar with classic ferroelectric.

In fact, the character of diffused dielectric peak is also reflected byeGMeiss law fitting dielectric
permittivity.

Fig. 4.25shows the reciprocal of dielectric permittivity ( the black points) as a functiaeroper-
ature. The red lines in the figure is the fitted Curie-Weiss. According landasegtransition theory, in
FE phase, Curie-Weiss is expressed by:

, C c
TN T) (o T) @2
Thus, we fitted both paraelectric and ferroelectric phases. The fitteanpaers are listed in table
4.7. Typical, the dielectric permittivity deviates from Curie-Weiss law about 5@iér than 5. For
50PZ0, 60PZ0 and 70PZ0, & Ty, for 80PZO, 1, is slight larger than gwhich is similar with classic
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ferroelectric. For all the compounds, the &most equals to half of C as expected by Landau phase
transition theory.

Table 4.7 Curie-Weiss parameters ang, Tor rhombohedra solid solution

U

X C To C Ty | Tm
50 3.72«<10° 372 1.20x10° 332 369
60 1.20<10° 409 | 5.77x10* 365| 392
70 1.46<10° 432 8.27x10* 409 | 406
80 1.30<10° 440 | 5.70x10* 448 435
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Figure 4.25 1/¢' versus T for 50PZ0O, 60PZ0, 70PZ0 and 80PZO. Points are theriempntal data; lines are
the fits with parameters given in tabier

0.0000
300

Ferroelectric properties

We show in fig. 4.26 P-E at selected temperature for rhombohedra solid solution. P-E shows three
different behaviors depending on temperature. Because the thermvel i@téited defects conductivity,

we observe a 'banana’ P-E loop(7] at high temperature which is at phase ; a ferroelectric hysteresis
loop is observed on cooling at phase Il; interestingly, P-E shows showsa ledavior at phase

lll. The dependences of polarization and coercive field as a functivengberature are plotted in fig.
4.27. There are three well-defined polarization regions. Polarization appelars c and is stabilized

over large temperature range; then, it linear decreases on cooling. Theotarization transition
temperatures match well with the anomalies of unit cell volume by X-ray diffractiarge polarization

is found in rhombohedra solid solution and all of them are room temperatusefectric. 70PZO

even has a polarization 13C/cn2 which is larger than both PFW or PZO. Beyond finding the
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Figure 4.26 Some character FE hysteresis loops for 50PZ0O, 60PZ0O, 70R®IBaPZ0
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Figure 4.27 Polarization, coercive field versus temperature for 50PBARZO, 70PZO and 80PZO

ferroelectric of phase II, we find a interesting no ferroelectric phdsiterestingly, polarization does
not display a sharp change between phase Il and phase lll; it sladsedses on cooling sample.
The behavior shows a second order phase transition character.tiddess, we still expect the tilts
of oxygen octahedra related phase transition is related to the no ferraefdwse Ill. Logical, anti-
polar as happening in PZO is also expected. Perhaps, both tilts and amtisigela real polar state for
rhombohedra solid solution at low temperature.

4.4.3 90PzZO
Phase transitions

Bragg peaks splitting of 90PZO ( fi§28) also suggests rhnombohedra symmetry at low temperature.
Different with other roombohedra solid solution, Bragg (222) peaks at loypégature has large inten-
sity and the splitting is well separated.

Dependences of unit cell volume and FWHM of Bragg peaks are plottegl #h.#19(a) The FWHM
of (200) peak remains constant whatever temperature as one would &xpacubic phase. A large
enhancement of width of (220) and (222) below 460K is obvious. It sekenrhomboheda is stable at
low temperature. However, after calculating the unit cell volume which is shownfig. 4.29(b) we
find two new anomalies except the phase transition at 460K: there is a olop®f unit cell volume
at 390K and constant unit cell volume evolution is disturbed at 250K followmather linear shrink on
cooling.

A complete diffractogram was recorded at 100K for investigation the structynametry at low
temperature. Surprisingly, the data still can be refined by R3m spaceghicipis a room temperature
structure of 90PZO.
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Dielectric and ferroelectric properties

The dielectric permittivity of 90PZO is plotted in fig30(a) A sharp dielectric peak, at 463K, is
observed at 463K. The dielectric permittivity obeys Curie-Weiss law, thel fiigegs 439.7K and ‘g is
487K. 90PZO exhibits a classic ferroelectric behavior.
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Figure 4.30 Dielectric permittivity and reciprocal dielectric pernitity of 90PZO. Lines is fitted Curie-Weiss
Law

The polar order of 90PZO is studied by P-E loop. Eigl(a)shows the FE hysteresis loops of
90PZO at 300K. The polarization and coercive field are depicted in4i§1(b) The polarization
appears below 460K which is the evidenceglBy X-ray diffraction, keeps a large polarization u9
Cl/cm?. On cooling, polarization starts decreasing below 390K and shows anotireainat 260K. In
fact, these transitions are expected because we find the anomalies of wolwmié evolution.

We did not find dielectric abnormal behavior around 390K. Howeverptiase transition at 260K
is noticed by both dielectric permittivity (fig4.32(a) and pyroelectric current (fig4.32(b)). The
hysteresis behavior of pyroelectric current implies a first order plrassition switching occurs at
260K. Pyroelectric current also suggests the polar switching aroudi.26
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Figure 4.31 Ferroelectric hysteresis loop and temperature dependenégolarization and coercive field of
90PZ0O
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Figure 4.32 Evidences of phase transition around 250K
4.4.4 95PZ0O

95PZ0 crystallines in a orthorhombic structure which is similar with PZO. The pinassition was
studies between 300K to 600K. Some Bragg peaks at different tempearanerelotted in figl.33for
illustration. At 500K, all the Bragg peaks are single implying the ideal cubic strec The splitting
of Bragg peaks at 350K satisfies orthorhombic symmetry. Between two, Kt 45ifferent splittings
occur where p.c. (200) Bragg peak keeps single but p.c. (220)222) Bragg peaks become double;
it similar with 90PZO on cooling.

The unit cell volumes extracted from Bragg peak positions is depicted id.fig(a) According to
the jumps of the unit cell volume at 480K and 390K, a intermediate phase beB88&nand 480K is
expected and the phase transitions is of first order. The FWHM give the sanclusion ( figt.34(b)).

The real part of the dielectric permittivity of 95PZO shows in fig35(a)between 300K to 650K
for a frequency ranging from 1kHz to 1MHz. Except a sharp pealBaK, another peak at 380K is
also noticeable which is also reflected by the imaginary part of dielectric pesityitind the dielectric
loss tangent. Two phase transitions is clearly depicted by reciprocal dielpetmittivity at 1MHz
in fig.4.35(b) The red line in the figure is the fitting of the Curie-Weiss law which givesB50K
and C = 0.9%10°. The green line in the figure is the fitting of the Curie-Weiss similar relationship at
intermediate phase, giving-T= 516 and C= 0.38x 10°. Below 380K, dielectric permittivity does not
obey Curie-Weiss law.

Let us now go to the ferroelectric aspects of 95PZO. In this goal, theipaflimn of 95PZ0 was
measured directly through FE hysteresis loop as a function of temperaturd.3igy obtained using
Sawer-Tower electrical circuit. A rectangular ferroelectric hysteresis was seen at 400K between
paraelectric state at 500K and antiferroelectric state at 310K. Theefectdc property of 95PZ0O is
stable from 370K to 480K ( fig..37) with a large polarization about 25C/cn?. This is also the largest
polarization in the solid solution. As we already introduced in last chapter, P@ssinteresting
ferroelectric and antiferroelectric instabilities. The results suggest Bymrcent B site replacement
can stabilize a ferroelectric intermediate phase over 100K.
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45 PFW-PZO under electric field

Obviously, both short-range and long-range polar orders can betiid by an external DC electric
field. It is interesting to investigate how the polar state can be affected in sdlitioso Figure4.38
shows the dielectric permittivity of 50PZO with a bias field between 1kV/cm to kMo cooling
at a frequency of 1IMHz. The behaviors of PFW and PZO which alreligtussed in last chapter are
also included for comparing. Obviously, solid solution manifests a dramatict dffeelectric field
especially, in relaxation region.

Electric field adjustable property is tunability of materials. Recently, peopleftordiigh tunability
materials for tunable filters, phase shifters, antennas and else. Thditymdimaterials is calculated

by:

i E(Eo)—€(E)
&(Eo)
We calculated t of PFW and 50PZ0O around dielectric maximum at 1MHz, théisese plotted in
fig.4.39 The dash lines in the figure reflect the linear relationship between electricriieldiaability:
t = k*E, for pure PFW, k = 0.033 cm/kV, for 50PZ0O, k = 0.074 cm/kV.€lfE) is replaced by the
dielectric permittivity of ZFHaFC, the recoverability of the dielectric permittivityeafswitching off
electric field can be characterized:

(4.3)

o £(Eg) — e(ZFHaFC)
&(Eo)
t’ of PFW and 50PZO are also included in fig.39by soft points. Both of PFW and 50PZ0O perform a
good recoverability. In 50PZ0O, after 3 kV/cm, the dielectric permittivity evesnisanced after electric
field.
Comparing with high tunability BaZoTip 5003 (t = 0. 37 at 144 K under 30 kV/cm bias 197,

under 5kV/cm bias, 50PZ0 can get BaZiTip.5003 similar tunability at 371K which is not far from
room temperature. The solid solution opens a door of a new tunability system.

(4.4)
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4.6 Polar phase diagram of PFW-PZO

Depending on X-ray diffraction, various electric measurements (dielectyimefectric, hysteresis
loop), a complete and tentative polar phase diagram of PFW-PZO solid solsijmiten ( see4.40

). PE is the paraelectric phase of the solid solution which crystallizes a culmPstructure. The
phase diagram is characterized by a ferroelectric (FE) phase separaelaxor phase (PFW side) and
antiferroelectric (AFE) phase (PZO side). The most important featureed®EW-PZO, being different
from other solid solutions, is the existence of a no ferroelectric phase aeloperature. We already
explained that no symmetry broken is found for this phase. The FE phgstalizes a rhomboheral
R3m structure and AFE phase crystallizes a orthorhombic Pbam structure izkiie same as PZO.
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Figure 4.40 Polar phase diagram of PFW-PZO

It is become even more important to consider the polarization as our aim is toafeaicoom tem-
perature multiferroic material. In this goal, the maximum polarization and coereiekds a function
a character temperature which is the central of FE phase zone are plottgdt ilfi For all com-
positions, the coercive field are about 5 kV/cm. The maximum of polarizationast&5C/cnr2
which is larger than pure PFW or pure PZO. At RT, a well defined FE mateitia polarization about
10uC/cni? can be found from 50PZ0O to 60PZ0O. Obviously, this region is very impbttaconsider
potential multiferroic property.
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Figure 4.41 Polarization, coercive field are plotted as a function of a character temperaBecause
we find a platform in P versus T relationship, the center temperature of the platfochosen as the

character tem perature
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4.7 Magnetic properties of PFW-PZO

4.7.1 Magnetic susceptibility

We investigated the magnetic susceptibility vs temperature in two different magnkticefigmes i.e.
Zero-Field-Cooling (ZFC) and Field-Cooling (FC). In ZFC, the sample was urtedsy heating ac-
companying magnetic field after a first cooling without magnetic field. In FC, the samagleneasured
by cooling accompanying magnetic field. A small magnetic field, 100 Oe, was usied @éxperiment.

The magnetic susceptibility of PFW-PZO as a function of temperature is plotted #h4ig.From
30PZO0 to 50PZ0, an obvious difference between ZFC and FC is cleadglesl. A tiny difference at
very low temperature is found for 60PZO. There is no obvious differemcédPZO and 90PZO which
display a typical paramagnetic material behavior. In fact, for 90PZOsifragng the magnetic moment
of Fé¥" is 5 ug, the magnetic moment of 90PZO is Ot83per molecular. At 5K, the experimental
magnetic moment is 0.0003% per f.u. which is 0.11% comparing with magnetic moment of a single
90PZ0O molecule. It implys that a long range magnetic order is not expect8@RatO.

Careful checking the magnetic susceptibility versus temperature, a critical tsomgewhich is
marked by Eg. with a green arrow in figurd.42) is found. At Tsg., magnetic susceptibility displays
a cusp on ZFC, a different tendency on FC, and a large splitting betwe€naid FC. It is the spin
glass phase transition. Interestingly, we observed spin glass phase traingitioe PFW and. ¢ is
13.21K, 25.17K, 13.3K and 7K for 30PZ0, 40PZ0O, 50PZ0 and 60PApeawtively, higher than 5K of
PFW. Figure4.43reveals the relationship between composition agd. TFrom PFW to 40PZ0, dc.
increases, from 50PZ0O to 60PZ0sd. decreases, a divergence occurs between 40PZ0O and 50PZO
which is also the same region separating relaxor and ferroelectric phase.

The increasing of g means that the spin glass state is stabilized by B sité Feplacement.
PFW displays both long-range and short-range magnetic orders. Typit@hAFM order can be
related to F& -O- Fe'" superexchange mechanism through Fe/W disordered regions and tke wea
FM may come from F& -O-W-O-Fé* superexchange through Fe/W chemically ordered regisjs [
The competitions between weak FM clusters within an AFM matrix can give rise tthagkgss (or
frustrated) behavior at low temperature. Obviously, non-magnetic-ibh @placement enhances FM
order but it disturbs AFM order. This is why we find increasing g&Tby increasing content of PZO.
Also, disturbing AFM order make the AFM phase transition difficult to detectfatt, it is already
proved by many PFW based solid solution systems. Importantly, B site should sfill keverage
disorder after replacement because the spin glass is a frustratedrstrdatdact, this is the case for
solid solution because no superstructure diffraction was found in solid soltixaray.

4.7.2 Magnetic hysteresis loop

As PFW-PZO already shows interesting competitions between weak FM clugtt@rsan AFM matrix.
The magnetization at room temperature is strongly desired for the aim of fihgicevel multiferroic
materials. We investigated the magnetization by hysteresis loop under 0.5T mdigiekti€he results
are plotted in fig.4.44. 1t is very encouraging that the ferromagnetic like hysteresis loop israéde
until 60PZ0O. The remnant magnetizations are 0.0gJer f. u. , 0.0129ug per f. u. , 0.00846
ug per f. u. and 0.00303:g per f. u., 0.00298ug per f.u., and 0.0011%g per f.u. for 10PZO,
20PZ0, 30PZ0, 40PZ0O, 50PZ0 and 60PZ0 respectively. For 70BZIQa very tiny magnetization
can be seen. 90PZO almost displays a linear M-H relationship. Even the experohenagnetization
are very small, considering the linear M-H relationship of PFW and no magne@yx th2 result sug-
gests the powerful of solid solution. According to magnetic susceptibility and etiagrysteresis loop
experiments, 60PZ0 is the last composition bring magnetic order with increasidgnolid solution.

For clearing the weak ferromagnetic behavior at room temperature, \&leothree type magnetic
orders which are possible and/or already found in perovskite:
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Figure 4.42 Temperature dependence of magnetic susceptibility foZ@)R0PZO, 50PZ0, 60PZ0, 70PZ0O
and 90PZO.
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Figure 4.44 Magnetization hysteresis loops of PFW-PZO at 300K
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CHAPTER 4. LEAD IRON TUNGSTEN - LEAD ZIRCONATE SOLID SOLUTIN SYSTEM

1. ferromagnetic order: all the magnetic moments which come from the spin®ofdfign each
other.

2. ferrimagnetic order: it is a B site ordered system. FFe 0.5, one of B site is unique occupies
by Fe, another B site is occupies by rest ofFeW®* and Z~+ ions, two type occupations
alternate each other. For the situation of Fe& 0.5, one of B site has Bé but the other B site
does not have Fé. Obviously, this is a B site partly ordered structure.

3. spin canting order: the magnetic moment of PFW-PZO hasfting as BFO129.

Our strategy is to calculate magnetization using assumed magnetic orders,ripariog with the
experiments. The experimental, and calculated magnetizations are compared4i flgerromagnetic
and ferrimagnetic orders are directly excluded; the experiments are calpipavrith £ spin canting
which is suggested for model multiferroic BFO. The magnetization as a functionngpasition is
plotted in fig4.45(d) the solid line in the figure is the magnetization of PFW under 0.5T, it is interesting
that enhanced magnetization only exists in relaxor compounds. We alreadibddghat spin glass
favor a cubic structure, thus, both long range ( intrinsic existence ocedlby magnetic field ) and
short range magnetic orders are easily stabilized in a cubic structure thambohedral one.
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Figure 4.45 Magnetization as a function of composition. Black point experimental data; red points are
calculated data by different models.

BFO is a G-type AFM and well studied because of its multiferroic properties. miagnetization
is strongly related to samplesd] [198 [199. The observed ferromagnetic behavior is because of the
reduction of F&" to F& [200] [207] or increase canting angl€)1] [129. The long range antiferro-
magnetic order is necessary for BFO spin canting model. In order to cheekidience of long range
antiferromagnetic order, we performed neutron diffraction which was @grD2B at ILL with a wave-
length 1.594A. The magnetic structure of PFW is G-type AFM which multiplies theadrgsucture
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4.7. MAGNETIC PROPERTIES OF PFW-PZO

two times in 3D, giving magnetic Bragg diffraction peaks. Eig6shows the neutron diffraction pat-
terns of pure PFW, 30PZO and 50PZ0O. The blue arrow in the figure rtfagkaagnetic Bragg peak of
PFW. Unfortunately, we did observed the same type peak for 30PZ0O &{h(t suggests that long
range antiferromagnetic order is broken by solid solution. Thus, spin castimg enough to explain
the room temperature behavior of PFW-PZO.

2400 .
—«—PFW
2100 - —=— 30PZ0O
50PZ0O
1800 }
1500 |-
S 1200 .
g i
900 - Magnetic structure
diffraction . ’
600 |- i ‘iL | |
I .l
300 [ | I ! g
A /e . [
T N .
10 20 30 40 50 60 70

20°
Figure 4.46 Neutron diffraction patterns of PFW, 30PZ0O and 50PZ0O

Does the observed magnetic behavior coming from any parasitic phase®oiVentional iron
oxides are wistite (FeO), hematite -Fe,O3), maghemite {-FeO3 ), magnetite ( FgD4 ).

Wiistite is a antiferromagnetic below200K [203 [204. It is immediately excluded as the origin
of ferromagnetic behavior of PFW-PZO. Hematite has a weak ferromagetc which comes from
the canting of spins and keeps up to about 95QRY [206] [207] [20§ [209. The spontaneous
magnetization is 0.0083 per f..L210(. Magnetite is a ferrimagnetic withclabout 850K p11] [217]
[213. It changes from ferrimagnetic semiconductor to ferrimagnetic insulatde@vey temperature
about 123.7K accompanying a jump of magnetization ug%214] or not [215. For 5nm particles,
super spin-glass phase occurs below 3@Kq. The saturated magnetization of bulk magnetite is
3.83ug [217]. The magnetic moment of single crystal is 4.05 3i83218. The theory magnetic
moment could be 4.90 or gs. Maghemite can be looked as asBa empty% Fe*t from B site, itis a
ferrimagnetic with £ about 948K, it begins to transform to-Fe,O3 at about 673K219 [22( [221]
[222) [223 [224) [225. The magnetic moment is 2.3@ at 4.2K 219, for 5nm particles it is 1.98
Us [226. The theory magnetic moment of maghemite is 2.5 or 2:196

Assuming the magnetization comes from one iron oxide, we can obtain the qudntity imon
oxide in solid solution. The calculated quantities of of hematite, magnetite and maglaeenfilotted
in fig.4.47(a) fig.4.47(b)and fig4.47(c) Obviously, hematite is impossible but around 1 % parsitic
phase of magnetite or maghemite can induce related magnetization.

Except the iron oxides, there are also other possibilities, i.e., M-type éreitaf magnetoplumbite
( PbFa2019) which appears in PZT cerami@27.. The magnetic moment of PbE®qg is 11.8 ug
per f.u. 28 or 10 ug per f.u. R29. If the magnetization of PFW-PZO comes from Phk# o, the
maximum mass percent of PbE®19 in PFW-PZO is 1.22% ( see fig47(d)).
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Figure 4.47 Calculated quantity of parasitic phase versus compositiGour parasitic phasesg Fe;Os,
Fe304, y Fe,03 and PbFg2019 are considered.
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4.8. CONCLUSION

We did not find any parasitic phase in PFW-PZO by X-ray diffraction. Fmtiouing study the
possibility of parasitic phases, scanning electron microscope with edésggrsive X-ray spectroscopy
was used to study the solid solution samples. Two pieces of samples of PFW wermed, Fe rich
zone was found in one of them (fig48(b). Zr rich zone was found in PZO (fi§.48(d). However, we
did not observe any parasitic phase in 30PZ0O @ig3(c). After many experiments, we found that Zr
rich is quite normal after 70PZO but Fe rich is only found in PFW.

00 KX EHT= 700KV  Signal A= InLens Date 21 Sep 2011 [¥ |2Hm
Giaprvsgme: Dimsosen=E0mum WD =104mm  Photo N° = 7106 ECP

(a) PFW

EHT= 700kV  Signal A=SE2 Date 21 Sep 2011
WD=109mm  PhotoN° =7112 ECP

00K X EHT=5.00kV  Signal A= InLens Date :7 Sep 2011 1 um
sy Dimescion=0mpn WD = 8.1 mm Photo N° = 6655 ECP

EHT= 700kV  Signal A =InLens Date :21 Sep 2011
WD=111mm  Photo N’ =7083 ECP

(c) 30PZO (d) PZO
Figure 4.48 Microstructures of PFW, 30PZO and PZO

4.8 Conclusion

In summary, we investigate in details the structural, electric and magnetic pespErPFW-PZO. The
solid solution transitions from a cubic to a rhombohedral, at last a orthorhombici®asing the con-
tent of PZO. All the polar orders ( PNRs, FE, FE with AFE/NON-FE, AFE formed in the solid
solution. The solid solution can be separated into three regions, a cubicrrelakobohedral FE and
a orthorhombic AFE. The rhombohedal FE is quite instable at low temperature. pRa&de transi-
tions occur at low temperature for both relaxor and rhombohedral FE. lii@ddoom temperature
magnetization, low temperature spin glass state were found in the solid solution.

The all set of data allows us to construct a complete multi-degrees-of-freglgiase diagram. From
40PZ0O to 50PZ0, the solid solution transform from cubic to rhombohedrahguaoying relaxor ex-
tinction. Interesting, the spin glass phase transition also displays a divergetweeeh 40PZO and

50PZ0. Therefore, beyond finding a room temperature multiferroic arbQR@ O, the strong magne-
toelectric coupling also is expected.
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Chapter 5

Magnetic lons Doped Lead Zirconate

Except study PFW-PZO solid solution, we also fabricated magnetic ions digE®; (PZMs). In fact,

in order to look for novel multiferroic, PbV§) PbFe@ and PbCrQ were synthesized at high pressure
high temperature3Q, [231], [237 [233. Generally, this type compounds should have both polar and
magnetic properties because A site brings ferroelectric active ions hté Brings magnetically active
transition metal. Unfortunately, in these compounds, the oxygen deficientistrwehich is related to
the valences of A and B cations worsens the polar beha2&.[

We prepared several magnetic-like ions manganese - ), iron ( F&€"/3* ) and cobalt (
Ca*t/4t ) doped PZO at ambient environment by solid state reaction method.

Goldshmidt t factor which varies from 0.91 to 1.06 depending on chamjsin state of M#/4*,
Fet/3+ and C&+/4t suggests that a stable perovskite is possble for all these doping. Rendemt
discussion the properties of doped PZO, the doped PZO is represgritetMx, M is the doping ion (
Mn3t/4+ Fet/3+ or Ca®t/4t ), x is the atom percent of doped ion in the compound.

5.1 Limitation of doping

Doping is powerful for adjusting the performances of materials. But, dogismy can induce parasitic
phases. Before specifically discussing the doping effects, we fiogiope the limitation of doping
which can be reflected by dielectric measurement, microstructure and dffiagction.

Fig. 5.1shows the dielectric permittivity versus temperature of PZM at 1MHz. The diedgeak
decreases from 498K to 472 K whatever the composition. This is a abnortmaVibe for doping
because a continuing sifting of critical temperature is expected generally.

4500
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©
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0 T t i i i ! ! ! !
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Figure 5.1 Dielectric permittivity versus temperature of PZM. The data of PZO are aldadied for
comparing.

In fact, slight extra Bragg peaks which can be indexed ag®4rand PbQ are found in PZM20
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by X-ray diffraction. After multi-phases Rietveld refinement, there are 0.881) n30O4 and 0.1%
(vol) PbG, 0.8% (vol) in PZM20. This consists with the experiment of microscope by EBXgrgy-
dispersive X-ray spectroscopy ) embedded XL30 SEM ( scanning etictnicroscope ). The micro-
scope structures of PZM are shown in fig2. Comparing with PZM5, PZM20 has rich Mn zones ( the
dark zones in the figure ).

All these results describe a doping evolution: with increasing doping quadtped Mr+/3+
firstly replace B site of crystal structure, then go to grain boundary,saaldMn rich parasitic phase
appears.

V7 “~

Acc M SpotMagn ‘Det WD |—————| 20um

¥ AccV SfotMagn Det WD |———— < um
200KkV/50 800x SE 145

20.0 k\ 8’( SE 1433

(@) PZMS (b) PZM20
Figure 5.2 Scanning electron microscopy of PZM

The similar situation occurs in Fe and Co doped PZO ( fig). Obvious parasitic phase Bragg
peak is observed in X-ray diffraction pattern of PZF20, a smaller shiftcoisTobserved for PZC10
comparing to PZC5 by dielectric measurement.

We can careful conclude that 10% is a limitation for M, Fe&*/3+ and C&*/4* doped PZO
by solid reaction method at ambient condition.

3000
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Figure 5.3 Evidences of doping limitation: (a) X-ray diffraction patterns of PZF, (b) teratoee
dependence of dielectric permittivity for PZC

5.2 Doping effects
5.2.1 Stability of AFE

PZO crystallizes in a orthorhombic structure bring the anti-parallel displadsmé®lF* along p.c.
(110)-direction which are associated to the AFE state. It is interesting to inaestige influences of
doping on antiferroelectric state. The AFE configuration of PZM, PZF af@ R first studied by
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5.2. DOPING EFFECTS

Rietveld refinement.  changes from 5to 120 or 130°. The high angle diffraction with Rietveld
refinement are plotted in figh.4 as we know that the high angle diffraction is important for deciding
atomic positions and ADP. The experimental data ( black points ) and simulatkd (ggaen line)
match very well and the differences between two are very small (red lihe)réfined lattice parameters
are listed in tablé>.1. There is no dramatic change of lattice parameters. Doping does notechang
the matrix of PZO. The anti-parallel displacements of Phlong p.c. (110)-direction are calculated
according refined PB coordinates and listed in tablé.2. Pt** performs PZO similar shifts. Thus,

AFE is stable by magnetic ion doping.

400
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300

| /a.u.
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1
116 120 125 130 80 85 90 95 100 105 110 115 120

80 85 90 95 100 105 110

400
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I /a.u.
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20 /°
(©)
Figure 5.4 Part of Rietveld refinement plots for (a)PZM10, (b)PZF10 and (c)BZCPoints are
experimental data; green lines are simulated diffraction peaks; red lines arelifferences between
two.

5.2.2 Instability of octahedron

Except the anti-parallel displacements ofPpoctahedron tilts (aa~c® type) are also present in PZO.
It is interesting to consider the situation of octahedron by doping becauseowmetkat magnetic per-

ovskite has the famous Jahn-Teller distortion.
Projection of octahedron along p.c. (001) direction is shown in5i¢. PZM5 has PZO similar
deformation but PZM10 shows a some new characters. The similar behasaiso found in PZF and
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Table 5.1 Lattice parameters of doped PZM. Data of PZO is also included
PzO PzZM5 PZM10 PZM20 PZF10 PZF20 PzZC5 PZC10
a 5879 5869 5.869 5.869 5873 5873 5.877 5.878
b 11.776 11.757 11.756 11.757 11.763 11.766 11.772 11.777
c 8.226 8.216 8.216 8.217 8.224  8.223 8.224 8.224

Table 5.2 P+ antipolar structural shifts for PZM
PZzO PzZM5 PZM10 PZM20 PZF10 PZF20 PZC5 PZC10
Pt1 0.259 0.258  0.246 0.246 0.270 0.299 0.270 0.232
Pt2 0.229 0.235 0.211 0.264 0.194 0.194 0.213 0.236

PZC.

Specifically, the B-O distances of doped PZO were calculated and listedi@bt&bncluding the
data of PZO. In the figure, all the abnormal distances are given a redfeplaghlight. In all the doped
compounds, the distance of Zr-O3 is abnormal large in PZM10 and PZQEdrtall Zr-O3 in PZF10.

In PZO type orthorhombic structure, the Jahn-Teller distortion axises arg fd0], [210] and
[001] directions. We now discuss the distortion of oxygen octahedron.stategy is to consider the
possibility of two Jahn-Teller modes with the symmetry restriction of Pbam spacg grbich is the
structure of PZO. If assuming z axis along [001] direction, Q3 mode is impodsduause O1 and
02 are fixed along c direction; Q2 mode is impossible because 04 and O5 aranfixd plane. If z
axis along 210], Q3 mode is impossible because 04 is fixed in a-b plane; Q2 mode is alsoiinigposs
because 01, O2 are fixed along ¢ axis and O5 is fixed along a-b planaxik along [210], O3 mode is
impossible because 05 is fixed in a-b plane; Q2 mode is impossible because O2 aralfixed along
z direction and O4 is fixed in a-b plane. Therefor, if Jahn-Teller distorti@us; the Pbam symmetry
will be broken. Thus, both Jahn-Teller driving octahedral distortion stnattural symmetry of PZO
give a octahedron distortion in doped PZO.

(@) PZMS (b) PZM10
Figure 5.5 Projection of the Octahedral deformation onto the ¢ plane#@M5 (a) and PZM10 (b)

5.2.3 Existence of a ferroelectric intermediate phase

Fig. 5.6 shows the dielectric responses of doped PZO. PZM10 has a sharp digheetk at 474K
accompanying another abnormal around 450K. For PZF10 and PZ&Hptehe sharp dielectric peak
at 484K and 490K, the abnormal peak is also found at 460K and 464t¢cteely. Therefor, we can
define a stable intermediate phase which is about 24K for PZM10 and PZ6KGor PZC10. Such a
intermediate phase is also found in pure PZO strongly depending on sample type
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Table 5.3 B-O distances of PZO, PZM10, PZF10 and PZC10
Composition PzZO PzZM10 PZF10 PzC10
Zr-01 2.098 1.997 2.148 2.021
Zr-02 2102 2.188 2.071 2.155
Zr-03 2.041 2.288 1.849 2.463
Zr-0O4 2154 2134 2.081 2.042
Zr-05 2.050 2.048 2.004 2.126
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Figure 5.6 Temperature dependence of dielectric permittivity fo): FZM10, (b)PZF10 and (c)PZC10

For clearing the structural information of the intermediate phase. The p.ggBt40), (111) and
(200) peaks of PZM5 was studied by X-ray diffraction at different terapges. The Bragg peaks at
300K, 470K and 500K are plotted in figy.7. On cooling, the Bragg (110) peak firstly broadens at 470K,
then splits at 300K. The Bragg (111) peak splits at 470K and becomds aing00K. For Bragg (200)
peak, a tiny new peak is noticed at 470K and two well defined peaks at. J0@Ksplitting regulations
at 470K suggest a rhombohedral structure. The tiny peak of Bragg (2@ at 470 implies a small
quantity of orthorhombic phase existence.

We did the same experiment for PZC10 but(110) peak was replaced @yf(22 better resolution.
Some typical diffraction peaks is shown in fig8. Here, the p.c. Bragg (220) peak become triple at
470K. The behavior strongly suggests a mixture of rhombohedral ancrbambic.

The unit cell volume and FWHM are plotted as a function of temperature irbfif. The FWHM
of Bragg (111) peak which broadens around 470K also suggest@bdhedral intermediate phase.
Beyond, the jumping of unit cell volume suggests a first order phase transiMmknow that the
hysteresis behavior exits for first order phase transition. Thereisreasonable to explain the X-ray
diffraction peaks by a mixture of two phases.

The FE property of doped PZO is directly charactered by a SawyeeiTelsctric circuit. Part of re-
sults are plotted in fig5.1Q The well defined ferroelectric hysteresis loop is found in PZM10, PE@M2
PZC5 and PZC10. The situation of PZF10 is not clear but the ferroelecopepy is still expected.
Two experimental results may propose this conclusion. Firstly, we find Q\eiss law at high temper-
ature. Secondly and importantly, there is a obvious increasing of polanzaté60K comparing with
450K. The artificial polarization normally is because of conductivit§7 but a obviously increasing
of conductivity is not expected from 450K to 460K. PZM10 gives a poidion of 20uC e cn* which
is about two times of PZO. Basically, the ferroelectric is induced by magneteapmg or the intrinsic
ferroelectric mode in PZO is enhanced by magnetic ion doping.

5.2.4 Magnetic properties

We now discuss the magnetic behaviors of doped PZO. The M-H loopst temperature are mea-
sured by SQUID magnetometer. The results are shown in%igl PZM20 has a a linear M-H
relationship until 1T magnetic field which gives a magnetic susceptibility of 2:40&° emu- g -
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Figure 5.7 P.c. Bragg diffraction peaks (110), (111) and (200) of PZM8ifferent temperatures
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Figure 5.8 P. c. Bragg diffraction peaks (110), (111) and (200) of PZ@1@lifferent temperatures
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Oe L. In the first section of this chapter, we described a parasitig®4mphase in PZM20. MgO; is
a paramagnetic material at room temperature bringing a magnetic susceptibility 3 emu- g -
Oe 1[239. 4.2% (mass ) MgO, in PZM20 can induce observed magnetic susceptibility in PZM20. In
fact, ferromagnetic order is not expected at room temperature becangsBipMnQ exhibits magnetic
order below 155K 233.
The behavior of PZC10 is similar with PZM20. The magnetic susceptibility is 1:218° emu
. g - Oe L. Under 1T, the magnetic moment is 41.8 emu/Cr which is very large value comparing to
0.00303 emu/Crg36 of Coz04. In Co304 spinel structure, the octahedral B-site which is occupied by
Co** LS does not bring magnetic moment, the tetrahedral A-site occupied by €9 brings 3/2ug
magnetic moment. Perhaps, in PZC10, Cobalt i$'G4S which brings 5/24g magnetic moment. This
should be the true situation in PZC10 because no any information suggestsentisfiticture.
Interestingly, ferromagnetic hysteresis loop is observed in PZF10 at remperature. However,
one should be careful because of the possibility of appearing iron®oixidiee compound. Hematitex¢
Fe,03), maghemite (-Fe03 ), magnetite ( FgD4 ) and magnetoplumbite ( PbE©;9) as the possible
parasitic phases is considered. The magnetizations of all these oxidesnatirmperature are listed in
table5.4. The percents ( mass ) of relative oxides which can induce a experinmaggietizations in
PZF10 are calculated and listed in the same table. Exxdfb O3, all the others are possible.

Table 5.4 Magnetization of iron oxides at room temperature

Compound M/emug? % (mass)
a-Fe03 0.29 R1Q 269
y-Fe&03 82.53 19 0.95
Fes04 92.39 p17] 0.84
PbFa,019 47.28 229] 1.65
0.020 |- o8| /./_/- 0015
o ! 4 e
* ool ol j = o]
:Z ZZ : i: : /./'/ -0.010 | /
(a) PZM20 (b) PZF10 (c) PZC10

Figure 5.11 Magnetization curves versus applied magnetic field for :RZM20, (b) PZF10, and (c) PZC10

Although ferromagnetic order is not confirmed for doped PZO, the resdtalso encourage, i.e.
the large magnetization of PZC10 and ferromagnetic like behavior of PZF10.

5.3 Dielectric relaxation

In the dielectric permittivity of PZM5 and PZF20, we observed huge dielepgimittivity at high
temperature low frequency (fi§.12).

Obviously, there is no direct connection between this dielectric dispersiopaad After tentative
electric parameters normalizations, we find that both PZM5 and PZF20 dismgctic modulus
relaxation. Figh.13shows this type relaxation at some character temperatures by a Cole-Colérplots.
fact, we find that PZO also has the electric modulus relaxationgfig)).
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Figure 5.13 Cole-Cole plots of the imaginary part electric modulus wsrthe real part electric modulus for:
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Electric modulus relaxation is more sensitive to conducti§].[ The ac conductivity of PZO and
PZM5 is shown in figh.15 The ac conductivity of PZO is frequency independent. However, ¢he a
conductivity of PZM5 satisfies a formulaaxc = Ax f"+Bx ), n is 0.59. This is typical universal
dielectric relaxation. The ac conductivity of PZF is also controlled by usalatielectric relaxation
and n varies from 0.3 to 0.74. So far, it seems dielectric dispersion accgimgdnoth electric modulus
relaxation and universal dielectric relaxation. But, what is the origin of belttxation?

B3 0.01 5
= 310K
« 340K

1E-4 |

5/Semm’’

1E-6 |

f/Hz f/Hz

(a) (b)
Figure 5.15 Double logarithmic plots of the variation of ac conductvitith frequency for: (a) PZO and
(b)PZM5. Points are the measurements at various tempestlines are the fits with universal dielectric relax-
ation

We did many experiments to study the electric modulus and ac conductivity in ¢kffe@dBoth of
the electric modulus and ac conductivity are sensitive to phase transition apkmdent to electrode
in orthorhombic phase. We also find the electric modulus relaxation satisfyingiutithermal active
relationship(fig. 5.16). In orthorhombic phase, the thermal activation energy @5 eV for PZO,
~0.25 eV for PZM5 and-0.45 for PZF20. In cubic phase, itisl eV for PZO,~0.5 eV for PZM5 and
~0.95 eV for PZF20. Generally, three type relaxations are well studies ingléte: high temperature
space charge relaxation has-deV activity energy 122 [125]; low temperature ( < 120K ) electron,
polaronic or local polar cluster relaxation has a small than 0.1eV activityggri@e1 [123 [237);
between two, the couping between conduction electrons and the motion of tentdfed B ions has a
0.2eV~ 0.4eV activity energy23g [125. Oxygen defects pay a important effect on relaxatib®1]
[122 [123 [124) [129 [12€. For Pb based ceramics, a thermal activated energy about 0.42 &V-0.7
eV was found over large temperature range ( 200K - 60QKLH[[117], [118], [119[120 [117, [12]
which is because ofﬁ{j and electron hole. This is quite normal as Pb volatilization during sintering.
Obviously, defects pay a important role for dielectric relaxation.

For PZM, Mn replacing Zr position is expected because of similar chemicpkpiies ( The elec-
tronegativity of Mn, Zr, Pb and O are 1.55, 1.33, 2.33 and 3.44 in Pauling)saad energy favor-
able P39. If B site replaced by Mf, no defect was produced. If B site replaced by¥irthe defect
eqguation can be written as:

/ 1
2MnO, + 2PbO+ = 2Mny, + 500 + 2Pbpp +V3* + 502 0 (5.1)
The point defects, My} and & were produced. the assumption is reasonable as PEN:®
oxygen deficient structure83. Also, electric modulus relaxation energy of PZM5 at orthorhombic

phase is similar with trivalent rare-earth ions doped SgTiZ38].
The defect equation of PZF can be written depending on the valence dtatasia PZO:

FeyO3+ 2PbO+ = 2Fe,, + 500 + 2Pbpp + V3S* (5.2)
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FeyO3+ 2PbO= 2Fey, + 400 + 2Pbpp + 2V5* +1/20, 1 (5.3)

Both are oxygen deficient structure. In facﬂ,:é'Zr—Vo" )* defect associate was found in small iron
doped PZ0O24Q.

Therefor, the electric modulus relaxation of PZO, PZM5 and PZF20 is becdi,, and (or) \&.

Different with electric modulus relaxation, the universal dielectric relaxatiamaerstood as ion
hopping effect 101] [102. In PZM5 and PZF20, because of B site replaced by heterovalenttioss
universal dielectric relaxation occurs. There is no universal dieledlaxation in PZO because all B
sites occupied by Zr.

In conclusion, dielectric dispersion of PZM5 and PZF20 is related to bottrielenodulus relax-
ation and universal dielectric relaxation which origin from B site heterovaggiacement.

1"

In f/Hz

= PZO
6 o PzZM5
PZF20

1/ (kgoT) /eV’
Figure 5.16 Arrhenius plots of the electric modulus relaxation, as f vsgT/for PZO, PZM5 and
PZF20

5.4 Conclusion

Mn3+/4+ Fet/3+ and C3t/4t doped PZO was prepared by solid reaction method at ambient con-
dition. The limitation of doping is about 10%. The antiferroelectric matix is kept kpirdpand the
ferroelectric intermediate phase is even enhanced by doping. Ferroédecticfirmed for PZM and
PZC, is strongly expected for PZF.

There is a competition between orthorhombic PZO structure and Jahn-TellettidistoRoom
temperature ferromagnetic is difficult to confirm but large magnetization is faulZC and PZF
shows interesting magnetic hysteresis loop.

PZF shows magnetic hysteresis loop but no ferroelectric hysteresisQootie contrary, PZM and
PZzC show well defined ferroelectric hysteresis loops but the M-H kadipgar behavior. The results
imply the very challenge of fabricating novel multiferroics.

At last, the dielectric dispersion of PZM5 and PZF20 are explained by congpo@héttric modulus
relaxation and universal dielectric relaxation which origin from B site hetdenx replacement.
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Chapter 6

Conclusions and Perspectives

6.1

1.

6.2

Conclusions

This study is the first time looking for new multiferroics using AntiFerroEledtfEE) polar
arrangements : it opens a new route to design multiferroics.

. It allows to highlight the advantages to use AFE for multiferroic systems:

AFE-FE Electric-field-induced phase transition accompanies polar amargevhich associates
strain.
AFE are always accompanied by oxygen tilted structures which are faledia magnetism.

. Two strategies were investigated : magnetic ion doping of PZO and soliibsolith PFW.

. Unfortunately the magnetic ion doping is restricted to 10%, but encowragsults are obtained

like for instance Jahn-Teller distorsion in addition to AFE.

. The solid solution PFW-PZO shows a rich multiferroic phase diagram inclumittgshort- and
long-range orders

. Room temperature coexistence of both polar and magnetic arrangemedersced : RT multi-
ferroicity.

. Polarization and magnetic moment values at RT for 50PZ0O are comparable toytieTanul-
tiferroic namely BFO.

. Magnetoelectricity is expected.

Perspectives

A lot of things remain to be done:

1.

Better knowledge of the magnetic properties (vs temperature) is highledésiget a complete
picture of the ferroic phase diagram (SQUID, neutron, ..).

. Neutron measurements are also required to investigate the existenggehdis.

Co-doping (two or more different magnetic ions) of PZO might enhancérttieof solubility
and should decrease the leakage current.

Interesting to play with the degree of chemical order/disorder (throdghumate thermal treat-
ment) as it affects polar and magnetic properties.
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5. Magnetoelectric measurements have to be performed.
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