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Résumé

L’étude des matériaux multiferroiques est sans doute un des domaines de recherche actuelle les plus
actifs et prolifiques de la matière condensée. Dans ces matériaux, coexistent polarisation, aimantation
et élasticité. On comprend bien que cette coexistence permet une multifonctionnalité très attrayante
pour un grand nombre d’applications mais aussi fournit un vivier extraordinaire pour étudier les in-
teractions entre ces grandeurs ainsi que les mécanismes microscopiques sous-jacents. Cet attrait s’en
trouve d’autant plus renforcé du fait des phénomènes de couplage entre ces grandeurs physiques au-
torisant des fonctionnalités nouvelles comme par exemple le renversement d’une aimantation avec un
champ électrique au lieu d’un champ magnétique classiquement. Cependant, ces matériaux multifer-
roiques sont d’une part en petit nombre et d’autre part, exploitent pourbeaucoup d’entre eux, la po-
larisation d’un ferroélectrique et l’aimantation d’un antiferromagnétique. Ceciétant, il existe d’autres
types d’arrangements polaires et magnétiques encore non-exploités, c’est dans ce cadre que s’inscrit ce
travail de thèse.

L’objectif de la thèse était de synthétiser de nouveaux multiferroiques présentant des arrangements
polaires et magnétiques originaux et d’en caractériser les propriétés. Nous nous sommes tout partic-
ulièrement intéressés aux oxydes PbFe2/3W1/3O3 (PFW) et PbZrO3 (PZO). PFW présente des ordres
polaires et magnétiques à longue et à courte portée : ferroélectrique-relaxeur et antiferromagnétique-
verre de spin (ou ferromagnétisme faible). PZO est quant à lui antiferroélectrique avec antiferrodistor-
sivité (rotation des octaèdres d’oxygène) et présence d’instabilité ferroélectrique. Nous avons d’une part
combiné ces deux matériaux pour former une solution solide et d’autre part réalisé un dopage de PZO
avec des ions magnétiques. Après avoir synthétisé ces matériaux, nous les avons caractérisés électrique-
ment (constante diélectrique, phénomène de relaxation, polarisation, température de Curie), magné-
tiquement (susceptibilité magnétique, aimantation) et structuralement (transition de phase). Ainsi, nous
avons montré qu’il était possible d’obtenir un matériau multiferroique (50%PFW-50%PZO) présentant
l’ensemble des instabilités ferroiques et structurales. Ces nouveaux matériaux ouvrent ainsi de nou-
velles perspectives d’étude dans ce riche domaine en particulier en utilisant des antiferroélectriques.
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Abstract

Multiferroics are currently intensely investigated because the coexistenceand coupling of ferroic ar-
rangements brings about new physical effects and, for the few room-temperature examples, interesting
prospects for applications in various fields. This interest is illustrated by the recent publication of sev-
eral articles on multiferroics in high impact reviews over the last five years. The main goal of the
thesis was to look for new multiferroics by exploiting overlooked and original polar and magnetic ar-
rangements. We more precisely investigated compounds based on lead iron tungsten PbFe2/3W1/3O3

(PFW) and lead zirconate PbZrO3 (PZO) oxides. PFW displays long- and short-range both polar and
magnetic orders (ferroelectric-relaxor and antiferromagnetic-spin-glass) while PZO is antiferroelectric
with antiferrodistorsivity (oxygen tilts) and existence of ferroelectric instabilities. Combining various
techniques from synthesis to electric, magnetic and structural characterizations, we demonstrated that
it is possible to get a multiferroic compound (50%PFW-50%PZO) with coexistenceof multiple ferroic
and structural arrangements with room temperature properties of practical interest. This work opens
new prospects in this rich field of multiferroics in peculiar by using antiferroelectrics.
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Chapter 1

Introduction

Multifunctional materials that combine multiple physical properties have always generating a strong
interest. Among them, multiferroic materials, that exhibit at least magnetic and polar orders cause an
increasing research activity over the last few years due to both their diverse properties and their po-
tential use in new type of magnetoelectric device applications (new high-densitymagnetic memories,
spintronics, ...). Indeed, multiferroics are at the intersection of magnetic materials(with the possibil-
ity to have colossal magnetoresistance, magnetocapacitance, superconductivity effect, ...) and polar
materials (with the possibility to have giant piezoelectricity, huge dielectric constant, ...).

Nevertheless, nowadays only a limited number of multiferroic materials have been discovered al-
though all the possibilities offered. Indeed, the main inverstigations are doneon the prototype multifer-
roic BiFeO3 compound that crystallizes in the perovskite ABO3 structure. It is worth noting that this
perovskite structure is of huge interest in the context as one may choose different A and B cations in
order to combine magnetic and polar properties. Therefore by playing on A/Bi. e. magnetic / polar
components, it is possible to modify the global physical properties of the multiferroic and thus to ac-
quire a better understanding of the magnetic / polar coupling which in turn will guide synthesis of novel
and greatly improved materials.

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

1.1 Perovskite

The mineral perovskite ( CaTiO3 ) was firstly discovered and named by Gustav Rose in 1839. Now,
many compounds of ABO3 composition are named perovskite. A / B represents a cation or mixture
with different cations or/and vacancies, O represents O2−. The function properties of perovskite oxides
vary depending on composition and structure.

1.1.1 The prototype perovskite

In the opinion of symmetry, the cubic Pm3m space group is the highest symmetry of perovskite. The
cations occupy 1a or 1b positions and the oxygens occupy 3c or 3d positions, the two possibilities of
occupation come from two different views of the unit cell by shifting origin to (1

2
1
2

1
2) (see fig. 1.1).

The first view ( fig.1.1(a)) is preferred because it highlights octahedron. We also use such kind of
describing. The structure is always taken as a reference to understand structural deformation related
properties. The cubic prototype structure is always expected at high temperature for all perovskites, the
cubic similar structure is expected at high pressure. In fact, incipient ferroelectric SrTiO3 is a cubic
prototype at room temperature.

1
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(a) BO6 octahedral (b) AO12 tetrakaidecahedron

Figure 1.1 Two different views of the unit cell of the ABO3 cubic perovskite structure: (a) The B ion ( blue )
is at the center with 6 oxygen ( green ) first neighbors. (b) TheA ion ( 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. The deformation was first
studied by H. D. Megaw [1] [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 ferroelectric materials. Octahe-
dron distortion occurs in magnetic perovskites. The octahedrons of prototype perovskite are regularly
arranged as shown in fig.1.2. 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 tilt in perovskite [3]. The
notation describes a tilt system by rotations of BO6 octahedron about any of three orthogonal cartesian
axes, which are coincident with the three axes of the aristotype cubic unit cell. The notation specifies the
magnitude and phase of the octahedral rotations. The letters in Glazer notation indicate the magnitude
of the rotation about a given axis, e.g., the letters a, b, and c imply unequal tilts about the x, y, and
z axes. A superscript is used to denote the phase of the octahedral tilting inneighboring layers. A
positive superscript would denote the neighboring octahedral tilt in the same direction (in-phase) and
a negative superscript implies the tilts of neighboring octahedral tilt in the opposite direction (out of
phase). A superscript of 0 signifies no tilt about that axis. The tilt of octahedron reduces the symmetry
of prototype perovskite.

2



1.1. PEROVSKITE

Glazer derived 23 different tilt systems, which lead to 15 different space groups. There are 15
tilt systems that occur in real crystals, each with a different space group. The tilt can be modeled by
software Megaw1 and even can be predicted by software SPuDS [5].

The classic formula describing the deformation of perovskite was proposed byGoldschmidt [6]:

t =
rA+ rO

(rB+ rO)
√

2
(1.1)

Here,rA, rB andrO are the radii of A, B and O ions which were summarized by Shannon [7]. Consid-
ering the ionic radii change in different chemical environments, the revisedformula is:

t =
dAO

(dBO)
√

2
(1.2)

Here,dAO anddBO are the distances between cations ( A or B ) and anion ( O ). The distance canbe
predicted by Bond Valence Wizard [8] or structure refinement which will be discussed in next chapter.
t factor equals to 1 for ideal perovskite structure. It is a sign of crystallattice 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 tetragonal.However,
according to Y. Tokura [10], t < 0.96 is orthorhombic, 0.96 < t < 1 is rhombohedral.

Many ferroelectric compounds crystallizes in a rhombohedral structure. Insome publications, the
names of hexagonal, trigonal and rhombohedral are misused. In fact, thehexagonal, trigonal and
rhombohedral are careful defined in INTERNATIONAL TABLES FOR CRYSTALLOGRAPHY [11].
Hexagonal crystal family is separated into trigonal and hexagonal crystal system. Seven space groups
( R3, R32, R3m, R3c, R3m and R3c )in trigonal have two different coordinate systems: 1. a=b=c and
α = β = γ ( rhombohedral axes, primitive cell ); 2.a = b,α = β = 90◦,γ = 120◦ ( hexagonal axes,
triple obverse cell ). This kind of cells are called rhombohedral. The polar R3m and R3c are two model
ferroelectric structures. In R3m, cation shifts along [111] direction of cubicprototype cell. R3c com-
bines cations shifting along [111] direction and octahedral rotations along [111] direction ( a−a−a− tilts
). For R3m, the primitive cell has one formula unit (a ∼= ap.c. ) but conventional hexagonal cell has
three formula units (a∼=

√
2ap.c.,b∼=

√
2ap.c.,c∼=

√
3ap.c. ). For R3c, the primitive cell has two formula

units (a∼=
√

2ap.c.,αrh
∼= 60◦ ) but conventional hexagonal (a∼=

√
2ap.c.,b∼=

√
2ap.c.,c∼= 2

√
3ap.c. )

has six formula units. Here ap.c. is pseudo-cubic (p.c.) lattice parameter.

(a) p.c.100 (b) h.001

Figure 1.3 Projections of R3c space group along pseudo-cubic [100] and hexagonal [001] direction. White,
red and green balls represent A, B and O ions

Many magnetic perovskites crystallize in an orthorhombic structure ( Pbnm, space group #62 )
which is also named GdFeO3-type structure. It is aa−a−c+ tilts structure which is favored for small
tolerance factor ( t < 0.975 ). It maximizes coulombic attractions and minimizes repulsive ion-ion
interactions [12]. The tilts can be clear seen along [110] direction ( fig.1.4).

1http://www.amg122.com/programs/megaw.htm
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Figure 1.4 Projection of GdFeO3 type tilts along [110] direction

1.2 Ferroelectricity

Ferroelectricity is a property of certain materials in which they possess a spontaneous electric polariza-
tion that can be reversed by the application of an external electric field. At null electric field, the material
process two or more discrete stable or metastable states with different nonzero electric polarization, but
any two of states are identical in crystal structure. With the electric field, the polarization must be
possible to switch between these states [13] [14]. The ferroelectricity is a subgroup of piezoelectricity
which is a subgroup pyroelectricity. Thus, ferroelectric (FE) material has both pyroelectric and piezo-
electric properties. The FE can be directly proved by FE hysteresis loop.The normal dielectric or the
paraelectric (PE) state of FE has linear relationship between polarization and electric field (fig. 1.5(a))
but the FE state has nonlinear hysteresis behavior (fig.1.5(b)). Importantly, the polarization ( so-called
spontaneous polarization) is not zero in the absent of an electric field and there are two polarization
states.

In contrast to FE, AFE are those in which some ferroic entities are spontaneously polarized along
one direction while the adjacent ferroic groups are polarized in the oppositedirection. Therefore, there
is no net spontaneous polarization contrary to FE [15].

 

 E

P

(a) PE state

 

 E

P

(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, relaxor orgeometrically driven FE.
For example, the stucture of classic FE BaTiO3 [16] [17] [18] [19] is centosymmetric Pm3m above
∼393K, it transforms to tetrogonal P4mm, orthorhombic Amm2 and rhombohedral R3m with Ti4+

shifting along <001>, <110> and <111> direction below∼393K,∼273K and∼173K correspondingly.

4



1.2. FERROELECTRICITY

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 short-range repulsions prefer nonpolar
state [20]. The centrosymmetry broken of FE was explained by second-order Jahn-Teller (J-T) effect
in coordination chemistry [21]. In the theory, ground energy of electronic was expanded until second
order of distortion. Under two conditions: (1) There exist hight occupied (ground state, like 2p ) and
lowest unoccupied ( excited state, liked0 ) molecular orbitals, energy difference between two is very
small, (2) Comparing ground state, excited state has a different centrosymmetric, the distortion occurs.
For example in BaTiO3, the centrosymmetry octahedrond0 B cation may displace tetragonally alongC4

axis, orthorhombically alongC2 axis and rhombohedrally alongC3 axis, mixing with oxygen p orbitals,
the prerequisite condition of FE is satisfied ( fig.1.6). The theory was firstly proposed for B site driving
FE. In fact, A site driving FE which is also called the lone pair (ns2 ) FE, i.e. PbTiO3, is also driven by
second order J-T effect.

Figure 1.6 d0 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 transition ofFE is explained by phenom-
enal landau phase transition theory. In the theory, free energy is written as a function of polarization:

F =
1
2

aP2+
1
4

bP4+
1
6

cP6−EP (1.3)

The equilibrium configuration is determined by finding the minima of F:

∂F
∂P

= 0 (1.4)

so:

E = aP+bP3+cP5 (1.5)
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Considering the PE state equilibrium conditions (∂F
∂E = 0, P = 0 ), the parameter a is directly related to

dielectric susceptibility:

χ =
∂P
∂E

=
1
a

(1.6)

In fact, a is the function of temperature by a = a0 ( T - T0 ). 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 is re-expressed by:

F =
1
2

a0(T −T0)P
2+

1
4

bP4+
1
6

cP6−EP (1.7)

If b > 0, retaining the lowest-order terms in the formula1.5and E = 0, the polarization is a function
of temperature:

P= [
a0

b
(T0−T)]

1
2 (1.8)

The polarization as a function of temperature is plotted in fig.1.8(a). The spontaneous polarization
will continue to increase if temperature decreases from T0. This is second order ( continuous ) phase
transition which was was discussed by C. Haas [22]. The free energy as a function of temperature is
plotted in fig.1.7:

1. T≥ T0, P = 0 is stable state.

2. T < T0, P =± Ps are stable states.

T0 is the phase transition temperature.
If b < 0, the high-order polarization in formula1.5should not be neglected. By adding new condition

F = 0, the critical temperature Tc is found :

Tc = T0+
3b2

16a0c
(1.9)

with polarization P =
√

3|b|
4c and three local energy minima ( -PS, 0 PS ) coexist atTc. In fact, three

energy minima can exist between T0 and T1 = T0 + b2

4a0c:

1. T > T1, P = 0 is stable state.

2. T∈ [Tc, T1], P = 0 is stable state, but P =± Ps can exist.

3. T = TC, P = 0 and P =± Ps both are stable state.

4. T∈ [T0, Tc], P =± Ps is stable state, but P = P0 can exist.

5. T < T0, P = Ps is stable state.

The squared polarization is expressed by:

P2 =
|b|
2c

[1+

√

1− 4a0c(T −T0)

b2 ] (1.10)

The polarization as a function of temperature is plotted in fig.1.8(b). The polarization jumps atT0, phase
transition is discontinuous and thermal hysteresis is obvious for first order phase transition.
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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 on FE [23] [24] [25]. The lowest-frequency
polar-phonon mode becomes softer during cooling, finally goes to zero frequency at TC. The dielectric
permittivity peak is successful explained by soft mode theory. After R. A. Cowley [26], BSW notation
[27] is prevalent used in describing dynamic properties of perovskite structure. The dynamic matrix
calculation [26], various experiment methods ( neutron scattering, infrared and Raman spectroscopy
... ) [28] and first principle calculation [29] [30] are used to study the instability of FE. FE relatedΓ
point instability appears in FE BaTiO3 and PbTiO3. It is primarily B-ion character in BaTiO3 but A-ion
character in PbTiO3. The R point instability appears in PbZrO3 which 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 willdivergence at T0 for
second order phase transition and jump for first order phase transition at TC. At PE phase, the dielectric
permittivity obeys C-W law:

ε ′ =
C

T −T0
(1.11)

Here, C andT0 are the Curie constant and the Curie temperature respectively. For second order phase
transition, T0 = TC, for first order phase transition, T0 < TC. As we already described, this is also the
assumption of Landu-Devonshire theory.

1.3 Relaxor

The study of relaxor is strongly related to FE. Different with FE, relaxor displays [31] [32]:

1. a strong frequency dependence of the dielectric permittivity,

2. a broad dielectric anomaly around the temperature of the maximum dielectric permittivity, Tm,
for a given frequency,

3. no structural macroscopic phase transition acrossTm.

It is generally accepted that the strong dielectric relaxation aroundTm needs two crucial ingredients
[32]. The first one concerns the quenched random electric [33] and strain fields ( RFs ) arising from
chemical disorder and the difference in ionic charges and radii betweenthe different kinds of B cations
( in fact, the cations on the B site of the perovskite structure typically deviate from a perfectly random
distribution by possessing a short range order at a nanoscale through chemically ordered regions). The
second ingredient concerns the dynamical polar nanoregions ( PNRs ), which nucleate several hundred
degrees aboveTm at the Burns temperature,TB [34].

1.3.1 Diffuse phase transitions

In relaxor, C-W law was observed only at temperature much higher thanTm, typical nearTB in PbMg1/3Nb2/3O3

[35].
For describing the diffuse phase transition ( DFT ) character in relaxor, Smolenskii [36] hypoth-

esized the composition fluctuation model. The total number of relaxators which contributeto the di-
electric response in the vicinity of the permittivity peak is temperature dependentand the temperature
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distribution of this number is given by a Gaussian function with a mean valueT0 and a standard devia-
tion δ:

ε − ε∞

ε0
= exp[−(T −T0)

2

2δ2 ] (1.12)

Here,ε∞ is the electronic and ionic permittivity. Neglecting the value ofε∞ and assumingT0 = Tm:

ε =
εm

1+ (T−Tm)2

2δ2

(1.13)

This quadratic law is valid at T >Tm for complete DFT materials. More general formula describing
DFT follows powder law [37] [38]:

εm

ε
= 1+

(T −Tm)
γ

2δ2
m

(1≤ γ ≤ 2) (1.14)

Here,γ corresponds to degree of relaxation, in a normal FEγ =1, in a typical relaxorγ = 2. δm is the
broadening parameter.εm is the dielectric permittivity maximum at temperatureTm.

Considering the reasonable unit ofσ and dielectric permittivity aroundTm , the powder law can also
be expressed as [39] [40]:

εm

ε
= 1+(

(T −Tm)

∆
)ξ (1.15)

Here,∆ is similar withσ andξ is similar withγ. According the study of later [41] [42], the formula
1.14and1.15have the same fitting results.

1.3.2 Vogel-Fulcher relationship

Empirically, Vogel-Fulcher ( V-F ) relation is used to describe dynamic behaviorof relaxor [43] [44]:

f = f0exp[− Ea

kB(Tm−Tf )
] (1.16)

Here, f is the experiment frequency.Tm is the temperature of maximum dielectric permittivity.Ea is
the polarization fluctuation activation energy of an isolated cluster.kB is the Boltzmann constant.Tf

is the freezing temperature at which the dynamic of PNRs slow down and freezing out. By defining
the relaxation timeτ = 1/ω =1/2πf, it is obvious that the characteristic relaxation time diverges at the
freezing temperatureTf as f→0.

Recently, another character temperature named T* was found in lead-based relaxor FE [32] which
corresponds to a nanoscale phase transition associated with random fields.

The relation between also these character temperatures isTB > T∗ > Tm > Tf > 0. During cooling,
the dynamic PNRs nucleate at the Burns temperatureTB, the static PNRs appear at the temperature T*,
slow down and freeze out at the freezing temperatureTf .

1.3.3 Local and long range polar order

In perovskite relaxor, one of common character is that the same symmetry position is occupied by
disorder non-isovalent ions, no long range order is observed. One of fantastic properties of relaxor
perovskite is quite different structure phase transitions. For example, PMN (PbMg1/3Nb2/3O3 ) remains
the average cubic symmetry whatever the temperature, however, PZN ( PbZn1/3Nb2/3O3 ) displays
rhombohedral symmetry below 390K (Tm =405K ).

The origin of polar in relaxor was revealed after the study on PbMg0.3Nb0.6Ti0.1O3 [45]. The polar
comes from Pb2+ in a sophisticated method. The composition of cooperative shifting along the [111]
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polar direction plus Pb2+ short-range shifting along [1 12] direction gives the local position of Pb2+:
slight shifting deviating one of <100> direction about 13◦ ( see fig.1.9).

Figure 1.9 Pb2+ shifts in an oxygen cuboctahedron [45]

1.4 Magnetism

The physical quantities describing magnetic materials are comparable with FE materials. Magnetization
( ~M ) is the net magnetic moments in unit volume. Magnetic induction (~B ) is given by:

~B= µ0(~H + ~M) = µ0[~H +(µr −1)~H] = µ0µr~H (1.17)

Here,~H is the magnetic field,µr −1 is the magnetic susceptibility (χm ).
Similar to FE, ferromagnetic ( FM ) is a material has a spontaneous magnetic moment (parallel

each other ) even in zero applied magnetic field.

1.4.1 Magnetic moment

The magnetic property of an atom is decided by the electron configuration. The magnetic moments of
an electron is separated into orbital angular momentum magnetic moment:

~mz =−µBlz (1.18)

and spin magnetic moment:

~msz =−geµBsz (1.19)

Here,µB = eh̄/2me, is Bohr magneton,ge = 2(1+e2/4πε0hc) = 2.0023,lz is the magnetic quantum
number,sz =±1

2 is spin quantum number.
The total magnetic moment is related to the total angular momentum quantum number (J ):

~mz =−gµBJz (1.20)

Here, g is called the land´e splitting factor which is given by
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g=
3
2
+

S(S+1)−L(L+1)
2J(J+1)

(1.21)

J is decided by the couplings of orbit-orbit, orbit-spin and spin-spin. For lightatoms, as the orbit-spin
interaction is weak, the coupling is simple to Russell-Saunders coupling and is specified by Hund’s
rules. Thus, it is possible to compare the magnetic moments of ions between experiment and calculated
values ( the magnitude of total magnetic moment is m =gµB

√

J(J+1) ).

(a) FM (b) AFM (c) FIM (d) Canted

Figure 1.10 Some simple magnetic orders

If J equals zero, the material displays diamagnetic behavior which is explained byclassic electro-
magnetic theory. IfJ is not zero, ferromagnetic ( FM ), antiferromagnetic ( AFM ), ferrimagnet( FIM )
and more complicated magnetic order structures like helical, canted, spiral, umbrella and etc. can exist
in solid. The simple magnetic orders are shown in fig1.10.

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

1.4.2 Exchange interaction

According Pauli Exclusion Principle, there is zero probability of finding twoelectrons of the same
spins at the same point in space, but opposite spins can be find at the same point. So the average
separation of electrons r will be larger for parallel spins than anti-parallelspins. The inter-electron
coulomb repulsion energy (e2/4πε0r ) is smaller for parallel than anti-parallel spins. This effect is
referred to as the exchange interaction. For the whole solid, the exchange energy is expressed as:

H =∑
i
∑
i 6= j

Ji j ·~Si ·~Sj (1.22)

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

1.4.3 Double exchange interaction

The metallic FM order can be explained by double exchange interaction [46] [47], i.e. in manganites.
Because of the existence disordered mixture of Mn3+ and Mn4+, the electron hops from Mn3+ to O2−,
from O2− to Mn4+ depending on the alignment of local spins of Mn3+ and Mn4+. If the spins of Mn3+

and Mn4+ are parallel,eg electron of Mn3+ hops to the vacated spin site of the oxygen which was leaved
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by electron hoping to Mn4+. If the spins of Mn3+ and Mn4+ are anti-parallel, theeg spin electron can
not hop to the oxygen because its spin is parallel to the spin remained in the oxygen. According this
mechanism, the compound of FM has itinerant electron and behaves like conductor.

1.4.4 Superexchange interaction

Superexchange was proposed by Hendrik Kramers in 1934 [48] and developed by Phillip Anderson [49]
[50], John Bannister Goodenough [51] and Junjiro Kanamori [52] in 1950’s-1960’s. The insulator FM
and AFM orders are explained by superexchange depending on orbitalconfigurations. Two magnetic
ions ( B with part occupiedeg orbitals or B’ with emptyeg orbitals ) couple through an intermediary
non-magnetic ion (e. g.O2−). Depending on magnetic ions ( B or B’ ) and orbital couping orientations
( parallel or orthogonal ), there are 5 cases in superexchange interaction (fig. 1.11): (a) strong AFM,
(b) weak AFM, (c) weak FM, (d) FM, (e) AFM.

(a) Case 1 (b) Case 2

(c) Case 3
(d) Case 4

(e) Case 5
(f) Legend

Figure 1.11 Different magnetic orders because of superexchange interaction [53] [ 54]

Superexchange effect is successful in explaining the AFM order in many insulator perovskites.
Similar to AFE, the magnetic moments exist in AFM but the net magnetic moment in one magneticcell
is zero because every magnetic moment has a anti-parallel magnetic moment neighbor. In perovskite
compounds, different AFM orders below magnetic phase transition temperatureTN were named after
E. O. Wollan and W. C. Koehler who studied perovskite magnetic orders by neutron diffraction [55] (
see fig.1.12).

In simple perovskite BiFeO3(BFO), disordered complex perovskite PbFe1/2Nb1/2O3 (PFN), PbFe1/2Ta1/2O3

(PFT) and PbFe2/3W1/3O3 (PFW), G-type AFM order is related to Fe-O-Fe superexchange effect [56]
[57] [58] [59] [60]. The AFM phase transition point ( TN ) may relate to the quantity of Fe3+ in the
compound. TN of PFN, PFT, PFW and BFO are 143K [61], 133K-180K [62], 350K [63], and 643K re-
spectively. Recently, the Fe-Pb-Fe also is expected to explain the enhanced Néel temperature [64] [65].

1.4.5 Jahn-Teller effect

As we already described, except cation displacement and tile, distortion is a another type deformation
in perovskite, especially in magnetic perovskite materials.

If odd number of electrons occupy the eg orbitals ( i.e. d9, low-spin d7 and high-spin d4 ) in
octahedron center position, the pronounced J-T distortion occurs. According crystal field theory, in
octahedral environment, the five d orbits split into lower energy t2g states ( dyz, dxz, dxy ) which point
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(a) A (b) C (c) E (d) G

Figure 1.12 Different AFM orders in perovskite [55]

Figure 1.13 Electron configuration of3d4

between oxygen ions and higher energy eg states ( dz2, dx2−y2 ) which point toward six oxygen ions.
Using group theory, H. A. Jahn and E. Teller proved that these degenerate electronic ground states
are instable [66]. Considering theeg state, if octahedron is elongated along the z-axis, the dz2 is less
overlapped with apical oxygen orbitals, so dz2 becomes a lower energy level than dx2−y2.

J-T effect in 3d4 configuration is shown in fig1.13. There are two type of distortions [52](fig.1.14):
the orthorhombic normal mode Q2 ( the normal coordination equals 1/

√
2(x1− x4− y2+ y5) ) short-

ens two 180◦ M-O bonds elongates another two M-O bonds in the same plane, the tetragonal normal
modeQ3 ( the normal coordination equals 1/

√
6(2z3−2z6− x1+ x4− y2+ y5) ) shortens all the M-O

bonds in the same plane but elongates two perpendicular M-O bonds. As theundistorted structure is
centrosymmetric, the inversion center is preserved after distortions.

(a) Q2 (b) Q3

Figure 1.14 Two different J-T distortions: normal mode Q2 and Q3 [52]
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1.4.6 Curie Law

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

M = NmL(
µ0mH
kBT

) = Nm[coth(
µ0mH
kBT

)− kBT
µ0mH

] (1.23)

Under huge magnetic field (µ0 m H »kB T ), M = Nm; under high temperature (µ0 m H «kB T ), M =
µ0Nm2H

3kBT . When spatial quantization is considered, Langevin function L (µ0mH
kBT ) is replaced by Brillouin

functionBJ(
JgµBH

kBT ):

M = NgJuBBJ(
JgµBH

kBT
) = NgJuB[

2J+1
2J

coth(
2J+1

2J
JgµBH

kBT
)− 1

2J
coth(

1
2J

JgµBH
kBT

)] (1.24)

The susceptibility becomes:

χPM =
M
H

= µ0
Ng2J(J+1)µ2

B

3kBT
=

C
T

(1.25)

This is Curie law for PM, N is the number of atoms per unit volume, kB is the Boltzmann constant.
Curie-Weiss Law for FM is expressed by:

χFM =
C

T −TC
(1.26)

Here, TC = γµ0
Ng2J(J+1)µ2

B
3kB

, γ is called the “molecular field” constant. Weiss derived the formula by

just adding “molecular field” (~HW = γ ~M ) in the formula1.25. The origin of “molecular field” is the
quantum exchange effect.

The similar behavior in AFM and ferrimagnetic was studied by Néel and was called Curie-Neel
Law:

χAFM =
C

T +TN
(1.27)

1
χFI

=
T +C/χ0

C
− b

T −θ
(1.28)

1.5 Spin Glass

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

In PFN, glasslike state freezes at 27.6K [67] and is proved by muon spin rotation and neutron
scattering [68]. In PFT, magnetic phase transition point was found about 55K which couldbe related
to spin glass behavior [69]. In BFO, spin glass behavior was found in single-crystal [70] and thin
film [71]. The phase transition temperature Ts.g. is about 30K and weak FM was found below 10K [70].
The magnetic hysteresis loop was found at 2K for PFN [67], below 10K for BFO [70], even room
temperature for PFT [69]. 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 was alsofound this year [72].

The weak FM below 9K for PFN and PFT [73], below 20K for PFW [63] was explained by weak
long-range superexchange interaction between Fe-O-X-O-Fe ( X is related no magnetic ion in the com-
pounds). This is a short-range order at B site. which is similar to spin glass order.

14



1.6. MULTIFERROICS

1.6 Multiferroics

1.6.1 Definition

Multiferroics have been formally defined as materials that exhibit more than oneprimary ferroic order
parameter simultaneously. The four basic primary ferroic order parameters are ferromagnetism, ferro-
electricity, ferroelasticity [73] and ferrotoroidicity [74]. The definition of schmid emphasizes “the same
phase”. In fact, the definition can be expanded to include non-primary order parameters, such as anti-
ferromagnetism, ferrimagnetism and antiferroelectricity. If the coupling between electric and magnetic
order parameters exists, a multiferroic material becomes a magnetoelectric material. But a magneto-
electric ( or a multiferroic ) material does not necessary to be a multiferroic (or amagnetoelectric )
material [75] ( see fig.1.15).

Figure 1.15 Relationship between multiferroic and magnetoelectric materials [75]

1.6.2 Recent progress of multiferroics

The history of magnetoelectric multiferroics can be traced back to the 1960s [76]. In the most general
sense the field of multiferroics was born from studies of magnetoelectric systems. In recent 10 years,
there is a great revival in multiferroics. In 2000, Nicola A. Hill gave an answer about scarcity of
ferromagnetic ferroelectric coexistence [77]. In 2003 the large ferroelectric polarization was discovered
in epitaxially grown thin films of BiFeO3 [78]. The same year, the strong magnetic and electric coupling
was found in orthorhombic TbMnO3 [79] and TbMn2O5 [80].

The recent studies of multiferroics clearly show the important of collaborationbetween experiment
technology and modeling design. There are many classic review articles discussing the interesting
multiferroics [81] [75] [82] [83] [84].

1.6.3 Two approaches

We have already see that J-T effect keeps centrosymmetry of octahedron but second order J-T effect
breaks centrosymmetry of octahedron, it becomes difficult to design a B sitedriven multiferroic. There
are two type of methods to avoid the incompatibility inABO3 perovskite:

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

2. Fabrication double perovskite, one of sublattices consists ofdn magnetic cation while the other
consists ofd0 ferroelectric cation.
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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, the direct FE proving method
needs good insulation property of material, however, magnetic transition metal ions accommodating
different valence states can lead to oxygen nonstoichiometry and hoppingconductivity.

1.6.4 Magnetoelectric couping

Magnetoelectric ( ME ) couping describes the influence of a magnetic ( electric ) field in the polarization
( magnetization ) of a material. ME effect can be obtained by expanding the free energy in terms of the
electric field~E and magnetic field~H [81]:

F(~E, ~H) = F0−PS
i Ei +MS

i Hi −
1
2

ε0εi j EiE j −
1
2

µ0µi j HiH j −α i j EiH j −
1
2

βi jkEiH jHk−
1
2

γi jkHiE jEk−·· ·
(1.29)

Here, i, j and k are directions,PS andMs are the spontaneous polarization and magnetization,ε andµ
are the electric permittivity and magnetic permeability.α expresses the linear magnetoelectric coup-
ing, induces polarization ( magnetization ) by an electric ( magnetic ) field.β andγ express bilinear
magnetoelectric couping. Polarization and magnetization can be gotten by differentiation the equation:

Pi(~E, ~H) =− ∂F
∂Ei

= PS
i + ε0εi j E j +α i j H j +

1
2

βi jkH jHk+ · · · (1.30)

Mi(~E, ~H) =− ∂F
∂Hi

= MS
i +µ0µi j H j +α i j Ei +

1
2

γi jkE jEk+ · · · (1.31)

in formula1.30, settingPS
i = 0,Ei = 0, one obtains

Pi(~H) = α i j H j +
1
2

βi jkH jHk+ · · · (1.32)

in formula1.31, settingMS
i = 0,Hi = 0, one obtains

Mi(~E) = α i j Ei +
1
2

γi jkE jEk+ · · · (1.33)

Equations1.32and1.33express the magnetic ( electric ) induced polarization ( magnetization ). The
boundary condition of linear ME couping was discussed by W. F. Brown [85]. The couping coefficient
was expressed by:

α i j <
√ε0µ0εii µ j j =

√εii µ j j

c0
(1.34)
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Here,µ0 = 4π×10−7 V·s
A·m, ε0 =

1
36π×109

A·s
V·m, c0 = 3×108 m

s .
The formula highlights that large linear ME couping can be gotten by large electric permittivity and

magnetic permeability even without ferroic orders.
In multiferroic, magnetoelectric coupling may through directly couping or indirectlycouping by

strain. The strain effect does not discussed in the free energy equation. In fact, strong coupling is ex-
pected if strain is induced. The idea pushes us using antiferroelectric PbZrO3 design novel multiferroic
system.

The typical behavior of AFE is electric induced phase transition ( see fig.1.17). In a multiferroic
system, if the direct magnetoelectric coupling exists, under electric field, a big change of the mag-
netoelectric coupling is expected because of the rearrangement of polarization ( see fig.1.18(a)). If
polarization and magnetization are coupled through strain (indirect coupling), because of the induced
strain ( in the case of PbZrO3, the change of volume is 0.74% ) it is also expected a big change of the
magnetoelectric coupling ( see fig.1.18(b)).

Figure 1.17 Electric field induced phase transition in AFE

(a) Direct coupling

(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 lighten the manuscript and
to go directly to the main goal i.e. the investigation of new solid solutions with coexistence of various
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structural, polar and magnetic instabilities. Nevertheless, it is worth mentioning here that the fabrication
of homogeneous powders and good quality ceramics is not an easy task especially when dealing with
lead and iron compounds at high temperature. It has taken a lot of time with several attempts to get
good samples free of any parasitic phase at least using the “eyes” of lab x-ray diffraction technique.

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

After this first chapter reminding the main structural and physical properties needed for the under-
standing of this manuscript, Chapter 2 presents the experimental techniqueswe used during the thesis
work for the measurements of the properties of our materials. A peculiar attention is done for describing
the dielectric relaxation and complex conductivity because the compounds underinvestigation display
coexistence of polar states and electronic conduction. Chapter 3 will allow to re-examine the proper-
ties of both PbFe2/3W1/3O3, ( PFW ) and lead zirconate PbZrO3, (PZO) compounds for which a lot
of questions are still open. The goal here is to show that these compounds have a lot of instabilities
(polar, magnetic and structural). In Chapter 4 the solid solution between PFW and PZO will be inves-
tigated in order to look for a material having multiferroic properties close to roomtemperature. Finally
Chapter 5 is an alternative solution in which PZO is doped with magnetic ions. The goal is to 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 ions areperiodical repeat
in space ( 1D, 2D, 3D or 3+nD ). The periodical structure in 3D is named space group which have 230
types possibilities. The diffraction methods are the main technique to study crystal structure. Neutron
diffraction bringing magnetic moment is unique in determination magnetic structure.

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

Figure 2.1 Diffraction geometry and adjustment of diffraction plane in SPMS

The diffraction obeys Bragg’s law:

nλ = 2dhklsinθbragg (2.1)

λ is the wavelegth,θbragg is the diffraction angle,dhkl is the interplanar distance of neighbouring net
planes (hkl). For triclinic lattice ( lengths of basis vectors a, b and c; interaxial anglesα ,β andγ respect
to b∧c,c∧a anda∧b),

dhkl =

√

(1−cos2α −cos2β −cos2γ+2cosαcosβcosγ)
h2

a2 sin2α + k2

b2 sin2β + l2
c2 sin2γ+2hl

ac(cosαcosγ−cosβ)+2hk
ab(cosαcosβ −cosγ)+2 kl

bc(cosβcosγ−cosα )
(2.2)
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CHAPTER 2. STRUCTURE, ELECTRIC AND MAGNETIC CHARACTERIZATION

Equation2.2is the most normal condition so it can been used for all the lattice by symmetry restrictions.
In bragg-brentano geometry (2.1(a)) ( sample movingθ - detector moving 2θ ) diffractometer, a

diffraction peak will induced if the equation is satisfied except when extinction happens.
In SPMS1, diffraction plane can been precisely adjusted by translation ( X, Y and Z, upto 0.001mm

) and rotation (ω, φ andχ , up to 0.0001◦) sample (2.1(b)) by newport MM4006 motion controller,
the same time, large temperature range and strong electric filed environment of sample can be gotten by
combining with cryostat ( 80K - 480K ) or four ( 300K - 800K ) and Keithley 50-5000V high voltage
supply. The C-like syntax software SPEC2 is used to control all the system. The software intensit´e was
compiled by GUIBLIN Nicolas for visualization the data. Two type wavelengths, Kα ( mixedλ Kα1 =
1.5405Å orλ Kα2 = 1.5443Å), Kβ = 1.3922Å 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 reciprocal lattice, the generalization
Bragg’s law is expressed as:

~Kd − ~Ki = ~H (2.3)

~Kd ( 1
λ ) is diffraction vector,~Ki (

1
λ ) is incident vector,~H (h~a∗+k~b∗+ l ~c∗) is a reciprocal vector.

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

I = N2I0
e4

r2m2c4(
1+cos22θ

2
) |Fhkl|2 (2.4)

I0 e4

r2m2c4 (
1+cos22θ

2 ) is single electron diffraction intensity ( The formula itself proves the diffraction of
nucleus is negligible ).Fhkl is structure factor:

Fhkl =
N

∑
j=1

f jexp[2πi(hxj +kyj + lz j)] (2.5)

N is the atom number in the unit cell;f j is the scattering factor of atom j;x j , y j andzj are the coordinates
of atom j. The dynamic behavior of atoms can be summarized in Debye-Waller factor ( B / u factor or
the temperature factor ). Basically, the structure factor is expressed as:

Fhkl =
N

∑
j=1

f jexp[2πi(hxj +kyj + lz j)−B
sin2θ

λ 2 ] (2.6)

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

Fhkl =
N

∑
j=1

f jexp[2πi(hxj +kyj + lz j)−8π2U j
sin2θ

λ 2 ] (2.7)

or:

Fhkl =
N

∑
j=1

f jexp[2πi(hxj +kyj + lz j)−2π2(U∗
11x

∗2+U∗
22y

∗2+U∗
33z

∗2+2U∗
12x

∗y∗+2U∗
13x

∗z∗+2U∗
23y

∗z∗)]

(2.8)

1http://www.spms.ecp.fr/equipements.html
2http://www.certif.com/

20



2.1. CRYSTAL STRUCTURE AND DIFFRACTION

for anisotropic atom displacement.
In fact, many factors influence the intensity of x-ray, like Lorentz polarization( 1

sin2θ ), absorption (
I = I0e−µx )...

2.1.3 Neutron diffraction

Neutron is produced as a result of nuclear reaction which is also be used as diffraction 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, no polarization factor(1+cos22θ
2 ) as

in X-ray.

3. Neutron with spin (12) interacts with magnetic moment, additional diffraction peaks could be
induced for magnetic materials.

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

S
~k =∑

ν
Cν ϕν (2.9)

plus a propagation vector (~k). The basis vector can be gotten by group theory. Softwares like Sarah[86]
or Moody [87] can do such kind of calculation. The coefficient can be gotten by magnetic structure
refinement. Then magnetic moments can be expanded as a Fourier series:

mj =∑
~k

S
~k
je
−2πi~k~t (2.10)

The~t is translation(~t = t1~a+ t2~b+ t3~c ) vector. The magnetic scattering vector is the summation of
the reciprocal lattice vector~H and the magnetic moment propagation vector~k (~h= ~H +~k ), magnetic
structure factor is given by:

~Fm(~H +~k) = p
nc

∑
j=1

f j(~H +~k)S~k jexp2πi(~H +~k)r j (2.11)

p = reγ
2 = e2γ

mc2 = 0.2695, is used to convert magnetic moments from Bohr magnetonµB to scattering
lengths units 10−12cm.

2.1.4 Rietveld refinement

The splitting of Bragg diffraction peaks gives the information about lattice type.The splitting regulation
of some typical p.c. Bragg peaks are summarized in table2.1for perovskite.

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

Lattice type ( 200 ) ( 220 ) ( 222 )
Cubic 1 1 1

Tetragonal 2 2 1
Rhombohedral 1 2 2
Orthorhombic 3 3 1
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CHAPTER 2. STRUCTURE, ELECTRIC AND MAGNETIC CHARACTERIZATION

Unit cell can be indexed by Crysfire suite [88] which includes many indexing softwares. Many
methods were developed to deal with diffraction data. Lebail fitting [89] is a powerful profile matching
method. Structure information can be gotten by charge flipping method based software like superflip
[90]. The precise crystal structure can be obtained by Rietveld refinement which is first devised by
Hugo rietveld [91]. The Rietveld method uses a least squares approach to refine a theoretical profile
until it matches with the measured profile. There are many softwares can do such kind of work, like
XND [92], Fullprof [93] and Jana2006 [94]. The international union of crystallography commission on
powder diffraction has published a Rietveld refinement guidelines [95]. Basically, structure refinement
is not structure determination, also, there are many intrinsic ( Lorentz polarization ... ) and material (
preferred orientation, absorption, grain size ... ) factors which influence refinement results.

The basic assumption of powder refinement is that the step-scanning peak profile intensity can
described by a function. Different peak-shape functions were used [96]. Two important functions are:

G(2θ) =
2

FWHM

√

ln2
π

exp[− 4ln2
FHMW2(2θ −2θbragg)] (2.12)

and

L(2θ) =
2

πFWHM

1+ 4
FWHM2 (2θ −2θbragg)2

(2.13)

The former ( formula2.12) is Gaussian function which is predominant in neutron diffraction, the later
( formula2.13) is Lorentzian function which is predominant in X-ray diffraction. In practical profile,
Pseudo-voigt (P-V) function is used:

PV(2θ) = ηL(2θ)+(1−η )G(2θ) (2.14)

it gives best fitting results [97]. The different between Gaussian and Lorentzian function is shown in
fig 2.2by setting diffraction Bragg angle to 20◦, changing FWHM (Full Width at Half Maximum) from
0.001 to 1, normalized peaks intensity to 1. Obviously, Lorentzian function is better to fit broadening
peak.

Agreement factors of profile are calculated by:

R= 100
∑ |yi −yc|

∑yi
Rw = 100

[

wi ∑ |yi −yc|2
wi ∑y2

i

]1/2

(2.15)

Agreement factors of refinement are calculated by:

RF = 100
∑ |Fobs−Fcalc|

∑ |Fobs|
RFw = 100

[

wobs∑ |Fobs−Fcalc|2

wobs∑ |Fobs|2

]1/2

(2.16)
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Figure 2.2 Normalized peak shapes of G(2θ) and L(2θ) with different FWHM, the Bragg angle is set to 20◦

2.2 Electric characterization

Under electric field, both displacement current and polarization current are induced in materials. Di-
electrics refers to materials which have larger polarization current than displacement current under
electric filed. Generally, dielectrics is an insulator. The polarization currentis positive and negative
charges ( +q and -q ) shifting each other with limited distance (~d ), this coupling is named dipole and
moment ( electric dipole moment ) is given by:

~p= q~d (2.17)

The density of the electric dipole moment is polarization (~P ). Polarization is a important parameter
for multiferroics. Here, Polarization related electric properties and measurements will be introduced.

2.2.1 Dielectric permittivity

In a dielectric material, the electric displace field (~D ) is defined as:

~D = ε0~E+~P= ε0(1+ χe)~E = εrε0~E (2.18)

εr is relative permittivity, more normally is named dielectric permittivity or dielectric constant. At zero
frequency, it is named static dielectric permittivity. Generally, it is a complex but the real part is still
named dielectric permittivity.χe is electric susceptibility.

The capacitance is defined as:

C= εrε0
S
d

(2.19)

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

For most insulator, the basic electric circuit can modeled as parallel or series of capacitor and re-
sistor. In our case, the parallel model was used (fig.2.3) and initial measured parameter was complex
admittance ( Y = G + jB ). The temperature of sample was detected by KEITHLEY 195Digital Multi-
meter. The measurement was controlled under LabVIEW based softwares, basic dielectric parameters
was calculated by the formulas:

ε
′
= k

B
f

(2.20)
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CHAPTER 2. STRUCTURE, ELECTRIC AND MAGNETIC CHARACTERIZATION

ε
′′
= k

G
f

(2.21)

tanδ =
G
B

(2.22)

k ( 72t×109

πd2 ) is geometric parameter related with thickness t ( mm ) and diameter d (mm ). f is frequency (
Hz ). Other electric parameters, like impedance, conductivity or electric moduluscan also 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 appliedmechanical stress. It
is a subgroup of dielectricity. The IEEE recommended piezoelectric measurement is complex impedance
method ( fig2.4 ). This method is based on mechanical resonance of samples excited by a low voltage
oscillation. Near the vibration frequency, the behavior is modeled by Mason circuit ( fig. 2.4 ). The
resonance and antiresonance angular frequencies are:

ωr =
1√

L1C1
ωa =

√

C0+C1

L1C0C1
(2.23)

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

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 when itis heated or cooled. It
is a subgroup of piezoelectricity. Under electric field, the current ( I ) passing through a materials can
be separated as conduction current (IC ) and displacement current (ID ):

I = IC+ ID (2.24)

Displacement current is defined as:

ID = S
∂~D
∂ t

= S
∂ε0~E+~P

∂ t
= S

∂~P
∂ t

= S
∂~P
∂T

∂~T
∂ t

(2.25)
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2.2. ELECTRIC CHARACTERIZATION

During heating or cooling a material by a velocity∂~T
∂ t , the change of polarization will induce polariza-

tion current.
The pyroelectric current measurement in SPMS is realized by Keithley 617 programmable elec-

tometer collaborating with cryostat for heating or cooling. The pyroelectric coefficient is calculated
by:

pi =
I

vS
(2.26)

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

2.2.4 Ferroelectric hysteresis loop

Ferroelectricity is the subgroup of pyroelectricity. FE hysteresis loop is thedirect proving of ferro-
electricity. Classic electric circuit for FE hysteresis loop measurement is named Sawyer-Tower electric
circuit [98]. The measurement circuit can be simplified like fig.2.5. Cx is the capacitance of a FE
meterial,Cy is the capacitance of a constant capacitor. The polarization ( P ) is the function of voltage
of the constant capacitor (Vy ).

P=
VyCy

S
− ε0E (2.27)

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

In SPMS, we used sin function as signal source which was amplified by high tension circuit, the
frequency was 50Hz. The hysteresis behavior is directly shown on a Tektronix 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 a largeleakage 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:

M∗(ω) =
1
ε∗

= M′+ iM ′′ =
ε ′(ω)

ε ′(ω)2+ ε ′′(ω)2 + i
ε ′′(ω)

ε ′(ω)2+ ε ′′(ω)2 (2.28)

Electric modulus corresponds to the relaxation of electric field in a material when electric displace-
ment remains constant. It is more sensitive to conductivity relaxation behavior and high capacitance
effect can be avoided [99]. The conductivity can aslo be suppressed when the data are presented in the
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CHAPTER 2. STRUCTURE, ELECTRIC AND MAGNETIC CHARACTERIZATION

modulus representation(M = iωC0(Z+ 1
iωCs

) = (M′+ C0
Cs
)+ iM ′′). Considering electrical heterogene-

ity effect, imaginary part of impedance is sensitive to big resistance but the imaginary part of electric
modulus is more sensitive to small capacitance.

Complex conductivity

Complex conductivity is defined as:

σ = σ
′
+σ0+ iσ

′′
= iωε0ε (2.29)

Here,σ0 is the direct current( DC ) conductivity,σ ′
is the alternating current ( AC ) conductivity. The

existence ofσ0 in the formula is a open question. The relationship between two can be looked as:

σ0 = limσ
′

as ω → 0 (2.30)

In the thesis, AC conductivity was calculated by:

σAC = ε0ε
′′
ω (2.31)

For many dielectrics, the frequency dependent AC conductivity satisfiesuniversal dielectric re-
sponse (UDR) [100]:

σAC = Aωn (2.32)

or nearly constant loss (NCL):

σAC = Aω (2.33)

UDR is understood as ion hopping effect [101] [102]. But, electric heterogeneity can also induce
this behavior at high frequency [103]. NCL happens at sufficiently low temperature or high frequency
[101], the origin was understood as vibration relaxation [101] or off-center relaxations swear out into a
broad distribution [102]. More general AC conductivity can be formulated by:

σAC = σ0[1+(
ω
ωH

)n] (2.34)

Different from AC conductivity, DC conductivity does not change with frequency. However, DC
conductivity is related with hopping transition and it is strong temperature dependent:

σDCT = σ0exp(
−E
kBT

) (2.35)

The fitted thermal activity energy give a information about current carriers.

2.2.6 Dielectric relaxation

Debye relaxation

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

ε = ε∞ +
ε0− ε∞

1+ iωτ
(2.36)

Here ε0 and ε∞ are the static and high frequency limit dielectric permittivity respectively.τ is the
character relaxation time which is the function of temperature:

τ = τ0eE/kT (2.37)
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2.2. ELECTRIC CHARACTERIZATION

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, electricalheterogeneity can
induce Maxwell-Wagner ( M-W ) relaxation [104] [105]. Two-layer model of M-W is shown in fig.
2.6.
The dielectric permittivity is expressed as:

ε = ε∞ +
ε0− ε∞

1+ iωτ
− i

σ
ω

(2.38)

All the parameters are directly related with circuit elements:

ε∞ =
1

C0

1
1

C1
+ 1

C2

(2.39)

ε0 =
R2

1C1+R2
2C2

C0(R1+R2)2 (2.40)

σ =
1

C0(R1+R2)
(2.41)

τ =
R1R2(C1+C2)

R1+R2
(2.42)

C0 = ε0S/d (2.43)

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

Z′ =
R1

1+(ωR1C1)2 +
R2

1+(ωR2C2)2 (2.44)

Z′′ = R1[
ωR1C1

1+(ωR1C1)2 ]+R2[
ωR2C2

1+(ωR2C2)2 ] (2.45)

The impedance normalization highlights small resistance relaxation. The electric modulus of the circuit
can be expressed as:

M′ =
C0

C1
[

(ωR1C1)
2

1+(ωR1C1)2 ]+
C0

C2
[

(ωR2C2)
2

1+(ωR2C2)2 ] (2.46)

M′′ =
C0

C1
[

ωR1C1

1+(ωR1C1)2 ]+
C0

C2
[

ωR2C2

1+(ωR2C2)2 ] (2.47)

The electric modulus normalization highlights small capacitance relaxation. Considering the specific
values of resistance and capacitance in ceramic materials, relaxation is more easier noticed by electric
modulus normanization.
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2.3 Magnetic characterization

The magnetization can be measured by superconducting quantum interference device magnetometer
(SQUID) after the discovery of Josephson effect. The magnetic behavior of our materials were mea-
sured by Quantum Design MPMS-5 ( 0 - 5.5T, 1.7 - 800K). The raw data are magnetic moment ( m )
in electomagnetic units ( 1 emu = 10−3 A·m2 = 10−3 J/T ) and magnetic moment in unit mass (mm,
emu·g−1 ). Two conventional measurement procedures were used during experiments: zero field cool
(ZFC) and field cool (FC). In ZFC, the sample was measured by heating accompanying magnetic field
after a first cooling without magnetic field. In FC, the sample was measured by cooling accompanying
magnetic field. The magnetization (M) was calculated by:

M = mmρ (2.48)

Here,ρ is the density of sample. Hypothesis magnetization just coming from the spin ( this is the
case for the first-raw transition metals [106] ), the spin quantum number of atoms can be calculated by
formula:

sc = mm
M

NA ·N ·g0 ·µB
(2.49)

µB = 9.27400915(23)× 10−24 A · m2, NA = 6.02214179(30)× 1023 mol−1, g0 = 2, M is the molar mass,
N is the number of magnetic atoms.

In published results, different authors may used different units for magnetization and magnetic
susceptibility. We summarized a conversion table of different units (tab.2.2), where Mmol andρ are the
mole mass ( g/mol ) and the density ( g/cm3 ) of a material.

Table 2.2 Magnetization and magnetic susceptibility units conversion

Quantity Unit
M emu· g−1 µB per f.u. emu / cc A· m 2 / kg

factor 1 × Mmol/5585 ×ρ 1
χ emu· g−1 ·Oe−1 µB per f.u. · Oe−1 cm3· g−1 m3·kg−1

factor 1 × Mmol/5585 4π 4π· 10−3

2.4 A paradox

There are many similar behaviors between FE and FM, for example, both polarization and magnetiza-
tion follow C-W law, both of them have hysteresis loops. However, there is a obvious contradiction: the
conductivity of a material can totally erase FE behavior [107] [108] but many magnetic materials are
good conductor because of exchange interaction. The precise characterization 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 tungsten PbFe2/3W1/3O3, (
PFW ) and lead zirconate PbZrO3, (PZO), we first re-examined the properties of both PFW and PZO
which are our reference compounds. As already stressed, PFW is already a multiferroic system having
relaxor ferroelectric character and antiferromagnetic features. The role of PZO in our solid solution is
to introduce, in addition to PFW ferroic orders, antiferroelectric ( and antiferrodistorsive ) instabilities.
While these two compounds are rather well known at a first glance, it appears from the literature that
there remain several not yet understood experimental observations leading to a situation that needs
to be clarified. This chapter, in which PFW is first presented followed by PZO, will 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 group [109] and displays both FE and AFM features. PFW is
also a so-called relaxor FE with Tm, the temperature associated to the maximum dielectric constant near
180K. The ralaxor behavior in PFW is of course related to short range local order [110].

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

Figure 3.1 Electric and magnetic orders in PFW [60],the red and black bowls represent Fe ions and
Pb ions respectively, here the oxygen ions are omitted. The dashed blackline represents the possible
polar component through Pb2+ displacements along <111> direction [60]. The red arrows represent
the magnetic moment direction alternatively distributed up and down along <100> directions.
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As in the model PMN relaxor, the structure of PFW remains cubic with Pm3m space group down
to 10K [60]. As a result, no macroscopic polarization was observed in PFW without application of
external electric field [111] [112]. However, at a short-range scale some structural deviations from
the ideal cubic perovskite were reported. Indeed, the atoms are not located onto their ideal cubic
positions [63] and more precisely Pb2+ shifts along <111> directions [60] were reported suggesting
the existence of rhombohedral nanopolar clusters [110]. In addition chemical ordering at nanoscale
giving rise to doubling of the perovskite structure were also reported [113] [114]. These features are
typical of lead-based relaxors.

While lead ions are responsible of the polar properties , the iron ions are associated to the magnetic
features in PFW. Indeed, 2/3 of the perovskite B-site in PFW is occupied byFe3+ bringing 5.92µB

spin ( 3d5 electron configuration ) net magnetic moment. The arrangment of these magnetic moments
gives rise to a G-type AFM ordering [60]. The AFM phase transition point i.e.TN 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 was also found 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 PbFe1/2Nb1/2O3 ( PFN ) [67] [68], PbFe1/2Ta1/2O3 (
PFT ) [69] or BiFeO3 ( BFO ) [70] [71] [70].

Moreover, we believe that the discrepencies bewteen the values of the critical temperatures is
sample-dependent. Indeed, it is obvious that the magnetism arises from the iron ions. However these
ions are not distributed in a same way from one sample to another one as they correspond to 2/3 of the
B-site and are randomly distributed. Therefore the magnetic exchange interactions should be slightly
different from one sample to another one, which may explain the different critical 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, 250K and 390K. All the
peaks remains single whatever the temperature attesting of the cubic symmetry of PFW.

For illustration, we show the Room Temperature (RT) Rietveld refinement results.The experimental
diffraction pattern and the calculated one are plotted in fig.3.3and the refined parameters are listed in
table3.1.

Table 3.1 Refined structural parameters and agreement factors for PFWat room temperature

a = 3.98Å
Coordinates

Atom x y z U
Pb 0 0 0 0.024
Fe 0.5 0.5 0.5 0.002
W 0.5 0.5 0.5 0.002
O1 0.5 0.5 0 0.002
R = 12.18%, Rw = 15.28%
RF = 6.37%, RFw = 7.44%

It is obvious that the cubic model allows a rather good matching between the observed and calcu-
lated diffraction patterns. However, as shown in the inset of figure3.3the high angle diffraction pattern
shows some discrepencies and in addition, the thermal agitation parameter of Pb-ions is abnormally
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(b) ( 200 )Bragg peak at 180K
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(c) ( 200 )Bragg peak at 250K
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(d) ( 200 )Bragg peak at 390K
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(e) ( 220 )Bragg peak at 100K
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(f) ( 220 )Bragg peak at 180K
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(g) ( 220 )Bragg peak at 250K
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(h) ( 220 )Bragg peak at 390K
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(i) ( 222 )Bragg peak at 100K
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(j) ( 222 )Bragg peak at 180K
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(k) ( 222 )Bragg peak at 250K
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(l) ( 222 )Bragg peak at 390K

Figure 3.2 Main Bragg diffraction peaks (200), (220) and (222) of PFW atdifferent 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 intensities reflect local disorder which proba-
bly comes from ion displacements. Indeed, in lead-based relaxors Pb atomis supposed to be localed
in a multiwelled potential around its special Wyckoff position [45]. To check this, we used a common
procedure [45] which has already proved its efficiency. During this refinement procedure, only thermal
u factor of Pb atom, the whole scale factor are free while all the other parameters are kept fix. Pb atom
is then smoothly moved along different directions i.e. <100>, <110>, <111> and <123> corresponding,
respectively to 6, 8, 12 and 48 equivalent directions in the cubic symmetry. This approach allows the
agreement factors to decrease attesting a better matching between the observed and calculated diffrac-
tion pattern. The agreement R factor RF is plotted as a function of Pb atom shift in fig.3.4.
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Figure 3.4 RF as a function of Pb shift in different directions at 300K. (sinθ /λ up to 0.56Å−1 )

A minimum is obtained at 0.238Å, for <111> direction, and at 0.252Åfor all the other directions.
Thus as already observed in many other Pb-based relaxors, there is a strong polar displacement of Pb
ions. However, we can not say how this ionic shifts arrange themselves, ifthey are randomly distributed
or correlated to form the so-called polar nanoregions (PNRs). It is intersting to remark that in case of
the antiferroelectric PZO, the antiparallel shift of Pb atoms is about 0.24Å, a value very close to that we
determined for PFW.

In order to get more insights into the possible correlation of Pb ions, we carefully analyzed the
Bragg peaks as a function of temperature. The (200), (220) and (222) Bragg diffraction peaks depicted
in fig. 3.2show already indication of such correlations. Indeed, the first indication comes from the tem-
perature evolution of the intensity of the Bragg peaks. In fig.3.2, the data are plotted at the same scale.
It is clear that the maximum of the intensity of each Bragg peak is decreasing with temperature decreas-
ing. However, in a standard situation one would expect an increase of the intensity with temperature
decreasing. Indeed when the temperature decreases, the contribution to thethermal diffuse scattering
(TDS) decreases too. As a consequence, if no structural modifications occur, the maximum of the Bragg
peak intensity should increases when the temperature diminishes as the TDS alsodecreases; in other
words the TDS goes from the backgroud into the main Bragg peak when the temperature decreases.
Our data rather show that the intensity is going somewhere else when the temperature decreases. Con-
trary to single crystals in which the diffuse scattering can be accessed, it isdifficult to reach it in powder
samples. Nevertheless, the presence of polar shift correlations should affect the width of the Bragg peak
and even its position.

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

At a first glance, it appears in fig.3.5(a)that the FWHM remains constant whatever the temperature
as one would expect for a cubic phase. However a careful look to the FWHM of (200) Bragg peak ( fig.
3.5(b)) allows to evidence a weak enhancement of the width below 160-170K. It isworth recalling that
usually the so-called butterfly diffuse scattering observed in Pb-based relaxors 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 h00-type Bragg reflections. It can then explain why the FWHM
broadens in case of (200) and not (or at least, less) for (220) and (222)peaks. The structural anomaly at
160-170K is better seen in the pseudo-cubic lattice parameter extracted from the Bragg peak positions
versus temperature in fig.3.6.
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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 plateau has been also reported
in other systems like the model relaxor PMN. In addition to the 160-170K anomaly, other structural
anomalies can be observed in fig.3.6. Indeed starting from high temperature, there is a deviation of
the linear evolution at about 300K below which the pseudocubic lattice parameterbecomes soft (al-
most constant with temperature) before increasing below 240K. And finally theplateau occurs below
160-170K. It appears then that something in the structure is occuring between 240K and 300K. The
increasing of the volume on cooling below 240K might be a signature of a phasetransition. However,
as no splitting or additional Bragg peaks is evidenced if such phase transition occurs, it would be at a
local scale.

3.2.2 Polar order

The real part of the dielectric permittivity and the dielectric losses of PFW areshown in fig3.7between
100K and 300K for a frequency ranging from 1kHz to 1MHz. As expected for a relaxor compound,
there is a strong dielectric relaxation below 210K for this frequency range.It is worth mentioning that
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in addition to this relaxor behavior a high temperature dielectric dispersion can beevidenced. Such
frequency dispersion is related to conduction and will be discussed latter in this paragraph.
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(a) Dielectric permittivity
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Figure 3.7 Temperature dependent dielectric permittivity and dielectric loss tangent of PFW

The temperatureTm associated to the maximum of the dielectric permittivity increases with fre-
quency increasing: 185K at 1kHz, 188K at 10kHz, 194K at 100kHz and 200K at 1MHz. The dielectric
losses show similar behavior.

The dielectric relaxation of relaxors can be treated using the so-called Vogel-Fulcher (V-F) relation
in order to extract dynamic properties related to PNRs and the freezing temperature Tf . 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 Vogel-Fulcher freezing in PFW

The fitting data givesTf = 150.2K, f0 = 5.30*1012, Ea = 0.067 eV,∆[Tm(1MHz)-Tf ] = 49.8K. These
results are in good agreement with previous report givingTf = 153K, f0 = 6.19*109, Ea = 0.0396
eV [116]. Besides, the activation energyEa and the characteristic relaxation timef0 values are also
close to those found in other relaxors, for example, in PMN-10PT [43], f0 = 1.03*1012, Ea = 0.0407
eV. It is remarkable that the freezing temperatureTf 150K found using the V-F relationship is close
to the temperature associated to the appearance of the plateau in the diffractiondata (fig.3.6) and the
broadening of the (200) Bragg peak (fig.3.5(a)).

We also used power law formula to model the dielectric response around Tm. Both experimental
data and the fitted power law of dielectric permittivity are plotted in fig.3.9.

As expected the power law describes rather well the dielectric response around and above Tm but
does not match the low temperature dielectric response because of the slowingdown of the PNRs. The
fitted parameters are listed in table3.2, γ is 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

Here in case of PFW,γ value is about 1.75 attesting the relaxor-like shape of the dielectric response
around Tm.

Table 3.2 Powder law parameters for PFW at different frequencies

f εm Tm γ δm

1kHZ 9864 185 1.74 26.34
10kHZ 9512 188 1.80 28.92
100kHZ 9142 193 1.73 24.37
1MHZ 8659 199 1.75 24.45

However far above Tm, 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. As illustration, the reciprocal
dielectric permittivity at 1MHz and the fits using both the power law and C-W relationship are plotted
in the same figure (fig.3.10); note that Tf is also marked.
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Figure 3.10 Modeling dielectric permittivity of PFW

Interestingly, the C-W law gives parameters which are T0 = 239K and C = 1.3*105 and deviates
below roughly 300K. These two peculiar temperatures i.e. 240K and 300K determined by dielectric
analysis, are quit close to those already evidenced using X-ray diffraction(see fig.3.6). Besides it is also
worth mentioning that the power law deviates at around 240K, showing that indeed this temperature is
specific to PFW. Combining both dielectric constant and structure data, it may besuggested that a
local phase transition occurs indeed at T0 240K. One may also speculate that the anomaly observed
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at 300K in both dielectric and XRD measurements might correspond to the ‘beginning’ of the local
phase transition assuming a first order-like transition i.e. in between T0 and 300K there is a phase
coexistence.

Let us now come back to the high-temperature-like dielectric dispersion evidenced in fig3.7. Such
dispersion can be more easily evidenced by dielectric loss tangent data (fig.3.11(a)) which display a
series of relaxations.
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Figure 3.11 Non conventional dielectric relaxation in PFW

For example for a frequency of 1kHz, the dielectric losses show two obvious maxima at 320K
and 410K and suggest further at least a third one above 440K. The first 320K relaxation is prominent
with a broad temperature peak shift over the frequency range which we name a main relaxation for
convenient discussion. The second relaxation is weaker as it spreads over a narrower temperature scale
into the temperature-frequency range we selected, therefore it is named slightrelaxation. These both
relaxations/dispersions follow a classical Arrhenius law as shown in fig.3.11(b). The black solid square
points correspond to the main relaxation experiment while the open square points correspond to the
slight relaxation experiment. The straight lines are the fits using Arrhenius law. For the main relaxation
and slight relaxation, the thermal activation energy obtained are 0.61eV and 0.80eV respectively while
the pre-exponential factors are 2.37*1012 and 8.39*1012 respectively.

These parameters are typical for relaxations related to defects as it was already obseved in pure
PFW [116] [117], La-doped PFW [118], PFW-PTO [119] [120] or Mn- and Co-doped PFW [117].

According to the thermal activation energy value, a first feeling is to attribute these relaxations
to oxygen vacancy defects which are usual in perovskite oxides [121] [122] [123] [124] [125] [126].
However, we rather assume that here they are much more related to Pb vacancies as was also recently
suggested [116] [117]. Indeed, two key features supporting such assumption have been reported. In-
deed, the relaxations can be eliminated by annealing in nitrogen atmosphere [119] which is a typical
reducing environment and thus can not be explained oxygen vacancies. Moreover, it was also shown
using hall effect measurement [118] 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 polarization of PFW was mea-
sured directly through FE hysteresis loop as a function of temperature (fig.3.12) obtained using Sawer-
Tawer electrical circuit.

As one may see while the macroscopic symmetry remains cubic thus centrosymmetric,a rather soft
hysteresis loop can be measured. The loop is soft meaning that the polarization vs electric field has a
"‘S"’ shape rather than a rectangular one as expected for a normal FE. The hysteresis loop becomes
bigger on cooling indicating continuous growth of the polarization in PFW. The polarization reaches a
maximum value of about 14µC·cm−2 and gets a remanent value of 7µC·cm−2 . This is in agreement
with previous report [111]. 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:

P ∝ (TC−T)β (3.1)

which gives TC = 170K andβ = 0.13. The obtained critical temperature is 20K higher than the freezing
temperature Tf and very comparable to the temperature associated to the appearance of a plateau in
the diffraction data (see fig.3.6). Moreover, the value of the critical exponentβ is far from mean field
theory (β = 0.50). It is rather closer to 1/8 which corresponds to a description of the polarization within
an Ising model into 2-dimension. It is worth mentioning that close values have been already observed in
other perovskites like NaNbO3 (β = 0.17) et RbCaF3 (β = 0.18) and have been explained [127] because
of the presence of asymmetric defects that broken the local symmetry (β= 0.125 for a 3D system). This
last explanation is better appropriate in our case as indeed both either chemicalinhomogeneities 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 using an external dc-electric
field. In this goal we especially investigated the dielectric constant vs temperature in two different
electric field regimes i.e. Field-Cooling (FC) and Zero-Field-Heating-after-Field-Cooling (ZFHaFC).
During the FC regime, an electric field value between 1kV/cm to 6kV/cm is appliedat 450K and the
dielectric constnat is recorded on cooling keeping the electric field constant.Then at 100K, the electric
field is switched off and a short-circuit is realized in order to discharge thecapacitor from any parasitic
electron-hole carriers. Finally the dielectric constant is recorded on heating (ZFHaFC) till 450K. Figure
3.13shows the dielectric constant and losses in both regimes at a frequency of1MHz.

As one may see there is no drastic change of the permittivity until an electric fieldvalue of 6kV/cm.
Both the maximum of the dielectric constant andTm are decreasing with increasing of the strenght of
electric field as shown in fig.3.14.

Moreover, a small and sharp signal is evidenced at 210K under FC and220K under ZFHaFC (see
arrow on fig3.13). This additional dielectric signal is much more enhanced at a frequency closeto
500kHz ( see fig.3.15).

This behavior is explained by a piezoelectric resonance and is associatedto an electric-field-induced
phase transition. Note that the critical temperature is the same whatever the electricfield value meaning
that in contrast to the maximum of the dielectric constant this dielectric signal corresponds to a ‘normal’
ferroelectric phase transition. This transition is also of a first order as it takes place at different tem-
perature on cooling and heating. Interestingly a FE phase transition can be also induced by an electric
field in case of PMN the model relaxor. However, while in case of PMN such phase is induced at a
temperature belowTm, in case of PFW it occurs aboveTm.

To confirm the piezoelectric resonance, the modulus and phase of the impedance as a function of
frequency is measured at different temperature ( fig.3.16).
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(a) Dielectric permittivity for FC
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(b) Dielectric loss tangent for FC
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(c) Dielectric permittivity for ZFHaFC
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(d) Dielectric loss tangent for ZFHaFC

Figure 3.13 Dielectric permittivity and dielectric loss tangent of PFWat 1MHz for FC and ZFHaFC
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(a) Dielectric constant for FC at 501kHz
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(b) Dielectric losses for FC at 501kHz

Figure 3.15 Dielectric constant and losses at 501kHz for FC
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Figure 3.16 Impedance and phase angle vs frequency for different temperatures
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As shown in fig.3.16 several resonances (associated to the dimensions of the pellet used forthe
measurement) are obtained for frequencies around 500kHz. Using such data, it is possible to extract
electromechanical properties of PFW ceramics. The effective transversek31 coefficient is close to 6.6%
and the mechanical factor of qualityQm is 235 which rather small values.

In order to determine the ‘true’ critical temperature of this induced phase transition, the amplitude
of the resonance signal ((Zmax−Zmin)

Zmin
) versus temperature is plotted in fig3.17. While the maximum is

observed at 210-220K, the signal still exists until 240K which can be thenconsidered as the "‘true"’TC.
This temperature of the induced-phase transition in PFW is then close to the 240K anomaly 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 properties.Fig. 3.18shows the mag-
netic susceptibility of PFW as a function of temperature measured by SQUID on Zero-Field-Cooling
(ZFC). In low temperature range( 2K - 300K ) the Field Cooling (FC) susceptibility(with a magnetic
field fixed at 100 Oe) is also measured in addition to ZFC regime.

0 10 20 30 40 50 60 70 80 90 100

2.0x10-7

4.0x10-7

6.0x10-7

8.0x10-7

 
 /m

3
kg

-1

T /K

TS.G

ZFC

FC

AFM

300 320 340 360 380 400
3.9x10-7

4.0x10-7

4.1x10-7

4.2x10-7

T
N

 

 

PM

ZFC

SG

Figure 3.18 Magnetic susceptibility of PFW

At high temperature, a sharp peak at 358K (marked by an arrow) corresponds to TN the temperature
associated to the ParaMagnetic (PM) to AntiFerroMagnetic (AFM) phase transition. The straight line in
figure3.18corresponds to the fit using Curie-Neel law which gives Curie constant2.95×10−4 m3 · kg−1
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· K−1. As one may see, the transition occurs in a very small magnitude of the susceptibility making
its detection rather difficult. This can explain why TN is slightly higher than that obtained by neutron
powder diffraction [60] and similar to that determined by magnetic measurement [63]. To confirm the
long-range AFM character, figure3.19shows the room temperature neutron diffraction data. The data
have been recorded at Institute Laue Langevin (Grenoble, France) in D2B beamline.
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Figure 3.19 Comparison of x-ray and neutron diffraction patterns at room temperature

Comparing x-ray diffraction, the neutron diffraction pattern exhibits extra-peaks of
{

1
2,

1
2,

1
2

}

-type
associated to the magnetic ordering. As expected at 300K, the magnetization versus the applied mag-
netic field (M-H) remains linear up to 5000 Oe with a slope ofχ= 9.8×10−5 µB/Oe (fig.3.20).

-6k -5k -4k -3k -2k -1k 0 1k 2k 3k 4k 5k 6k
-0.006

-0.004

-0.002

0.000

0.002

0.004

0.006

 

 
M

 /
B
 p

er
 f.

u.

H /Oe

 

 

PFW

Figure 3.20 Magnetization-magnetic field loop of PFW at room temperature

Assuming the molecular field approximation, the 0K perpendicular AFM susceptibility isgiven by
χ⊥ = M0/ HE, where M0 is the magnetization of one sublattice and HE is the first neighbor exchange
field. Besides, HE is linked to the Néel temperature by kBTN = (1/3)M0HE. In case of powder, the
susceptibility is written asχAFM = (2/3)χ⊥ [128]. Using TN =358K and M0 = (2/3)×5.92µB, we obtain
χAFM = 6.5×10−5 µB, which is very close to the measured slope (χ= 9.8×10−5 µB/Oe).

However in addition to this long-range AFM order, a short-range one exists. Indeed at low tem-
perature, ZFC-FC has a cusp (see arrow in fig.3.18) at 5K (TS.G.) which is typical of spin-glass-like
behavior. Note that a weak FM was also reported at 1.9K [115] 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 curve (fig.3.20) , the magnetic moment is
not zero at zero magnetic field and is roughly equal to 1×10−4 µB. This weak magnetization can be
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explained either by some magnetic impurities or by a canting of the AFM spin giving rise to a magnetic
order with a non zero value. This situation might be similar to the well-known BFO multiferroic [129]
with its net magnetization of 0.021µB. Here PFW displays a net magnetic moment of 0.067µB which
indeed can suggest a canted magnetic order in PFW.

Finally as for the polar features, PFW displays both long-range and short-range magnetic orders.
Typically, the AFM order can be related to Fe3+-O- Fe3+ superexchange mechanism through Fe/W
disordered regions and the weak FM may come from Fe3+-O-W-O-Fe3+ superexchange through Fe/W
chemically ordered regions [63]. Indeed, nanoscale ordered domains of 2-5 nm size were found on PFW
because of alternating 1:1 Fe3+ and W6+ chemical order along the <111> direction [113]. Besides,
the competitions between weak FM clusters within an AFM matrix can give rise to a spinglass (or
frustrated) behavior at low temperature.

3.3 Literature review on the antiferroelectric lead zirconate PZO

Lead zirconate (PbZrO3, PZO) was the first compound identified as an AntiFerroElectric (AFE). In
its low-temperature phase ( T <Tc ∼505K ) PZO crystallizes in an orthorhombic symmetry allowing
60◦, 90◦ and 180◦ domain structures [130] [131] [132] to satisfy the AFE character and the head-to-tail
arrangement of the polarization. The unit cell contains eight formula units (f.u.) and is derived from
the single-perovskite cubic structure (ac ∼ 4.16 Å). The unit-cell parameters are a =

√
2ac = 5.89 Å,

b = 2
√

2ac = 11.76 Å, and c =2ac = 8.22 Å. The orthorhombic phase of PZO is strongly AFE in the
plane perpendicular to the c-axis [133] [134]. Indeed, the AFE character is defined by theΣ3 normal-
mode displacement corresponding to antiparallel shifts of the lead ions along one of the [110]-cubic
like directions (see fig.3.21).

Figure 3.21 Pb2+ shifts along [110] direction within (001) plane of PZO

In addition to this vibration mode, two other phonons associated to the oxygen octahedra exist i.e.
the zone-boundary R25 and M5 modes [13] which correspond to opposite octahedral rotations in suc-
cessive layers and rotations in the same direction in all layers along the [001]-axis, respectively. As
a consequence, such displacements make the [001]-axis polar and thus azone-centre polar modeΓ15

similar to that observed in normal FE like BaTiO3 is also instable and make PZO not a strict antiferro-
electric according to Kittel’s theory [15] and might explain the weak piezoelectric effect (∼10−13 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 Dai [136] at room temperature. The existence
of weak ferroelectric behavior is also supported by structural analysisas the noncentrosymmetric Pba2
space group was reported [135] [136] [137] [138]. However, structural refinements with oxygen tilts
is not an easy task and moreover it is well known that hysteresis loop measurements have to be con-
sidered with care because of parasitic free charges that can results in wrong hysteresis loop. Note that
it was reported that there is no geometric similarity between the displacements of the lead ions and
the dipole moments responsible for the antiferroelectricity, a two-layer model of the dipole ordering of
PZO was proposed [139]. Therefore, the FE behavior at room temperature of PZO remains doubtful
and despite many published conflicting studies about the symmetry, a centrosymmetric Pbam space
group [140] [141] [142] is now more frequently considered for the structure of PZO description. At
high temperature, PZO displays the prototype PE Pm3m cubic 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 anomaly [133] [134] [145] is observed at TC ∼505K with
a dielectric permittivity value of several thousands similar to first-order like phase transition occur-
ring in classical ferroelectric materials. Based on infrared reflectivity measurements, it was proposed
that an overdamped low-frequency mode the so-called central mode dominates inthe PE phase and
is responsible for most of the strong dielectric anomaly near the phase transition[146]. The phase
transition of PZO was investigated by several techniques including X-ray, neutron and electron diffrac-
tion [141] [142] [147] [148] [149] [150], Raman spectroscopy [138] [143], electrical conductivity [151],
etc. In between the orthorhombic AFE and cubic PE structure, an intermediate FE phase of rhombo-
hedral symmetry was reported [138] [143] [149] [150] [151] in a narrow temperature interval (∼10
K) and might present oxygen octahedra rotation mode [150]. However no real consensus exists yet
concerning its existence as it seems to be related to the defect concentration and stoichiometry [152].
Moreover, first-principles calculations confirm that it exists a small energydifference between AFE and
FE states [153] [154]. Despite still some unclear features, some basic conclusions can be made:

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

2. Extrinsic factors ( temperature, electric field, strain/pressure, defects, doping,... ) 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 Pb2+ along p.c. (110)-direction are associated to the AFE
state of PZO. Besides, oxygen tilts are always present when AFE order. To investigate oxygen tilts
usually is better to consider neutron diffraction technique. Indeed in X-raydiffraction, light elements
have small contribution to the intensity compared to heavy ones. Nevertheless, we performed a RT
Rietveld refinement using X-ray data. For this purpose we consider the admitted Pbam space group
(note that it is difficult, even impossible to distinguish this space group from the other one proposed i.e.
Pba2 ). to illustrate the role of oxygen tilts, we consider modeling by considering either ideal oxygen
octahedra or free to rotate oxygen octahedra. The refinement results are listed in table3.3and table3.4.

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

a = 5.88Å b = 11.77Å c = 8.22Å
Coordinates

Atom x y z U
Pb1 0.705 0.130 0 0.0100
Pb2 0.711 0.123 0.5 0.0140
Zr1 0.242 0.124 0.248 0.0013
O1 0.250 0.125 0 0.001
O2 0.250 0.125 0.500 0.001
O3 0.000 0.250 0.250 0.001
O4 0 0.500 0.250 0.001
O5 0 0 0.250 0.001

R = 10.46%, Rw = 16.05%
RF = 5.46%, RFw = 6.68%

There are no significant differences on Pb and Zr coordinates (note that Pb are shifted anti-parallel),
but the R factors are obvious larger in no tilts structure model attesting that indeed the (a−a−c0) tilt
system has to be taken into account. The diffraction patterns of both experimental and calculated
structure are shown in fig.3.23.

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

The existence or not of an intermediate phase is still debated. Even when it isobserved, its polar nature
(FE or rather AFE) or its symmetry (rhombohedral) are not clear. Here, westudy both ceramic and
crystal of PZO using dielectric, pyroelectric, hysteresis loop and XRD measurements.

Dielectric permittivity of PZO as a function of temperature is plotted in Fig.3.24. While for ceramic,
an obvious difference between heating and cooling scans over 30K ( 470K∼500K ) can be clearly
evidenced, only a sharp dielectric peak which is around 506K is observed in crystal whatever heating
or cooling process.

Note that in contrast to our findings, there are some reports showing the existence of an intermediate
region even in single crystal [155] [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 PZOat room temperature. The coordinates
of O were refined.

a = 5.88Å b = 11.77Å c = 8.22Å
Coordinates

Atom x y z U
Pb1 0.705 0.129 0 0.0122
Pb2 0.711 0.124 0.5 0.0125
Zr1 0.241 0.124 0.252 0.0013
O1 0.285 0.106 0 0.001
O2 0.266 0.165 0.500 0.001
O3 0.031 0.262 0.242 0.001
O4 0 0.500 0.304 0.001
O5 0 0 0.279 0.001

R = 9.08%, Rw = 14.61%
RF = 3.02%, RFw = 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 phase transition despite the discontin-
uous jump of the dielectric constant. Let us first investigate the intermediate stateobserved in ceramic
sample. To determine the possible polar character of the intermediate phase, pyroelectric current and
FE hysteresis loop measurements were performed. It is worth mentioning that the intermediate phase
was observed in several studies [151] [155] [138] [152] [143] [141] [142] [148]. Some of them support
a FE phase [151] [155] [138] [152] [143] while others support rather a AFE phase [141] [142] [148].
Here, the pyroelectric current is measured on heating and cooling the ceramicsample around the phase
transition region. On heating, a current peak at 500K is observed with a shoulder at 504K while on cool-
ing two well separated peaks at 484K and at 505K are evidenced (fig.3.25(a)). These peaks confirms
the existence of two phase transitions.
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measurement

Figure 3.25 Ferroelectric properties of PZO. (a) shows pyroelectric current on heating and cooling. (b) shows
a ferroelectric hysteresis loop at 490K. (c) shows calculated polarization by pyroelectric current data

In the intermediate region i.e. from 490K to 505K on heating and from 475K to 500K on cooling,
it is possible to measure a FE hysteresis loop. Fig.3.25(b)shows the hysteresis loop at 490K which
is typical of a FE behavior and thus confirms the FE nature of the intermediate phase. The remanent
polarizationPr of PZO at 490K is around 7µ C/cm−2. Using the pyroelectric current, the polarization
can be also calculated throughP =

∫ I
S∗vdT, 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 plotted in fig.3.25(c). It
gives a polarization value of 4.6µ C/cm−2 which is very close to that determined from hysteresis loop.

The phase transitions can also be investigated using x-ray diffraction measurements. For the single
crystal which is oriented along [00l] direction, the p.c. (400) is recorded from 300K to 600K by heating
sample. In case of the ceramic, p.c. (111), (200), (220), (222) Braggpeaks are measured from 300K to
800K on heating. Some Bragg peaks at different temperatures are plotted in3.26for illustration.

It is clear that the strong shift of the (400) peak for the crystal and the splitting of the Bragg peaks
in the ceramic indicate the phase transitions. Using a Pseudo-voigt shape to fitthese data from 300K to
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(c) p.c. peak ( 111 ) at 500K for ce-
ramic sample
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(d) p.c. peak ( 200 ) at 480K for ce-
ramic sample
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(e) p.c. peak ( 200 ) at 490K for ce-
ramic sample
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(f) p.c. peak ( 200 ) at 500K for ce-
ramic sample
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(g) p.c. peak ( 220 ) at 480K for ce-
ramic sample
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(h) p.c. peak ( 220 ) at 490K for ce-
ramic sample
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(i) p.c. peak ( 220 ) at 500K for ce-
ramic sample
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(j) p.c. peak ( 004 ) at 510K for
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(k) p.c. peak( 004 ) at 515K for
crystal sample
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Figure 3.26 Some p.c. Bragg diffraction peaks of PZO at different temperatures
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600K , the lattice parameters normalized for comparison between crystal and ceramic are shown in fig.
3.27(a).
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Figure 3.27 Normalized lattice parameters (a) and FWHM (b) as a functionof temperature for PZO.

For the ceramic, the structural phase transition occurs at 490K while for crystal the phase transition
occurs at higher temperature i.e. at 515K. For both the phase transition is accompanied by a strong
volume change of 0.6%. For both samples the phase transition, according to the jump in the volume of
the unit cell, is of first order. This suggests then that even for the single crystal, the dielectric constant
( see fig3.24(b)) should display at least a weak hysteresis through heating and cooling. TheNote that
for the ceramic, it is difficult to extract properly the lattice parameters within the intermediate region,
it is why it does not appear in fig.3.27(a). To exctract much more information on this intermediate
FE phase, the FWHM is also plotted (3.27(b)) in addition to the data (peak position and width) of p.c.
(222) diffraction peak measured on heating and cooling around the phase transition(see fig.3.28).

Having a look to fig.3.28(c)and3.28(d)a clear hysteresis on cooling and heating is observed. It
is worth noting that on heating the change through the intermediate phase is soft compared to that on
cooling. It is clear that the intermediate phase is FE and thus it is excluded that this temperature region
can be explained by a phase coexistence of AFE orthorhombic low temperaturephase and PE cubic
high temperature phase. Rather one has to imagine another phase phase whichis FE and should have a
non-centrosymmetric structure. Some authors have suggested a rhombohedral FE phase. However, this
solution can be safely excluded because while (222) peak indeed broadens in the intermediate phase,
the (200) peak broadens too which is not compatible with a rhombohedral symmetry. Assumming a
first-order phase transition towards a FE phase which can not be neither rhombohedral nor tetragonal
((222) peak is splitted) and because of group-sub-group relationship,it is possible to suggest an or-
thorhombic phase with a Amm2 space group. Indeed such phase corresponds to the FE orthorhombic
phase of BaTiO3 and satisfy all above requirements. We did some Rietveld refinements to checkthis
possibility. It is clear that the Amm2 phase gives a better agreement factors and better matching be-
tween experimental-calculated diffraction patterns than a cubic or rhombohedral phase ( RF are 4.39%,
4.50% and 5.25% for Amm2, R3m and Pm3m respectively ).

PZO under electric field

It was not possible to induce at RT, the FE state from the AFE state by applying an external electric
field. The reason is that the voltage to be applied is very strong i.e. roughly 22 MV/m and thus the
breakdown occurs before ( 10MV/m). To induce such transition using such high electric field, the idea
is to go towards thin film. Here we rather decided to investigate the effect of theelectric field in the FC
regime as we did for pure PFW in the previous section. Fig3.29shows the dielectric constant on FC
regime for electric field values from 0kV/cm to 7kV/cm.
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Figure 3.28 A intermediate phase is proved by X-ray diffraction of P.c. (222) peak. (a) P.c. Bragg peak (222)
at selected temperatures on heating. (b) P.c. Bragg peak (222) at selected temperatures on cooling. (c) calculated
lattice parameters (d) FWHM.
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Figure 3.29 Dielectric permittivity of PZO for different electric fieldstrengths on FC regime
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As one may see no significative change is observed. Having a careful look (see fig.3.29(b)) around
the phase transition one can see that the electric field affects the slop of the discontinuity (the region
where the intermediate FE phase is observed for ceramics). The slope is decreasing with the electric
field or in other words the phase transition is broad. This tendency vanishesin the ZFHaFC 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 properties of PZO. This can be ex-
plained by the rather weak electric field applied and thus push further research towards 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, one has to decrease the
thickness of the sample and thus to go towards thin films. It is well-known that oneof the main effect
of such size reduction is the stress/strain coming from the clamping onto the substrate. It is not our
goal here to study thin films but rather to bring some understanding elements onthe effect of stress on
the structure. Therefore in this paragraph we investigate the effect of hydrostatic 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 can be induced under
strong enough electric field ( 2.2×107 V/m ) [157] [158]. The polarization in AFE state comes from
Pb2+ shifts along pseudo cubic [110] 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. Generally, the stability of the structure
is balanced between the long-range coulomb forces and short-range electronic repulsions. The pres-
sure has been revealed as a powerful tool to influence interatomic distanceand thus is widely used
to investigate structure (in-)stability of ferroelectrics for a long time [159] and multiferroics more re-
cently [160] [161].

The high pressure behavior of PZO was studied by DTA [162], dielectric measurements [163] [164],
Raman spectroscopy [165] [166] and ab initio method [167] [168]. The first studies have found triple
phase points around 0.64 GPa [162] or 0.5 GPa [163]. Most recent studies have been rather performed at
room temperature and used higher pressure value for the investigation. As a matter of fact, several phase
changes have been evidenced. For instance, there are obvious colorchanges on PZO at 19 GPa and 37
GPa [164]. Using Raman spectroscopy phase transitions were found near 2.3 and 17.5 GPa [165] [166].
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 at 4 GPa which is related

50



3.4. REEXAMINATION OF LEAD ZIRCONATE PROPERTIES

with M3 mode [168]. Moreover, while X-ray diffraction measurements have showed that orthorhombic
phases are stabilized under high pressure, it was proposed that PZO structure becomes monoclinic at
39.9 GPa and changes to another monoclinic phase at 75.9 GPa [164]

High pressure synchrotron x-ray diffraction experiments of PZO were performed at the European
Synchrotron Radiation Facility (ESRF) on the ID27 beamline up to 60.79 GPa in collaboration with
P. Bouvier and J. Kreisel from LMGP (Grenoble). The wavelength usedis 0.3738 Åand is selected
by a iodine K-edge filter and focused to a beam size of about 3µm. The powder sample was loaded
in a diamond-anvil cell (DAV) with diamond tips of diameter 250µm and helium is used as pressure
transmitting medium. The two dimension diffraction images were analyzed using the ESRF Fit2D
software yielding intensity versus 2θ diffraction patterns.

After a careful inspection of the diffraction patterns looking for superstructure reflections and split-
ting of main refection peaks, at least five different phases as a function of pressure can be evidenced at
critical pressures: 4.56 GPa, 7.83 GPa, 19.81 GPa, 33.08 GPa and 55.87GPa.

At ambient pressure and temperature, PZO has an orthorhombic AFE structurewith Pbamspace
group. There is an obvious superstructure diffraction peak which is indexed as (34

1
4 0 ) associated to the

multiplicity of the unit cell (the unit cell is multiplied 4 times in a and b directions). This superstructure
is then of interest to investigate the evolution of the ambient orthorhombic phase. This extra peak is
fitted using a Pseudo-Voigt shape as a function of pressure. The pressure dependent parameters are
plotted in fig.3.31.

Comparing the interplanar distance of superstructure distance, there are obvious jumps of the su-
perstructure interplane distance at 4.56 GPa, 7.83 GPa and 33.08 GPa. Comparing the FWHM of
the superstructure, it starts broad at 55.87 GPa. We also calculated the integral area of superstructure
diffraction, the minimum occurs at 31.3 GPa where no superstructure diffraction was found (see fig.
3.35(a)).

We first checked that after pressure releasing the sample recovers its orthorhombic structure. While
back to ambient pressure the structure indeed recovers its orthorhombic phase (same peaks and same
peak positions and widths) the intensity changes (see fig.3.31(c)) and thus reflects the domain con-
figuration changes rather than a new symmetry phase. Therefore the investigation is done carefully by
comparing all the structural features (peak position, width, intensity) to avoid any misinterpretation.

Looking at the superstructure peak position (fig.3.31(a)), three anomalies can be evidenced. The
first one occurs between 0.87 GPa and 4.56GPa. Unfortunately we do nothave enough data to conclude
on the exact value of the first critical pressure that we fixed to 4.56GPa.Note that a change of the peak
width reflects alos this change (fig.3.31(b)). Another anomaly is clearly seen at 7.83 GPa on all the
parameters (fig.3.31). The most obvious changes occurs at 33.08 GPa with a strong decreaseof the
interplane distance and an inversion in the intensity evolution. In addition, two other anomalies, more
subtle, can be evidenced. The less obvious one appears at 19.81GPa and can be seen on the change of
slope of the intensity (fig.3.31(c)) and an other higher pressure one can be seen in the change of width
occuring at 55.87GPa (fig.3.31(b)). Both critical pressures are confirmed in the following.

In addition to the superstructure peak, the p.c. ( 110 ) peak is also considered to determine the
critical pressures. The fitted parameters were plotted in fig.3.32.

It is obvious that both interplanar distance and FWHM of p.c. (110) show changes at the critical
pressures. The pressure dependent interplanar distance displays changes at 19.8 GPa, 33 GPa and 55
GPa while the pressure dependent width shows modifications at 6-7 GPa, 20 GPa, 33 GPa and 56
GPa. The pressure evolution of p.c. (110) gives the same phase transition information as superstructure
diffraction. The change at 20GPa which was subtle considering the superstructure peak is now more
obvious because of the splitting of main Bragg peak as illustrated in fig.3.33(a). The same situation
occurs also for the high 56GPa pressure phase transition (see fig.3.33(b)).

To summarize six different stable phases are found in PZO under high pressure. The typical diffrac-
tion patterns are plotted in fig.3.34.
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Figure 3.31 Pressure dependent fitted parameters of superstructure diffraction
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Figure 3.32 Pressure dependence of interplane distance and FWHM
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Figure 3.33 P.c. Bragg peak (110) at selected pressures
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Figure 3.34 X-ray diffraction patterns at selected pressures
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Figure 3.35 Superstructure and main Bragg p.c. (110) peak in different phases

The six high pressure phases of PZO are named phase I to VI on increasing pressure up to 60.79
GPa. Besides, in order to illustrate the main changes between the different phases, fig.3.35(a)and fig
3.35(b)are a focus of 2θ region associated to the superstructure peak and the main (110) Bragg peak.

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

The phase transition between phase I and phase II occurs between 0.87 GPa and 4.56 GPa, this is
consistence with the phase transition evidenced by Raman spectroscopy near2.3 GPa [165] [166], the
broad dielectric peak at∼3 GPa [164] and the 4 GPa phase transition found by ab initio calculations
[168].

The phase transition between phase II and phase III occurs at 7.83 GPa(or 6.37 GPa) and was not
reported before. The phase transition between phase III and phase IVoccurs at 19.8 GPa and is in
agreement with the color change, the sharp dielectric peak at 19 GPa [164] and Raman data suggesting
a phase transition at 17.5 GPa [165] [166].

The phase transitions between phase IV and phase V occuring at 33.08 GPa and that between phase
V and VI occurring at 55.87 GPa could be related to the two high pressure monoclinic phases found by
X-ray diffraction at 39.9 GPa and 75.9 GPa [164].

Using Crysfire software [88] the unit cell parameters are determined for pressure below 30GPa
considering an orthorhombic-like phase. It is worth mentioning that above 30GPa, the same treatment
is not possible because it was not possible to extract a satisfying structure. Depending on the FOM
(Figure of Merit) of different unit cells and the results of profile using Jana2006 software, the lattice
parameters are obtained. The result is presented in table3.5.

The phase I is similar with the RT structure of PZO, a =
√

2ap.c., b = 2
√

2ap.c., c = 2ap.c. having a
multiplicity of 8 (8 formula unit).

In the phase II the b axis increases and the unit cell is well described with a=
√

2ap.c., b = 3
√

2ap.c.,
c = ap.c. having a multiplicity of 12. Note that the c parameter could be also multiplied by two as in
the ambient condition. To extract properly the lattice parameters, for both I andII phases, we used a
Rietveld refinement assuming a Pbam space group. Note that the agreementfactor is not good and thus
Pbam model does not reproduce the measured diffraction patterns above 4.56GPa. Indeed while the
position are well reproduced there are some discrepancies in the intensity.

For the phase III and phase IV, we did Rietveld refinement using the another space group for all the
pressure values. We first started the refinement with the data at 31.30GPabecause the superstructure
intensity is not detectable. At 31.30 GPa, the best refinement is obtained using a Cmmm 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 parameters area =√
2ap.c., b =

√
2ap.c., c = ap.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 reportedin table3.7.
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Table 3.5 The effect of pressure on the lattice parameters of PZO

P /GPa a/Å b/Å c/Å ap.c./Å bp.c./Å cp.c./Å V p.c./Å3

Phase I
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 II
4.56 5.791 17.506 4.072 4.095 4.126 4.072 68.801
4.56 5.790 17.508 4.071 4.094 4.127 4.071 68.780
5.37 5.786 17.496 4.068 4.091 4.124 4.068 68.635
5.35 5.782 17.488 4.066 4.088 4.122 4.066 68.523
5.62 5.779 17.483 4.064 4.086 4.121 4.064 68.434
6.08 5.771 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 III
7.83 5.803 5.742 4.048 4.103 4.060 4.048 67.441
9.74 5.788 5.721 4.037 4.093 4.045 4.037 66.839
11.47 5.771 5.697 4.024 4.081 4.028 4.024 66.149
12.94 5.760 5.680 4.014 4.073 4.016 4.014 65.663
14.81 5.747 5.659 4.002 4.064 4.002 4.002 65.077
15.82 5.740 5.647 3.996 4.059 3.993 3.996 64.763
16.53 5.733 5.638 3.991 4.054 3.987 3.991 64.500
17.71 5.725 5.623 3.982 4.048 3.976 3.982 64.094
18.44 5.720 5.615 3.978 4.045 3.970 3.978 63.882

Phase IV
19.81 5.711 5.600 3.970 4.038 3.960 3.970 63.483
20.88 5.704 5.588 3.963 4.033 3.951 3.963 63.158
22.86 5.689 5.565 3.951 4.023 3.935 3.951 62.543
23.42 5.686 5.559 3.948 4.021 3.931 3.948 62.395
25.15 5.675 5.541 3.937 4.013 3.918 3.937 61.900
26.88 5.663 5.521 3.926 4.004 3.904 3.926 61.374
28.33 5.655 5.509 3.920 3.999 3.895 3.920 61.061
29.48 5.647 5.496 3.912 3.993 3.886 3.912 60.706
30.02 5.644 5.491 3.910 3.991 3.883 3.910 60.588
31.30 5.635 5.478 3.902 3.984 3.874 3.902 60.224

Table 3.6 Refined structural parameters and agreement factors for PZOat 31.3 GPa

a = 5.636Å b = 5.478Å c = 3.902Å
x y z U

Pb 0 0 0.5 0.0071
Zr 0.5 0 0 0.0018
O1 0.25 0.25 0 0.0906
O2 0.5 0 0.5 0.2062

R = 5.44%, Rw = 7.39%
RF = 4.08%, RFw = 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 = 5.635Å b = 5.478Å c = 3.902Å
U11 U22 U33 U12 U13 U23

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
O1 -0.0184 0.2277 0.4747 -0.1229 0.0000 0.0000
O2 0.4789 -0.0029 -0.0932 0.0000 0.0000 0.0000

R = 4.01%, Rw = 5.40%
RF = 2.21%, RFw = 2.59%
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In Cmmm group, the Pb2+, Zr4+ and O2− 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 ) which is the ambient
pressure structure of PZO and a supergroup of Cm2m ( No. 123 )which isthe electric field induced FE
structure in PZO. No improvement is obtained using this last ferroelectric group and thus we can not
conclude on the polar character of the real structure. Note that the change of unit cell can be looked as
an extending or a shrinking of the b axis with the anti-parallel shifts of Pb2+ decreasing continuously
until becoming zero at 31.3 GPa.

Concerning the pressure between 7.83GPa and 31.30GPa, we used Cmmm space group to determine
properly the unit cell parameters with Jana2006 through Rietveld refinements. Note nevertheless that
Cmmm is not the true space group as there is superstructure peaks for all the pressure values (fig.3.37
and fig.3.38).
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Figure 3.37 Diffractogram of PZO with Rietveld refinement at 7.83 GPa (arrows indicates super-
structure peaks)

Note that the only pressure where the superstructure is not seen is 31.30GPa but below and above
this pressure we still continue to observe it. Indeed fig.3.39(a)shows a selected region of the diffraction
pattern for a couple of pressure showing obvious change of the structure and at the same time fig3.39(b)
shows clear superstructure peaks in this new phase.

The p.c. cell volume is fitted by a third-order Birch-Murnaghan EoS by EOS-FIT (V5.2) [169] from
0.87 GPa to 31.3 GPa. There is a good fit agreement as shown in fig.3.40.
V0 is found to be equal to 70. 99 Å, very close to ambient p.c. volume of PZO which is71.11 Å. K0

is 146.12 GPa a value between 104 for PbMg1/3Nb2/3O3 [170] and 238 for BiFeO3 [160], KP is 3.34
between 2.2 of BiFeO3 [160] and 4.7 of PbMg1/3Nb2/3O3 [170].

More complex phase transitions occur above 31.30 GPa (see fig.3.35(a)and fig. 3.35(b)). Phases
IV, V and VI show clear splittings but unfortunately no satisfying space group to describe the struc-
ture was found. Note nevertheless that the cubic phase is never reached even at the highest pressure
value as observed in other systems like in normal ferroelectric PbTiO3 [171], relaxor ferroelectric
PbZn1/3Nb2/3O3 [172] or multiferroic BiFeO3 [160] [161].
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Figure 3.38 Diffractogram of PZO with Rietveld refinement at 19.81 GPa (arrows indicates super-
structure peaks)
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Figure 3.39 Diffraction patterns for selected 2θ 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 PFWand PZO. In case of
PFW, there exists a long-range and short-range both polar and magnetic orders. This situation is ex-
plained through several instabilities which are in competition. Several peculiartemperatures have been
evidenced including the freezing temperature (150K), the temperature associated to macroscopic polar-
ization (170K), the local Curie temperature (240K) at which a phase transition can be induced using
an external electric field, the Néel temperature (358K) and the spin-glass one (5K). All these physical
properties can be related to the structure. Indeed while the structure remains cubic on average, several
structural changes in the volume can be evidenced. The key entities behindboth polar and magnetic
properties are directly related to the local Pb disorder and to chemical inhomogeneities through random
distribution of Fe and W ions and some local chemically ordered regions.

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

It is then of interest to combine both compounds in order to get a solid solution having several 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 temperatures and bringing
new and (or) unexpected properties. In fact, there are already many tentative strategies using PFW as a
end member for either fabricating room temperature FE or studying interesting multiferroic behaviors.
In this chapter, following a short literature on PFW based solid solution systems, the interesting and
rich properties of PFW-PZO will be introduced.

4.1 Literature review on lead iron tungsten based solid solution systems

4.1.1 PFW-PTO

PbTiO3 ( PTO ) is a well-studied displacive type of ferroelectic material. It has tertagonal symmetry
( space group P4mm) with the spontaneous polarization vector parallel to the c-axis. and undergoes a
cubic-to-tetragonal first-order phase transformation upon cooling at 763K [173] [174].

In order to modify polar orders [119] [175] [178] [110] [179] [182] [41] [115] [120] or fabricate
novel multiferroic materials [180] [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, different scanning
calorimetry (DSC) and X-ray diffraction methods. A slight rhombohedral distortionwas found for small
PTO content solid solution; large PTO content solid solution crystallize in a PTO likeP4mm structure.
A morphotropic phase boundary ( MBP ) was found between∼ 20% PTO and∼ 40% PTO where both
rhombohedral and tetragonal coexist.

Different with polar phase diagram, many confused conclusions were obtained for magnetic phase
transition. Magnetic phase diagram of PFW-PTO shows in fig.4.1(b)which was plotted by combining
the experiments of SQUID [180] [115] and acoustic emission ( AE ) [184]. Firstly, a low temperature
phase transition (TN1 in the figure) was found, in addition to the antiferromagnetic phase transition (TN2

in the figure ). In our opinion,TN1 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 core-shellmodel to explain the
confusion [184] [183].

4.1.2 PFW-PZT

After starting the work of PFW-PZO, we noticed a encouraging result whichare published in 2009.
Magnetic control polarization is possible in PbFe2/3W1/3O3-PbZr0.53Ti0.47O3 (PFW-PZT) [185] [186]
[187].
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Figure 4.1 Phase and magnetic diagrams of PFW-PT. x represents the quantity of PTO in the solid solution.
In fig (a), square points are experimental data of dielectric; Circle points are experiments of DSC; data from
different authors are separated by color of points. In fig (b), two magnetic phase transitions were marked by TN1

and TN2 which is related to antiferromagnetic phase transition; black points are the experimental data of SQUID;
red points are the experimental data of AE; green point are the single crystal data.

Fig. 4.2shows magnetic field control of polarization; magnetic field switches polarizationto zero at
0.5 T. The result suggests the strong magnetoelectric coupling in PFW-PZT which is look as a birelaxor,
consistence with strong magnetoelectric coupling in magnetoelectric relaxor andmagnetoelectric multi-
glass [188] [189]. However, magnetic field switched-off polarization in PFW-PZT was not observed by
other authors [190] [191].

Figure 4.2 P-E hysteresis under the application of external magnetic field from 0 to 0.5 T changes
polarization to zero. The inset is the P = 0 relaxor state on expanded scale, showing a linear lossy
dielectric [185].

4.1.3 Antiferromagnetic phase transition

Considering our aim of fabricating novel multiferroic by combining PFW and PZO,it is emergent to
get a clear information that how is antiferroelectric magnetic phase transition influenced by solid so-
lution. Unfortunately, we did not find obvious conclusion in PFW-PTO. Here, the phase transition is
consider by combining the results of PFW-PTO with other PFW based solid solutions, PbFe2/3W1/3O3-
PbFe1/2Nb1/2O3(PFW-PFN) [192], PbFe2/3W1/3O3-PbSc2/3W1/3O3(PFW-PSW) [193], PbFe2/3W1/3O3-
PbSc2/3W1/3O3-PbTiO3(PFW-PSW-PTO) and PbFe2/3W1/3O3-PbSc2/3W1/3O3-BiFeO3(PFW-PSW-BFO)
[194].
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We plotted the relationship between antiferromagnetic phase transitionTN and content of Fe3+ in
related solid solution which is shown in fig.4.3. TN is localed between 160K and 360K but there is
not a clear regulation betweenTN and content of Fe3+. After careful checked all the original literature,
we find that antiferromagnetic phase transition is weak peak on magnetic susceptibility. Also, magnetic
field dependent spin glass phase transition is not noticed by many authors. The misnamedTN may be
published.
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Figure 4.3 TN versus content of Fe3+ for PFW based solid solution. Black point represents datum of
PFW-PFN; the red, green, blue and cyan points represent data of PFW-PT, PFW-PSW, PFW-PSW-PT,
PFW-PSW-BF respectively, soft red points represent data of PFW-PT single crystal.

4.2 PFW-PZO solid solution

PFW-PZO is a good candidate to study. We already demonstrated that many degrees of freedom exist
in both PFW and PZO. PFW is a so-called relaxor ferroelectric with a TC near to 180K and exhibits
an antiferromagnetic phase transition below TN near 358K and a spin glass phase transition near 5K.
It is already a multiferroic and possesses for both ferroic parameters, short- and long-range orders
and thus strong instability with respect to external stress. PbZrO3 ( PZO ) is an antiferroelectric with
high TC near to 500K and exhibits a ferroelectric phase which is sensitive to temperature, sample... .
Moreover, PZO alsp displays oxygen octahedra tilts ( or antiferrodistorsive ) in addition to antipolar
structural shifts. In tilted structure, A-ions off-centering on adjacent ions are not equivalent, which may
favor AFE state rather a FE one in the non-tilted structure [14]. In short, antiferrodistorsive is needed for
antiferroelectic. Very often magnetic compounds crystallize in tilted phase ( e.g.Pnma), (La, Sr)MnO3.
Thus, antipolar and/or AFE with magnetism should coexist interestingly. Also, complete solid solution
is possible [195] and critical temperature must approach room temperature.

After many tentative experiments, we successful fabricated complete (100-x)PbFe2/3W1/3O3-xPbZrO3

( xPZO, x varies from 0 to 100 )solid solution without any parasitic phase. Instead of describing specific
preparing processing, we will directly discuss the interesting properties ofthe solid solution.

4.3 Crystal structures of PFW-PZO

The crystal structures of PFW-PZO were firstly investigated at room temperature by X-ray diffraction
which is produced by Cu target including both kα1, kα2 beams. After directly checking diffraction pat-
terns, we found that a PFW similar structure keeps up to 40PZO. Then, a new type diffraction pattern
was observed from 50PZO to 90PZO; at last, a PZO like structure appeared for 95PZO. Non super-
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structure diffraction was found in all the diffraction patterns, it suggests that all compounds crystallize
in a perovskite structure which is also expected because both PFW and PZOare perovskites.

Rietveld refinement was used to investigate precise structural informations forPFW-PZO. The ho-
mogeneous powder samples were used for data collection. The data were collected from 5◦ to 147◦

which is the maximum of our diffractometer by a step 0.02 5◦, at every points stay 10s.
It is very surprising PFW-like cubic even exist for 40PZO because PFWalready becomes instable

after % PTO for solid solution PFW-PTO. Therefor, both cubic Pm3m and a polar R3m space groups
which is the most possible model were considered during Rietveld refinement. However, R3m does
not show any advantagies because there is non obvious shifts of cantionsand larger R factors were
gotten comparing with cubic Pm3m space group. In this average cubic structure, a parameter of unit
cell increases by a step of 0.2 Åfor every 10% PZO. Because Zr4+ has larger ionic radius comparing
with W6+ or Fe3+ [196], the evolution of lattice parameter suggests the B site replaced by Zr4+.

The splitting regulations of Bragg peaks satisfy rhombohedral symmetry when the content of PZO
changes from 50% to 90%. All the compounds were successful refined by a rhombohedral R3m space
group. The simulation and experimental data match very well, i.e. shown in fig.4.4, fig.4.5and4.6.

The cubic Pm3m space group was also built for comparing. The p.c. Bragg (200) and (222) peaks
are plotted in fig.4.7 including the simulated peaks. Rhombohedral model gives much better matching
profile for both (200) and (222) peaks than cubic. In fact, cubic giveRF 5.33 and RFW 5.47 which
are significantly larger comparing with RF 2.27% and RFW 2.96% by rhombohedral structure. Also,
abnormal u factors were found during simulation by cubic structure. We will see the dielectric properties
also imply intrisic different between 40PZO and 50PZO.
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Figure 4.4 Rietveld refinement plots for 50PZO. Points are experimental data; greenlines are simu-
lated diffraction peaks; red lines are the differences between two.

The hexagonal triple obverse cell was used during refinement. There are three formula units for
every cell. The Pb2+ coordinates was firstly directly decided by change flipping method and then
refined. Rietveld refinement gives us the crystallographic data of the solid solution, i.e. table4.1, 70pzo-
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Figure 4.5 Rietveld refinement plots for 70PZO. Points are experimental data; greenlines are simu-
lated diffraction peaks; red lines are the differences between two.
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Figure 4.6 Rietveld refinement plots for 50PZO. Points are experimental data; greenlines are simu-
lated diffraction peaks; red lines are the differences between two.
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Figure 4.7 P.c. Bragg (200) and (222) peaks ( points ) versus simulated diffraction peaks (lines) for 50PZO at
300K

refinement and4.3show the data of 50PZO, 70PZO and 90PZO.

Table 4.1 Refined structural parameters and agreement factors for 50PZO at room temperature

a = 5.763Å c = 7.074Å
Coordinates

Atom x y z U
Pb1 0 0 0.500 0.0619
Zr1 0 0 -0.030 0.0044
Fe1 0 0 -0.030 0.0044
W1 0 0 -0.030 0.0044
O1 0.3910 0.1955 0.1399 0.0030

R = 9.24%, Rw = 12.34%
RF = 2.27%, RFw = 2.96%

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

PC =
1
V ∑

i

Qi~r i (4.1)

Here, V is the unit cell volume, Q is the charge of i ion,~r i is the shit of i ion. The formula give a
direct method to calculate polarization, in deed, we did calculate for PFW-PZO.We find that the major
contributor to polarization is Pb2+ ( fig.4.8 ). The results, once again, prove that lone pair Pb2+ is the
origin of lead based ferroelectric.

X-ray diffraction pattern of 95PZO is similar with PZO, suggesting orthorhombic antiferroelectric
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Table 4.2 Refined structural parameters and agreement factors for 70PZO at room temperature

a = 5.816Å c = 7.154Å
Coordinates

Atom x y z U
Pb1 0 0 0.637 0.0529
Zr1 0 0 0.101 0.0013
Fe1 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%, Rw = 13.57%
RF = 2.52%, RFw = 3.34%

Table 4.3 Refined structural parameters and agreement factors for 90PZO at room temperature

a = 5.850Å c = 7.206Å
Coordinates

Atom x y z U
Pb1 0 0 0.724 0.0334
Zr1 0 0 0.189 0.0069
Fe1 0 0 0.189 0.0069
W1 0 0 0.189 0.0069
O1 0.332 0.166 0.328 0.0365

R = 10.96%, Rw = 15.41%
RF = 3.72%, RFw = 4.29%
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Figure 4.8 Polarization versus compositions. Black points are experimental data; green points are
calculated by Pb2+ shifts.
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structure. For illustration, we show the Room Temperature (RT) Rietveld refinement results. The ex-
perimental diffraction pattern and the calculated one are plotted in fig.4.9 and the refined parameters
are listed in table4.4. During refining, the ADP of oxygens are rational fixed. The anti-paralleldis-
placements of Pb2+ along p.c. [110]-direction are 0.25Åand 0.19Å. The values are slight smallerthan
the anti-parallel displacements of Pb2+ in PZO which are 0.26Åand 0.23Å.

Table 4.4 Refined structural parameters and agreement factors for 95PZO at room temperature

a = 5.86Å b = 11.75Å c = 8.21Å
Coordinates

Atom x y z U
Pb1 0.793 0.131 0 0.021
Pb2 0.783 0.122 0.5 0.011
Zr1 0.257 0.119 0.251 0.0047
Fe1 0.257 0.119 0.251 0.0047
W1 0.257 0.119 0.251 0.0047
O1 0.229 0.119 0 0.001
O2 0.215 0.120 0.500 0.001
O3 0.998 0.261 0.273 0.001
O4 0 0.500 0.243 0.001
O5 0 0 0.245 0.001

R = 13.04%, Rw = 16.80%
RF = 7.27%, RFw = 8.08%

The structural study of PFW-PZO reveals three structures, cubic, rhombohedral and orthorhombic
depending on the content of PZO (fig.4.10). Interestingly even unexpected, cubic is quite stable up to
40PZO. However, a local polar order and oxygen octahedra distortion isstrongly expected because of
PNRs in PFW and antiferrodistortive in PZO. The continuing deformation of rohombohedral was found
after 40PZO by composition adjusting effect (fig.4.10(a)). The unit cell volume linear enlarges up to
90PZO, accompanying a reducing which marks the appearing of orthorhombic structure. Rhombohedra
is a classic ferroelectric structure, thus room temperature ferroelectric is possible in PFW-PZO as we
already described by polarization calculation.
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Figure 4.9 Rietveld refinement plots for 95PZO. Points are experimental data; greenlines are simu-
lated diffraction peaks; red lines are the differences between two.
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Figure 4.10 Rhombohedral deformation angle (α ) and unit cell volume ( V ) as a function of content of PZO
(x)
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4.4 Phase transitions and polar properties of PFW-PZO

4.4.1 (100-x) PFW - x PZO: 0 < x≤ 40

Phase transitions

It is interesting to investigate the stability of cubic solid solution because the rich local phase transitions
were found even in pure PFW. The Bragg (200), (220) and (222) peaks were recorded from 80K to
450K, i.e., Bragg peaks of 40PZO are plotted in fig.4.11. All peaks keep single whatever temperatures
but the intensity at low temperature is significantly small. As we already discussed, the behavior suggest
the presence of polar shift in a short range.

The short range order is difficult to be observed by direct splitting of Bragg peak 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, the evolution of lattice parameters give
rich informations. Fig.4.12 shows lattice parameters versus temperature for three different relaxor
solid solution, 20PZO, 30PZO and 40PZO.

On cooling, a linear shrinking of the lattice parameters is firstly obeyed, it is denoted as phase I. A
anomaly occur at 320K, 380K and 390K for 20PZO, 30PZO and 40PZO respectively. Then, 20PZO
keeps almost constant lattice parameter but a slow shrinking is observed for 30PZO and 40PZO, this
is denoted as phase II. Another linear shrinking of the lattice parameters reflects phase III which is
stable between 260K-180K, 260K-210K and 300K - 200K for 20PZO, 30PZO and 40PZO respectively.
Phase IV exists between 180K - 130K, 210K - 160K and 200K-160K for20PZO, 30PZO and 40PZO
and there is a sharp decreasing the lattice parameter for 20PZO. A plateau isevidenced at last which is
phase V, similar with other relaxor PFW, PMN... .

The common character is that five phases are separated by four phase transitions which are noticed
by anomalies of lattice parameter versus temperature. The phase at here may slight different with the
common concept. It should be a local polar shift because the structure ofthe solid 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 behavior. Fig.4.13shows the
dielectric response for every composition. The dielectric relaxation is observed for all four compounds.
Temperature of the dielectric maximum ( Tm ) increases with the content of PZO in the solid solution.
It is 220K, 254K, 282K and 314K at 1kHz; 232K, 264K, 296K and 324K at 1MHz; for for 10PZO,
20PZO, 30PZO and 40PZO respectively. Thus, 40PZO is a room temperature relaxor. The results
consist with the X-ray diffraction that the average cubic but local shifts ofpolar.

Large dielectric permittivities is noticed especially at high temperature and low frequency ( fig.
4.13(a)) which is not a intrinsic behavior because it is strong dependent on samples. In fact, this
relaxation is losses related which can be clearly noticed by dielectric loss tangent versus temperature
(fig. 4.14). The relaxation satisfies Arrhenius relationship and gives a thermal activation energy around
0.5 eV for 10PZO and 20PZO which implies the defects related relaxation as in PFW.

Relaxor show interesting Vogel-Fulcher freezing, i.e.. PFW, PMN. According the experiments, the
behavior was fitted by least-square method and fitted parameters are listed in table4.5. The validation of
the fitting is shown in fig.4.15where black points are experiments but the lines are fitted Vogel-Fulcher
relationship. The relaxor solid solution obeys Vogel-Fulcher freezing, in addition, freezing temperature
increases with the content of PZO. It suggests that the relaxation is enhanced by B site Zr4+ replacement.
One of critical ingredient of relaxor is the quenched random electric andstrain fields. It is obvious that
B site Zr4+ replacement will enhance the fields. The relaxation activation energy is almostthe same
for all relaxor solid solution and comparable with PFW. Importantly, the freezing temperature is also
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(a) ( 200 ) Bragg peak at 100K
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(b) ( 200 ) Bragg peak at 240K
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(c) ( 200 ) Bragg peak at 340K
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(d) ( 200 ) Bragg peak at 440K
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(e) ( 220 ) Bragg peak at 100K
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(f) ( 220 ) Bragg peak at 240K
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(g) ( 220 ) Bragg peak at 340K
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(h) ( 220 ) Bragg peak at 440K
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(i) ( 222 ) Bragg peak at 100K
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(j) ( 222 ) Bragg peak at 240K
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(k) ( 222 ) Bragg peak at 340K
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(l) ( 222 ) Bragg peak at 440K

Figure 4.11 Main Bragg diffraction peaks (200), (220) and (222) of 40PZOat different temperatures
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Figure 4.12 Lattice parameters versus temperature for : (a)20PZO (b)30PZO and (c)40PZO.
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Figure 4.13 Dielectric permittivity versus temperature for: (a)10PZO, (b)20PZO, (c)30PZO and (d)40PZO
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Figure 4.14 Dielectric loss tangent versus temperature for 10PZO and 20PZO
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reflected by X-ray diffraction. It matches with the phase transition between Phase II to Phase III. Thus,
different with PFW, there are other polar activities below freezing temperature for relaxor solid solution.
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Figure 4.15 lnτ versus 1/(Tm-Tf ) for 10PZO, 20PZO, 30PZO and 40PZO. Points are the experimental data;
lines are the fits with with parameters given in table4.5

Table 4.5 Vogel-Fulcher freezing parameters for PFW, 10PZO, 20PZO, 30PZO and 40PZO

x Tf f0 Ea ∆(Tm(1MHz)-Tf )
PFW 150 5.30×1012 0.067 34

10PZO 188 1.45×1012 0.037 44
20PZO 233 1.14×1012 0.037 31
30PZO 265 6.27×109 0.023 31
40PZO 293 1.15×1012 0.037 31

Except polar freezing, relaxor also displays interesting diffuse phase transitions which is described
by powder law. We also use least-square method to fit the diffuse phase transitions for relaxor solid
solution. The fitted parameters are list in table4.6 and the validation of fitting is shown in fig.4.16
). The relaxor solid solution obeys powder law.γ approaches complete relaxor which has aγ = 2.
Increasingεm andTm but decreasingδm may suggest that polar order is stabilized or/and enhanced by
solid solution with PZO which brings long range polar order. In fact, we find the evolution of broadening
parameterδm obeys mean field theory. In fig.4.17, black point are experiments and red line is the fitting
curve by mean field theory based formulaδm ∝ (xc−x)α . The fitting gives axc which equals to 43. It
suggests 43PZO is a critical composition. In fact, room temperature structural study already shows that
that PFW-PZO shows a cubic structure for 40PZO but a rhombohedral structure for 50PZO.
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Figure 4.16 ε ′ versus T for 10PZO, 20PZO, 30PZO and 40PZO. Points are the experimental data; lines are
the fits with parameters given in table4.6.

Table 4.6 Powder law parameters for x PZO (x=10, 20, 30 and 40)

x εm Tm γ δm

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
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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 decreasing of lattice parameter
at phase I is similar with the behavior of ferroelectric at paraelectic phase.Therefor, we study the
dielectric behavior at high temperature far from conventional relaxation region. Fig. 4.18) shows the
Curie-Weiss behavior for relaxor solids solution. After careful examining the dielectric permittivity
and Curie-Weiss law, we find that the deviation temperature between two is the phase transition point
between phase I and phase II. The deviation temperatures are also around 400K which is not so far
from T∗ [32]. Both disturbing lattice parameter and Curie-Weiss law deviation suggest PNRs starts
static behavior on cooling around 400K.
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Figure 4.18 1/ε ′ versus T for 10PZO, 20PZO, 30PZO and 40PZO. Points are the experimental data; lines are
the fits by Curie-Weiss law

Ferroelectric properties

We already clear the phase transition from phase I to phase II is because starting of static polar and the
phase transition from phase II to phase III is because polar freezing. However, there are more two phase
transitions waiting to study. We did ferroelectric hysteresis loop experiment forrelaxor solid solution
over large temperature. Fig.4.19 shows P-E relationship of 20PZO and 40PZO at three selected
temperatures. Between high temperature paraelectric state and low temperature less or no ferroelectric
state, a ferroelectric hysteresis loop is observed. 20PZO has a ’S’ typeloop which is similar with PFW
but 40PZO shows a rectangular one which is similar with normal ferroelectric.

The temperature dependent P-E loops are summarized in fig.4.20 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 transition from phase II
to phase III; then, it stays stable with a plateau; after two different polarization decreasing states were
observed. The two less ferroelectric states correspond to the phase transition from phase III to phase
IV and the phase transition from phase IV to phase V. The maximum polarizationis 3.6µC• cm−2,
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Figure 4.19 P-E relationship of 40PZO at different temperatures

6.8µC•cm−2, 2.65µC/cm−1 and 6.8µC/cm−1 for 10PZO, 20PZO, 30PZO and 40PZO. The values are
smaller than the polarization of PFW or PZO and there is no obvious regulation between the polarization
and the content of PZO. In fact, PZO shows both antiferrodistorsive and antipolar structural shifts which
favor a less or antiferroelectic state. In a average cubic, the strong competitions between the short range
polar and antiferrodistorsive ( or / and antipolar ) gives the true evolutionof polarization. At last, a no
ferroelectric or antiferroelectric is produced.

4.4.2 (100-x)PFW - x PZO: 50≤ x ≤ 80

Phase transitions

We already demonstrated PFW-PZO crystallines in a rhombohedra structure from 50PZO to 80PZO
which is a classic ferroelectric structure. The rhombohedra is instable at lowtemperature accompanying
tilts of octahedral for PZT. We also investigated the stability of rhombohedra for PFW-PZO by X-ray
diffraction.

Fig.4.21and fig.4.22show some diffraction peaks of 50PZO and 80PZO at selected temperatures.
All diffraction peaks are single at high temperature; then, p.c. Bragg (200)keeps single on cooling but
p.c. Bragg (220) and (222) peaks split in two. It should be noticed that the intensities of Bragg peaks
decrease with temperature decreasing is a abnormal behavior as we already described, especially for
Bragg (222) peak. The (222) peak is strongly related to oxygen octahedra. The decreasing of intensity
suggests new or difference tilts occur at low temperature for rhombohedra solid solution.

The lattice parameters and unit cell volumes of rhombohedral solid solution werecalculated by
fitting Bragg peak using P-V function. Fig.4.23shows the unit cell volumes and FWHM as a function
of temperature.

On cooling, the unit cell volume of 50PZO firstly decreases, then slowly increases below 360K,
reaches a maximum at 260K, then decreases again below 260K with anotherslope. The unit cell
volume evolution shows two anomalies at 360K and 260K. The similar behaviors are also found for
60PZO, 70PZO and 80PZO. Three different phases which are markedas Phase I, Phase II and Phase III
in fig. 4.23exist for rhombohedra PFW-PZO solid solution. The phase transitions occur at 400K and
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Figure 4.20 Polarization versus temperature for PFW, PZO, 10PZO, 20PZO, 30PZO and 40PZO.
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(d) ( 200 ) Bragg peak at 450K

57.2 57.4 57.6 57.8 58.0 58.2 58.4

20

40

60

80

100

120

 

 

2 /

I /
a.

 u
.

 

110K

 

 

(e) ( 220 ) Bragg peak at 110K

57.2 57.4 57.6 57.8 58.0 58.2 58.4

20

40

60

80

100

120

 

 

2 /

I /
a.

 u
.

 

200K

 

 

(f) ( 220 ) Bragg peak at 200K

57.2 57.4 57.6 57.8 58.0 58.2 58.4

20

40

60

80

100

120

 

 

2 /

I /
a.

 u
.

 

300K
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Figure 4.21 P.c. Bragg diffraction peaks (200), (220) and (222) of 50PZOat different temperatures
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Figure 4.22 P.c. Bragg diffraction peaks (200), (220) and (222) of 80PZOat different temperatures

340K for 60PZO; they are 420K and 270K for 70PZO; 450K and 390 for 80PZO. The phase transitions
are also proved by the variation of FWHM.

Phase I is a cubic structure and Phase II is a rhombohedral R3m structure; but the structure of phase
III is not clear. R3c is expected for Phase III because there is no obvious splitting of Bragg peaks and it
is a tilts structure ’fighting’ polarization.

Dielectric properties

The dielectric permittivity of rhomboheda solid solution was measured from 1kHz to1MHz over large
temperature range. Fig.4.24 shows the dielectric permittivity at 1kH, 10kHz, 100kHz and 1MHz
for 50PZO, 60PZO, 70PZO and 80PZO. One of common character is Tm independent of frequency as
expected for a normal ferroelectric phase transition. In addition, Tm proves the phase transition between
phase I to phase II by the evolution of unit cell volume. However, dielectric peak shows a flat or diffused
shape, especial for 50PZO and 60PZO, instead of a sharp peak for classic ferroelectric. The peak of
80PZO is similar with classic ferroelectric.

In fact, the character of diffused dielectric peak is also reflected by Curie-Weiss law fitting dielectric
permittivity.

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

ε ′ =
C

2(T0−T)
=

C′

(T0−T)
(4.2)

Thus, we fitted both paraelectric and ferroelectric phases. The fitted parameters are listed in table
4.7. Typical, the dielectric permittivity deviates from Curie-Weiss law about 50K higher than T0. For
50PZO, 60PZO and 70PZO, T

′
0 < T0, for 80PZO, T

′
0 is slight larger than T0 which is similar with classic
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Figure 4.23 Temperature dependences of unit cell volume
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Figure 4.24 Dielectric permittivity versus temperature for 50PZO, 60PZO, 70PZO and 80PZO.
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ferroelectric. For all the compounds, the C
′

almost equals to half of C as expected by Landau phase
transition theory.

Table 4.7 Curie-Weiss parameters and Tm for rhombohedra solid solution

x C T0 C
′

T
′
0 Tm

50 3.72×105 372 1.20×105 332 369
60 1.20×105 409 5.77×104 365 392
70 1.46×105 432 8.27×104 409 406
80 1.30×105 440 5.70×104 448 435
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Figure 4.25 1/ε ′ versus T for 50PZO, 60PZO, 70PZO and 80PZO. Points are the experimental data; lines are
the fits with parameters given in table4.7

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 thermal active related defects conductivity,
we observe a ’banana’ P-E loop [107] at high temperature which is at phase ; a ferroelectric hysteresis
loop is observed on cooling at phase II; interestingly, P-E shows shows a linear behavior at phase
III. The dependences of polarization and coercive field as a function oftemperature are plotted in fig.
4.27. There are three well-defined polarization regions. Polarization appears below TC and is stabilized
over large temperature range; then, it linear decreases on cooling. The two polarization transition
temperatures match well with the anomalies of unit cell volume by X-ray diffraction. Large polarization
is found in rhombohedra solid solution and all of them are room temperature ferroelectric. 70PZO
even has a polarization 15.0µC/cm−2 which is larger than both PFW or PZO. Beyond finding the
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Figure 4.26 Some character FE hysteresis loops for 50PZO, 60PZO, 70PZO and 80PZO
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(b) 60PZO
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(c) 70PZO
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(d) 80PZO

Figure 4.27 Polarization, coercive field versus temperature for 50PZO,60PZO, 70PZO and 80PZO

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

4.4.3 90PZO

Phase transitions

Bragg peaks splitting of 90PZO ( fig.4.28) also suggests rhombohedra symmetry at low temperature.
Different with other rbombohedra solid solution, Bragg (222) peaks at low temperature has large inten-
sity and the splitting is well separated.

Dependences of unit cell volume and FWHM of Bragg peaks are plotted in fig. 4.29(a). The FWHM
of (200) peak remains constant whatever temperature as one would expect for a cubic phase. A large
enhancement of width of (220) and (222) below 460K is obvious. It seemsthe rhomboheda is stable at
low temperature. However, after calculating the unit cell volume which is shown inin fig. 4.29(b), we
find two new anomalies except the phase transition at 460K: there is a obviousjump of unit cell volume
at 390K and constant unit cell volume evolution is disturbed at 250K followinganother linear shrink on
cooling.

A complete diffractogram was recorded at 100K for investigation the structural symmetry at low
temperature. Surprisingly, the data still can be refined by R3m space groupwhich is a room temperature
structure of 90PZO.
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(b) ( 200 ) Bragg peak at 300K
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(c) ( 200 ) Bragg peak at 400K
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(d) ( 200 ) Bragg peak at 500K
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(e) ( 220 ) Bragg peak at 110K
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(f) ( 220 ) Bragg peak at 300K
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(g) ( 220 ) Bragg peak at 400K
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(h) ( 200 ) Bragg peak at 500K
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(i) ( 222 ) Bragg peak at 110K
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(j) ( 222 ) Bragg peak at 300K
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(k) ( 222 ) Bragg peak at 400K
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(l) ( 222 ) Bragg peak at 500K

Figure 4.28 P.c. Bragg diffraction peaks (200), (220) and (222) of 90PZOat different temperatures
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Figure 4.29 Temperature dependence of FWHM and unit cell volume for 90PZO
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Dielectric and ferroelectric properties

The dielectric permittivity of 90PZO is plotted in fig.4.30(a). A sharp dielectric peak, at 463K, is
observed at 463K. The dielectric permittivity obeys Curie-Weiss law, the fitted T0 is 439.7K and T

′
0 is

487K. 90PZO exhibits a classic ferroelectric behavior.
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Figure 4.30 Dielectric permittivity and reciprocal dielectric permittivity of 90PZO. Lines is fitted Curie-Weiss
Law

The polar order of 90PZO is studied by P-E loop. Fig.4.31(a)shows the FE hysteresis loops of
90PZO at 300K. The polarization and coercive field are depicted in fig.4.31(b). The polarization
appears below 460K which is the evidenced TC by X-ray diffraction, keeps a large polarization 19µ
C/cm2. On cooling, polarization starts decreasing below 390K and shows another anomaly at 260K. In
fact, these transitions are expected because we find the anomalies of unit cellvolume evolution.

We did not find dielectric abnormal behavior around 390K. However, thephase transition at 260K
is noticed by both dielectric permittivity (fig.4.32(a)) and pyroelectric current (fig.4.32(b)). The
hysteresis behavior of pyroelectric current implies a first order phasetransition switching occurs at
260K. Pyroelectric current also suggests the polar switching around 260K.
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(b) P, E versus T

Figure 4.31 Ferroelectric hysteresis loop and temperature dependences of polarization and coercive field of
90PZO
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Figure 4.32 Evidences of phase transition around 250K

4.4.4 95PZO

95PZO crystallines in a orthorhombic structure which is similar with PZO. The phasetransition was
studies between 300K to 600K. Some Bragg peaks at different temperatures are plotted in fig.4.33for
illustration. At 500K, all the Bragg peaks are single implying the ideal cubic structure. The splitting
of Bragg peaks at 350K satisfies orthorhombic symmetry. Between two, at 450K, a different splittings
occur where p.c. (200) Bragg peak keeps single but p.c. (220) and (222) Bragg peaks become double;
it similar with 90PZO on cooling.

The unit cell volumes extracted from Bragg peak positions is depicted in fig.4.34(a). According to
the jumps of the unit cell volume at 480K and 390K, a intermediate phase between390K and 480K is
expected and the phase transitions is of first order. The FWHM give the same conclusion ( fig4.34(b)).

The real part of the dielectric permittivity of 95PZO shows in fig.4.35(a)between 300K to 650K
for a frequency ranging from 1kHz to 1MHz. Except a sharp peak at482K, another peak at 380K is
also noticeable which is also reflected by the imaginary part of dielectric permittivity and the dielectric
loss tangent. Two phase transitions is clearly depicted by reciprocal dielectric permittivity at 1MHz
in fig.4.35(b). The red line in the figure is the fitting of the Curie-Weiss law which gives T0 = 450K
and C = 0.93×105. The green line in the figure is the fitting of the Curie-Weiss similar relationship at
intermediate phase, giving T′C = 516 and C′ = 0.38×105. Below 380K, dielectric permittivity does not
obey Curie-Weiss law.

Let us now go to the ferroelectric aspects of 95PZO. In this goal, the polarization of 95PZO was
measured directly through FE hysteresis loop as a function of temperature (fig. 4.36) obtained using
Sawer-Tower electrical circuit. A rectangular ferroelectric hysteresisloop was seen at 400K between
paraelectric state at 500K and antiferroelectric state at 310K. The ferroelectric property of 95PZO is
stable from 370K to 480K ( fig.4.37) with a large polarization about 25µ C/cm2. This is also the largest
polarization in the solid solution. As we already introduced in last chapter, PZO shows interesting
ferroelectric and antiferroelectric instabilities. The results suggest even5 percent B site replacement
can stabilize a ferroelectric intermediate phase over 100K.
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(a) (200) Bragg peak at 350K
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(b) (200) Bragg peak at 450K
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(c) (200) Bragg peak at 500K
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(d) (220) Bragg peak at 350K
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(e) (220) Bragg peak at 450K
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(f) (220) Bragg peak at 500K
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(g) (222) Bragg peak at 350K
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(h) (222) Bragg peak at 450K
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(i) (222) Bragg peak at 500K

Figure 4.33 P.c. Bragg diffraction peaks (200), (220) and (222) of 95PZOat different temperatures
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Figure 4.34 Temperature dependences of unit cell volume and FWHM for 95PZO
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Figure 4.35 Dielectric properties of 95PZO
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Figure 4.36 FE hysteresis loops of 95PZO at selected temperatures
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Figure 4.37 Temperature dependences of Polarization and coercive field for 95PZO
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4.5 PFW-PZO under electric field

Obviously, both short-range and long-range polar orders can be influenced by an external DC electric
field. It is interesting to investigate how the polar state can be affected in solid solution. Figure4.38
shows the dielectric permittivity of 50PZO with a bias field between 1kV/cm to 6kV/cm on cooling
at a frequency of 1MHz. The behaviors of PFW and PZO which alreadydiscussed in last chapter are
also included for comparing. Obviously, solid solution manifests a dramatic effect by electric field
especially, in relaxation region.

Electric field adjustable property is tunability of materials. Recently, people lookfor high tunability
materials for tunable filters, phase shifters, antennas and else. The tunability of materials is calculated
by:

t =
ε(E0)− ε(E)

ε(E0)
(4.3)

We calculated t of PFW and 50PZO around dielectric maximum at 1MHz, the results are plotted in
fig.4.39. The dash lines in the figure reflect the linear relationship between electric field and tunability:
t = k*E, for pure PFW, k = 0.033 cm/kV, for 50PZO, k = 0.074 cm/kV. Ifε(E) is replaced by the
dielectric permittivity of ZFHaFC, the recoverability of the dielectric permittivity after switching off
electric field can be characterized:

t ′ =
ε(E0)− ε(ZFHaFC)

ε(E0)
(4.4)

t’ of PFW and 50PZO are also included in fig.4.39by soft points. Both of PFW and 50PZO perform a
good recoverability. In 50PZO, after 3 kV/cm, the dielectric permittivity even isenhanced after electric
field.

Comparing with high tunability BaZr0.50Ti0.50O3 ( t = 0. 37 at 144 K under 30 kV/cm bias ) [197],
under 5kV/cm bias, 50PZO can get BaZr0.50Ti0.50O3 similar tunability at 371K which is not far from
room temperature. The solid solution opens a door of a new tunability system.
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Figure 4.38 Dielectric permittivity and dielectric loss tangent afterdifferent DC bias fields for PFW, 50PZO
and PZO
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4.6 Polar phase diagram of PFW-PZO

Depending on X-ray diffraction, various electric measurements (dielectric, pyroelectric, hysteresis
loop), a complete and tentative polar phase diagram of PFW-PZO solid solutionis gotten ( see.4.40
). PE is the paraelectric phase of the solid solution which crystallizes a cubic Pm3m structure. The
phase diagram is characterized by a ferroelectric (FE) phase separating a relaxor phase (PFW side) and
antiferroelectric (AFE) phase (PZO side). The most important feature of the PFW-PZO, being different
from other solid solutions, is the existence of a no ferroelectric phase at lowtemperature. We already
explained that no symmetry broken is found for this phase. The FE phase crystallizes a rhomboheral
R3m structure and AFE phase crystallizes a orthorhombic Pbam structure which is the 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 to fabricate a room tem-
perature multiferroic material. In this goal, the maximum polarization and coercive field as a function
a character temperature which is the central of FE phase zone are plotted in fig.4.41). For all com-
positions, the coercive field are about 5 kV/cm. The maximum of polarization is about 25µC/cm−2

which is larger than pure PFW or pure PZO. At RT, a well defined FE material with polarization about
10µC/cm−2 can be found from 50PZO to 60PZO. Obviously, this region is very important to consider
potential multiferroic property.
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Figure 4.41 Polarization, coercive field are plotted as a function of a character temperature. Because
we find a platform in P versus T relationship, the center temperature of the platformis chosen as the
character temperature
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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 magnetic field regimes i.e.
Zero-Field-Cooling (ZFC) and Field-Cooling (FC). In ZFC, the sample was measured by heating ac-
companying magnetic field after a first cooling without magnetic field. In FC, the samplewas measured
by cooling accompanying magnetic field. A small magnetic field, 100 Oe, was used during experiment.

The magnetic susceptibility of PFW-PZO as a function of temperature is plotted in fig.4.42. From
30PZO to 50PZO, an obvious difference between ZFC and FC is clearly revealed. A tiny difference at
very low temperature is found for 60PZO. There is no obvious difference for 70PZO and 90PZO which
display a typical paramagnetic material behavior. In fact, for 90PZO, if assuming the magnetic moment
of Fe3+ is 5 µB, the magnetic moment of 90PZO is 0.33µB per molecular. At 5K, the experimental
magnetic moment is 0.00039µB per f.u. which is 0.11% comparing with magnetic moment of a single
90PZO molecule. It implys that a long range magnetic order is not expected for90PZO.

Careful checking the magnetic susceptibility versus temperature, a critical temperature which is
marked by TS.G. with a green arrow in figure4.42) is found. At TS.G., magnetic susceptibility displays
a cusp on ZFC, a different tendency on FC, and a large splitting between ZFC and FC. It is the spin
glass phase transition. Interestingly, we observed spin glass phase transitionin pure PFW and. TS.G. is
13.21K, 25.17K, 13.3K and 7K for 30PZO, 40PZO, 50PZO and 60PZO respectively, higher than 5K of
PFW. Figure4.43reveals the relationship between composition and TS.G.. From PFW to 40PZO, TS.G.

increases, from 50PZO to 60PZO, TS.G. decreases, a divergence occurs between 40PZO and 50PZO
which is also the same region separating relaxor and ferroelectric phase.

The increasing of TS.G. means that the spin glass state is stabilized by B site Zr4+ replacement.
PFW displays both long-range and short-range magnetic orders. Typically, the AFM order can be
related to Fe3+-O- Fe3+ superexchange mechanism through Fe/W disordered regions and the weak
FM may come from Fe3+-O-W-O-Fe3+ superexchange through Fe/W chemically ordered regions [63].
The competitions between weak FM clusters within an AFM matrix can give rise to a spin glass (or
frustrated) behavior at low temperature. Obviously, non-magnetic-ion Zr4+ replacement enhances FM
order but it disturbs AFM order. This is why we find increasing of TS.G. by increasing content of PZO.
Also, disturbing AFM order make the AFM phase transition difficult to detect. Infact, it is already
proved by many PFW based solid solution systems. Importantly, B site should still keep a average
disorder after replacement because the spin glass is a frustrated structure. In fact, this is the case for
solid solution because no superstructure diffraction was found in solid solutionby X-ray.

4.7.2 Magnetic hysteresis loop

As PFW-PZO already shows interesting competitions between weak FM clusters within an AFM matrix.
The magnetization at room temperature is strongly desired for the aim of fabricating novel multiferroic
materials. We investigated the magnetization by hysteresis loop under 0.5T magneticfield. The results
are plotted in fig.4.44. It is very encouraging that the ferromagnetic like hysteresis loop is observed
until 60PZO. The remnant magnetizations are 0.0153µB per f. u. , 0.01299µB per f. u. , 0.00846
µB per f. u. and 0.00303µB per f. u., 0.00298µB per f.u., and 0.00115µB per f.u. for 10PZO,
20PZO, 30PZO, 40PZO, 50PZO and 60PZO respectively. For 70PZO,only a very tiny magnetization
can be seen. 90PZO almost displays a linear M-H relationship. Even the experiments of magnetization
are very small, considering the linear M-H relationship of PFW and no magnetic PZO, the result sug-
gests the powerful of solid solution. According to magnetic susceptibility and magnetic hysteresis loop
experiments, 60PZO is the last composition bring magnetic order with increasing PZO in solid solution.

For clearing the weak ferromagnetic behavior at room temperature, We consider three type magnetic
orders which are possible and/or already found in perovskite:
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Figure 4.42 Temperature dependence of magnetic susceptibility for 30PZO, 40PZO, 50PZO, 60PZO, 70PZO
and 90PZO.

Figure 4.43 TS.G. as a function of composition.
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Figure 4.44 Magnetization hysteresis loops of PFW-PZO at 300K
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1. ferromagnetic order: all the magnetic moments which come from the spin of Fe3+ align each
other.

2. ferrimagnetic order: it is a B site ordered system. If Fe3+ ≥ 0.5, one of B site is unique occupies
by Fe3+, another B site is occupies by rest of Fe3+, W6+ and Zr3+ ions, two type occupations
alternate each other. For the situation of Fe3+ ≤ 0.5, one of B site has Fe3+ but the other B site
does not have Fe3+. Obviously, this is a B site partly ordered structure.

3. spin canting order: the magnetic moment of PFW-PZO has 1◦ canting as BFO [129].

Our strategy is to calculate magnetization using assumed magnetic orders, then comparing with the
experiments. The experimental, and calculated magnetizations are compared in fig.4.45. Ferromagnetic
and ferrimagnetic orders are directly excluded; the experiments are comparable with 1◦ spin canting
which is suggested for model multiferroic BFO. The magnetization as a function of composition is
plotted in fig.4.45(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 already described that spin glass
favor a cubic structure, thus, both long range ( intrinsic existence or induced by magnetic field ) and
short range magnetic orders are easily stabilized in a cubic structure than arhombohedral one.
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Figure 4.45 Magnetization as a function of composition. Black point areexperimental data; red points are
calculated data by different models.

BFO is a G-type AFM and well studied because of its multiferroic properties. The magnetization
is strongly related to samples [78] [198] [199]. The observed ferromagnetic behavior is because of the
reduction of Fe3+ to Fe2+ [200] [202] or increase canting angle [201] [129]. The long range antiferro-
magnetic order is necessary for BFO spin canting model. In order to check theexistence of long range
antiferromagnetic order, we performed neutron diffraction which was done by D2B at ILL with a wave-
length 1.594Å. The magnetic structure of PFW is G-type AFM which multiplies the crystal structure
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two times in 3D, giving magnetic Bragg diffraction peaks. Fig4.46shows the neutron diffraction pat-
terns of pure PFW, 30PZO and 50PZO. The blue arrow in the figure marksthe magnetic Bragg peak of
PFW. Unfortunately, we did observed the same type peak for 30PZO and 50PZO. It suggests that long
range antiferromagnetic order is broken by solid solution. Thus, spin cantingis not enough to explain
the room temperature behavior of PFW-PZO.
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Figure 4.46 Neutron diffraction patterns of PFW, 30PZO and 50PZO

Does the observed magnetic behavior coming from any parasitic phase? Theconventional iron
oxides are w ¨ustite (FeO), hematite (α -Fe2O3), maghemite (γ-Fe2O3 ), magnetite ( Fe3O4 ).

Wüstite is a antiferromagnetic below∼200K [203] [204]. It is immediately excluded as the origin
of ferromagnetic behavior of PFW-PZO. Hematite has a weak ferromagneticorder which comes from
the canting of spins and keeps up to about 950K [205] [206] [207] [208] [209]. The spontaneous
magnetization is 0.0083 per f.u. [210]. Magnetite is a ferrimagnetic with TC about 850K [211] [212]
[213]. It changes from ferrimagnetic semiconductor to ferrimagnetic insulator at Verwey temperature
about 123.7K accompanying a jump of magnetization 0.25µB [214] or not [215]. For 5nm particles,
super spin-glass phase occurs below 30K [216]. The saturated magnetization of bulk magnetite is
3.83µB [217]. The magnetic moment of single crystal is 4.05 3.83µB [218]. The theory magnetic
moment could be 4.90 or 4µB. Maghemite can be looked as a Fe3O4 empty 1

6 Fe3+ from B site, it is a
ferrimagnetic with TC about 948K, it begins to transform toα -Fe2O3 at about 673K [219] [220] [221]
[222] [223] [224] [225]. The magnetic moment is 2.36µB at 4.2K [219], for 5nm particles it is 1.98
µB [226]. The theory magnetic moment of maghemite is 2.5 or 2.96µB.

Assuming the magnetization comes from one iron oxide, we can obtain the quantity of the iron
oxide in solid solution. The calculated quantities of of hematite, magnetite and maghemiteare plotted
in fig.4.47(a), fig.4.47(b)and fig.4.47(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 hexaferrite, magnetoplumbite
( PbFe12O19) which appears in PZT ceramic [227]. The magnetic moment of PbFe12O19 is 11.8µB

per f.u. [228] or 10 µB per f.u. [229]. If the magnetization of PFW-PZO comes from PbFe12O19, the
maximum mass percent of PbFe12O19 in PFW-PZO is 1.22% ( see fig.4.47(d)).
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Figure 4.47 Calculated quantity of parasitic phase versus composition. Four parasitic phases,α Fe2O3,
Fe3O4, γ Fe2O3 and PbFe12O19 are considered.
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4.8. CONCLUSION

We did not find any parasitic phase in PFW-PZO by X-ray diffraction. For continuing study the
possibility of parasitic phases, scanning electron microscope with energy-dispersive X-ray spectroscopy
was used to study the solid solution samples. Two pieces of samples of PFW were examined, Fe rich
zone was found in one of them (fig.4.48(b)). Zr rich zone was found in PZO (fig.4.48(d)). However, we
did not observe any parasitic phase in 30PZO (fig.4.48(c)). After many experiments, we found that Zr
rich is quite normal after 70PZO but Fe rich is only found in PFW.

(a) PFW (b) PFW with Fe rich regions

(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 properties of PFW-PZO. The
solid solution transitions from a cubic to a rhombohedral, at last a orthorhombic by increasing the con-
tent of PZO. All the polar orders ( PNRs, FE, FE with AFE/NON-FE, AFE) are formed in the solid
solution. The solid solution can be separated into three regions, a cubic relaxor, a rhobohedral FE and
a orthorhombic AFE. The rhombohedal FE is quite instable at low temperature. Richphase transi-
tions occur at low temperature for both relaxor and rhombohedral FE. In addition, room 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-freedomphase diagram. From
40PZO to 50PZO, the solid solution transform from cubic to rhombohedral accompanying relaxor ex-
tinction. Interesting, the spin glass phase transition also displays a divergence between 40PZO and
50PZO. Therefore, beyond finding a room temperature multiferroic around50PZO, the strong magne-
toelectric coupling also is expected.
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Chapter 5

Magnetic Ions Doped Lead Zirconate

Except study PFW-PZO solid solution, we also fabricated magnetic ions dopedPbZrO3 (PZMs). In fact,
in order to look for novel multiferroic, PbVO3, PbFeO3 and PbCrO3 were synthesized at high pressure
high temperature [230], [231], [232] [233]. Generally, this type compounds should have both polar and
magnetic properties because A site brings ferroelectric active ions but B site brings magnetically active
transition metal. Unfortunately, in these compounds, the oxygen deficient structure which is related to
the valences of A and B cations worsens the polar behavior [234].

We prepared several magnetic-like ions manganese ( Mn3+/4+ ), iron ( Fe2+/3+ ) and cobalt (
Co3+/4+ ) doped PZO at ambient environment by solid state reaction method.

Goldshmidt t factor which varies from 0.91 to 1.06 depending on charge and spin state of Mn3+/4+,
Fe2+/3+ and Co3+/4+ suggests that a stable perovskite is possble for all these doping. For convenient
discussion the properties of doped PZO, the doped PZO is represented by PZMx, M is the doping ion (
Mn3+/4+, Fe2+/3+ or Co3+/4+ ), 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, dopingalso can induce parasitic
phases. Before specifically discussing the doping effects, we first propose the limitation of doping
which can be reflected by dielectric measurement, microstructure and X-raydiffraction.

Fig. 5.1shows the dielectric permittivity versus temperature of PZM at 1MHz. The dielectric peak
decreases from 498K to 472 K whatever the composition. This is a abnormal behavior for doping
because a continuing sifting of critical temperature is expected generally.
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Figure 5.1 Dielectric permittivity versus temperature of PZM. The data of PZO are also included for
comparing.

In fact, slight extra Bragg peaks which can be indexed as Mn3O4 and PbO2 are found in PZM20
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by X-ray diffraction. After multi-phases Rietveld refinement, there are 0.8% (vol) Mn3O4 and 0.1%
(vol) PbO2 0.8% (vol) in PZM20. This consists with the experiment of microscope by EDX (Energy-
dispersive X-ray spectroscopy ) embedded XL30 SEM ( scanning electrode microscope ). The micro-
scope structures of PZM are shown in fig.5.2. Comparing with PZM5, PZM20 has rich Mn zones ( the
dark zones in the figure ).

All these results describe a doping evolution: with increasing doping quantity,doped Mn4+/3+

firstly replace B site of crystal structure, then go to grain boundary, at last a Mn rich parasitic phase
appears.

(a) PZM5 (b) PZM20

Figure 5.2 Scanning electron microscopy of PZM

The similar situation occurs in Fe and Co doped PZO ( fig.5.3). Obvious parasitic phase Bragg
peak is observed in X-ray diffraction pattern of PZF20, a smaller shift of TC is observed for PZC10
comparing to PZC5 by dielectric measurement.

We can careful conclude that 10% is a limitation for Mn3+/4+, Fe2+/3+ and Co3+/4+ doped PZO
by solid reaction method at ambient condition.
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Figure 5.3 Evidences of doping limitation: (a) X-ray diffraction patterns of PZF, (b) temperature
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 displacements of Pb2+ along p.c.
(110)-direction which are associated to the AFE state. It is interesting to investigate the influences of
doping on antiferroelectric state. The AFE configuration of PZM, PZF and PZC is first studied by
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Rietveld refinement. 2θ changes from 5◦ to 120◦ or 130◦. The high angle diffraction with Rietveld
refinement are plotted in fig.5.4 as we know that the high angle diffraction is important for deciding
atomic positions and ADP. The experimental data ( black points ) and simulated peaks (green line)
match very well and the differences between two are very small (red line). The refined lattice parameters
are listed in table5.1. There is no dramatic change of lattice parameters. Doping does not change
the matrix of PZO. The anti-parallel displacements of Pb2+ along p.c. (110)-direction are calculated
according refined Pb2+ coordinates and listed in table.5.2. Pb2+ performs PZO similar shifts. Thus,
AFE is stable by magnetic ion doping.
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Figure 5.4 Part of Rietveld refinement plots for (a)PZM10, (b)PZF10 and (c)PZC10. Points are
experimental data; green lines are simulated diffraction peaks; red lines are the differences between
two.

5.2.2 Instability of octahedron

Except the anti-parallel displacements of Pb2+, octahedron tilts (a−a−c0 type) are also present in PZO.
It is interesting to consider the situation of octahedron by doping because we know that magnetic per-
ovskite has the famous Jahn-Teller distortion.

Projection of octahedron along p.c. (001) direction is shown in fig.5.5. PZM5 has PZO similar
deformation but PZM10 shows a some new characters. The similar behavior was also found in PZF and
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Table 5.1 Lattice parameters of doped PZM. Data of PZO is also included.

PZO PZM5 PZM10 PZM20 PZF10 PZF20 PZC5 PZC10
a 5.879 5.869 5.869 5.869 5.873 5.873 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 Pb2+ antipolar structural shifts for PZM

PZO PZM5 PZM10 PZM20 PZF10 PZF20 PZC5 PZC10
Pb2+1 0.259 0.258 0.246 0.246 0.270 0.299 0.270 0.232
Pb2+2 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 listed in table 5.3 including the

data of PZO. In the figure, all the abnormal distances are given a red color for highlight. In all the doped
compounds, the distance of Zr-O3 is abnormal large in PZM10 and PZC10 but small Zr-O3 in PZF10.

In PZO type orthorhombic structure, the Jahn-Teller distortion axises are along [210], [210] and
[001] directions. We now discuss the distortion of oxygen octahedron. Ourstrategy is to consider the
possibility of two Jahn-Teller modes with the symmetry restriction of Pbam space group which is the
structure of PZO. If assuming z axis along [001] direction, Q3 mode is impossiblebecause O1 and
O2 are fixed along c direction; Q2 mode is impossible because O4 and O5 are fixed in a-b plane. If z
axis along [210], Q3 mode is impossible because O4 is fixed in a-b plane; Q2 mode is also impossible
because O1, O2 are fixed along c axis and O5 is fixed along a-b plane. Ifz axis along [210], O3 mode is
impossible because O5 is fixed in a-b plane; Q2 mode is impossible because O1 andO2 are fixed along
z direction and O4 is fixed in a-b plane. Therefor, if Jahn-Teller distortion occurs, the Pbam symmetry
will be broken. Thus, both Jahn-Teller driving octahedral distortion andstructural symmetry of PZO
give a octahedron distortion in doped PZO.

(a) PZM5 (b) PZM10

Figure 5.5 Projection of the Octahedral deformation onto the c plane for PZM5 (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 dielectric peak at 474K
accompanying another abnormal around 450K. For PZF10 and PZC10, except the sharp dielectric peak
at 484K and 490K, the abnormal peak is also found at 460K and 464K respectively. Therefor, we can
define a stable intermediate phase which is about 24K for PZM10 and PZF10, 30K for 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 PZO PZM10 PZF10 PZC10
Zr-O1 2.098 1.997 2.148 2.021
Zr-O2 2.102 2.188 2.071 2.155
Zr-O3 2.041 2.288 1.849 2.463
Zr-O4 2.154 2.134 2.081 2.042
Zr-O5 2.050 2.048 2.004 2.126
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Figure 5.6 Temperature dependence of dielectric permittivity for: (a) PZM10, (b)PZF10 and (c)PZC10

For clearing the structural information of the intermediate phase. The p.c. Bragg (110), (111) and
(200) peaks of PZM5 was studied by X-ray diffraction at different temperatures. The Bragg peaks at
300K, 470K and 500K are plotted in fig.5.7. On cooling, the Bragg (110) peak firstly broadens at 470K,
then splits at 300K. The Bragg (111) peak splits at 470K and becomes single at 300K. For Bragg (200)
peak, a tiny new peak is noticed at 470K and two well defined peaks at 300K. The splitting regulations
at 470K suggest a rhombohedral structure. The tiny peak of Bragg (200) peak at 470 implies a small
quantity of orthorhombic phase existence.

We did the same experiment for PZC10 but(110) peak was replaced by (220) for a better resolution.
Some typical diffraction peaks is shown in fig.5.8. Here, the p.c. Bragg (220) peak become triple at
470K. The behavior strongly suggests a mixture of rhombohedral and orthorhombic.

The unit cell volume and FWHM are plotted as a function of temperature in fig.5.9. The FWHM
of Bragg (111) peak which broadens around 470K also suggests a rhombohedral intermediate phase.
Beyond, the jumping of unit cell volume suggests a first order phase transition. We know that the
hysteresis behavior exits for first order phase transition. Therefor, itis reasonable to explain the X-ray
diffraction peaks by a mixture of two phases.

The FE property of doped PZO is directly charactered by a Sawyer-Tower electric circuit. Part of re-
sults are plotted in fig.5.10. The well defined ferroelectric hysteresis loop is found in PZM10, PZM20,
PZC5 and PZC10. The situation of PZF10 is not clear but the ferroelectric property is still expected.
Two experimental results may propose this conclusion. Firstly, we find Curie-Weiss law at high temper-
ature. Secondly and importantly, there is a obvious increasing of polarization at 460K comparing with
450K. The artificial polarization normally is because of conductivity [107] but a obviously increasing
of conductivity is not expected from 450K to 460K. PZM10 gives a polarization of 20µC•cm−1 which
is about two times of PZO. Basically, the ferroelectric is induced by magnetic iondoping 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 loops at room temperature are mea-
sured by SQUID magnetometer. The results are shown in fig.5.11. PZM20 has a a linear M-H
relationship until 1T magnetic field which gives a magnetic susceptibility of 2.104×10−6 emu · g ·
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(g) ( 200 ) Bragg peak at 300K
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(i) ( 200 ) Bragg peak at 500K

Figure 5.7 P.c. Bragg diffraction peaks (110), (111) and (200) of PZM5 at different temperatures
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(f) ( 200 ) Bragg peak at 500K
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(g) ( 220 ) Bragg peak at 300K
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(i) ( 220 ) Bragg peak at 500K

Figure 5.8 P. c. Bragg diffraction peaks (110), (111) and (200) of PZC10at different temperatures
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(a) Temperature dependence of FWHM for
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(b) Temperature dependence of FWHM for
PZC10
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Figure 5.9 FWHM and unit cell versus temperature
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Figure 5.10 Ferroelectric hysteresis loops for: (a)PZM5, (b)PZM10, (c)PZM20, (d)PZF10, (e)PZC5 and
(f)PZC10
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Oe−1. In the first section of this chapter, we described a parasitic Mn3O4 phase in PZM20. Mn3O4 is
a paramagnetic material at room temperature bringing a magnetic susceptibility of 5×10−5 emu· g ·
Oe−1 [235]. 4.2% ( mass ) Mn3O4 in PZM20 can induce observed magnetic susceptibility in PZM20. In
fact, ferromagnetic order is not expected at room temperature because pure PbMnO3 exhibits magnetic
order below 155K [233].

The behavior of PZC10 is similar with PZM20. The magnetic susceptibility is 1.218×10−6 emu
· g · Oe−1. Under 1T, the magnetic moment is 41.8 emu/Cr which is very large value comparing to
0.00303 emu/Cr [236] of Co3O4. In Co3O4 spinel structure, the octahedral B-site which is occupied by
Co3+ LS does not bring magnetic moment, the tetrahedral A-site occupied by Co2+ HS brings 3/2µB

magnetic moment. Perhaps, in PZC10, Cobalt is Co4+ HS which brings 5/2µB magnetic moment. This
should be the true situation in PZC10 because no any information suggests a deficient structure.

Interestingly, ferromagnetic hysteresis loop is observed in PZF10 at roomtemperature. However,
one should be careful because of the possibility of appearing iron oxides in the compound. Hematite (α -
Fe2O3), maghemite (γ-Fe2O3 ), magnetite ( Fe3O4 ) and magnetoplumbite ( PbFe12O19) as the possible
parasitic phases is considered. The magnetizations of all these oxides at room temperature are listed in
table5.4. The percents ( mass ) of relative oxides which can induce a experimentalmagnetizations in
PZF10 are calculated and listed in the same table. Exceptα -Fe2O3, all the others are possible.

Table 5.4 Magnetization of iron oxides at room temperature

Compound M / emu·g−1 % (mass)
α -Fe2O3 0.29 [210] 269
γ-Fe2O3 82.53 [219] 0.95
Fe3O4 92.39 [217] 0.84
PbFe12O19 47.28 [229] 1.65
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Figure 5.11 Magnetization curves versus applied magnetic field for : (a)PZM20, (b) PZF10, and (c) PZC10

Although ferromagnetic order is not confirmed for doped PZO, the results are also 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 dielectricpermittivity at high
temperature low frequency (fig.5.12).

Obviously, there is no direct connection between this dielectric dispersion andpolar. After tentative
electric parameters normalizations, we find that both PZM5 and PZF20 display aelectric modulus
relaxation. Fig.5.13shows this type relaxation at some character temperatures by a Cole-Cole plots.In
fact, we find that PZO also has the electric modulus relaxation (fig.5.14).
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Figure 5.12 Temperature dependence ofε ′ for: (a) PZM5, (b) PZF20
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Figure 5.13 Cole-Cole plots of the imaginary part electric modulus versus the real part electric modulus for:
(a) PZM5, (b) PZF20.
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Figure 5.14 Cole-Cole plot of the imaginary part electric modulus versus the real part electric modulus for
PZO: (a) in orthorhombic phase, (b) in cubic phase.
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Electric modulus relaxation is more sensitive to conductivity [99]. The ac conductivity of PZO and
PZM5 is shown in fig.5.15. The ac conductivity of PZO is frequency independent. However, the ac
conductivity of PZM5 satisfies a formulaσAC = A∗ f n +B∗ f ), n is 0.59. This is typical universal
dielectric relaxation. The ac conductivity of PZF is also controlled by universal dielectric relaxation
and n varies from 0.3 to 0.74. So far, it seems dielectric dispersion accompanying both electric modulus
relaxation and universal dielectric relaxation. But, what is the origin of both relaxation?
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Figure 5.15 Double logarithmic plots of the variation of ac conductivity with frequency for: (a) PZO and
(b)PZM5. Points are the measurements at various temperatures; lines are the fits with universal dielectric relax-
ation

We did many experiments to study the electric modulus and ac conductivity in dopedPZO. Both of
the electric modulus and ac conductivity are sensitive to phase transition and independent to electrode
in orthorhombic phase. We also find the electric modulus relaxation satisfying Arrhenius thermal active
relationship(fig. 5.16). In orthorhombic phase, the thermal activation energy is∼0.5 eV for PZO,
∼0.25 eV for PZM5 and∼0.45 for PZF20. In cubic phase, it is∼1 eV for PZO,∼0.5 eV for PZM5 and
∼0.95 eV for PZF20. Generally, three type relaxations are well studies in perovskite: high temperature
space charge relaxation has a∼1eV activity energy [122] [125]; low temperature ( < 120K ) electron,
polaronic or local polar cluster relaxation has a small than 0.1eV activity energy [121] [123] [237];
between two, the couping between conduction electrons and the motion of the off-centered B ions has a
0.2eV∼ 0.4eV activity energy [238] [125]. Oxygen defects pay a important effect on relaxation [121]
[122] [123] [124] [125] [126]. For Pb based ceramics, a thermal activated energy about 0.42 eV-0.78
eV was found over large temperature range ( 200K - 600K ) [116] [117], [118], [119] [120] [117], [120]
which is because of V

′′
Pb 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 chemical properties ( The elec-

tronegativity of Mn, Zr, Pb and O are 1.55, 1.33, 2.33 and 3.44 in Pauling scale) and energy favor-
able [239]. If B site replaced by Mn4+, no defect was produced. If B site replaced by Mn3+, the defect
equation can be written as:

2MnO2+2PbO+= 2Mn
′
Zr +5OO+2PbPb+V••

O +
1
2

O2 ↑ (5.1)

The point defects, Mn
′
Zr and V••O were produced. the assumption is reasonable as PbMnO3 is a

oxygen deficient structure [233]. Also, electric modulus relaxation energy of PZM5 at orthorhombic
phase is similar with trivalent rare-earth ions doped SrTiO3 [238].

The defect equation of PZF can be written depending on the valence states of iron in PZO:

Fe2O3+2PbO+= 2Fe
′
Zr +5OO+2PbPb+V••

O (5.2)
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Fe2O3+2PbO= 2Fe
′′
Zr +4OO+2PbPb+2V••

O +1/2O2 ↑ (5.3)

Both are oxygen deficient structure. In fact, (Fe
′
Zr-V

••
O )• defect associate was found in small iron

doped PZO [240].
Therefor, the electric modulus relaxation of PZO, PZM5 and PZF20 is because of V

′′
Pb and (or) V••O .

Different with electric modulus relaxation, the universal dielectric relaxation isunderstood as ion
hopping effect [101] [102]. In PZM5 and PZF20, because of B site replaced by heterovalent ions, the
universal dielectric relaxation occurs. There is no universal dielectricrelaxation in PZO because all B
sites occupied by Zr4+.

In conclusion, dielectric dispersion of PZM5 and PZF20 is related to both electric modulus relax-
ation and universal dielectric relaxation which origin from B site heterovalentreplacement.
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Figure 5.16 Arrhenius plots of the electric modulus relaxation, as f vs. 1/kBT for PZO, PZM5 and
PZF20

5.4 Conclusion

Mn3+/4+, Fe2+/3+ and Co3+/4+ doped PZO was prepared by solid reaction method at ambient con-
dition. The limitation of doping is about 10%. The antiferroelectric matix is kept by doping and the
ferroelectric intermediate phase is even enhanced by doping. Ferroelecticis confirmed for PZM and
PZC, is strongly expected for PZF.

There is a competition between orthorhombic PZO structure and Jahn-Teller distortion. Room
temperature ferromagnetic is difficult to confirm but large magnetization is foundin PZC and PZF
shows interesting magnetic hysteresis loop.

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

At last, the dielectric dispersion of PZM5 and PZF20 are explained by combining electric modulus
relaxation and universal dielectric relaxation which origin from B site heterovalent replacement.
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Chapter 6

Conclusions and Perspectives

6.1 Conclusions

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

2. It allows to highlight the advantages to use AFE for multiferroic systems:
AFE-FE Electric-field-induced phase transition accompanies polar arrangement which associates
strain.
AFE are always accompanied by oxygen tilted structures which are favorable for magnetism.

3. Two strategies were investigated : magnetic ion doping of PZO and solid solution with PFW.

4. Unfortunately the magnetic ion doping is restricted to 10%, but encouraging results are obtained
like for instance Jahn-Teller distorsion in addition to AFE.

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

6. Room temperature coexistence of both polar and magnetic arrangement is evidenced : RT multi-
ferroicity.

7. Polarization and magnetic moment values at RT for 50PZO are comparable to the only RT mul-
tiferroic namely BFO.

8. Magnetoelectricity is expected.

6.2 Perspectives

A lot of things remain to be done:

1. Better knowledge of the magnetic properties (vs temperature) is highly desired to get a complete
picture of the ferroic phase diagram (SQUID, neutron, ..).

2. Neutron measurements are also required to investigate the existence of oxygen tilts.

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

4. Interesting to play with the degree of chemical order/disorder (through adequate 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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