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Abstract

This work presents experimental studies of ordering phenomena, electromechanical and
electrocaloric properties in single crystal, ceramic and solid solution relaxor ferroelectrics
and single crystal ferroelectric materials. The main aim of investigations is to prove the
existence of a liquid-vapor critical point in these systems and to verify its impact on
physical properties, such as electromechanical and electrocaloric response.

In the first part, the study of relaxor ferroelectric single crystal Pb(Mg13Nb2/3)Os3
(PMN) oriented along the [110] direction performed via polarization and calorimetric
measurements is presented. Motivated by the long-standing unresolved enigma of the
relaxor ferroelectric ground state, a high-resolution heat capacity and polarization
experiments were performed in the vicinity of the field-induced ferroelectric phase
transition in the relaxor ferroelectric single crystal PMN. It is shown that the
discontinuous evolution of the polarization as a function of the electric field or
temperature is a consequence of a true first-order transition from a glassy to ferroelectric
state, which is accompanied by an excess heat capacity anomaly and released latent heat.
It is also shown that in a zero field, there is no ferroelectric phase transition in bulk PMN
at any temperature, indicating that the nonergodic dipolar glass phase persists down to the
lowest temperatures. Furthermore, the detailed study of the latent heat reveals that the
first-order phase transition line ends in the liquid-vapor critical point. In addition, the
presented calorimetric results are shown to be in a good agreement with the upgraded
version of the spherical random bond random field model developed by R. Pirc. The
presence of the critical point is tested also in a relaxor ceramic Pbg-xLax(ZryTi(1-y))(1-x/2)O3
(PLZT) with relaxor composition 9/65/35 and ferroelectric single crystal BaTiO3 oriented
in [001] direction. The heterogeneity, typical for the ceramic material, plays an important
rule in the observed smeared position of the critical point. On the other hand, a cubic to
tetragonal first-order phase transition line in BaTiOj3 ferroelectric clearly ends in a sharply
defined critical point.

The second part of the work is devoted to the influence of the critical point on
electromechanical and electrocaloric response in solid solution Pb(Mg13Nby3)Os-
0.26PbTiO3; (PMN-0.26PT) oriented in [100] direction and ferroelectric single crystal
BaTiOj3 oriented in [001] direction. Special attention is paid to the mechanism responsible
for the enhancement of the piezoelectric coefficient in PMN-0.26PT and BaTiOs, material
with and without morphotropic phase boundary, respectively. The results obtained in both
materials suggest that the proximity of the critical point is a driving mechanism for the
enhancement of piezoelectric responses and not the presence of the morphotropic phase
boundary. In addition, the influence of the proximity of critical point on the electrocaloric
(EC) response in the BaTiOj3 ferroelectric single crystal was investigated. In particular,
the temperature change related to the released latent heat at the first-order cubic to
tetragonal phase transition and the temperature change related to the continuous variation
of the polarization due to the applied electric field were studied. The experimental results
show the shift of EC responsivity maximum away from the critical point. It is suggested
that the shift of the EC responsivity maximum is directly related to the ratio between two
electrocaloric contributions, i.e., the relatively large amount of the released latent heat at
the paraelectric to ferroelectric phase transition and the contribution related to the
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continuous variation of the polarization. The amount of the released latent heat decreases
fast when approaching the critical point and accordingly the corresponding electrocaloric
contribution cannot be compensated by the electrocaloric contribution stemming from
continuous variations of the polarization. This results in decreasing of the EC responsivity
when approaching the critical point and consequently in the shift of the EC responsivity
maximum away from the critical point.

The main purpose of the doctoral dissertation is to better understand critical physical
mechanisms responsible for the enhancement of certain physical properties of advanced
ferroelectric and relaxor materials which are important for the engineering of new high
technology devices, such as novel advanced sensors, actuators, temperature controlling
elements, ultrasound generators etc.



Povzetek

V doktorski disertaciji so predstavljeni eksperimentalni rezultati Studije Stirih razli¢nih
materialov: relaksorskega feroelektricnega kristala, keramike in trdne raztopine ter
feroelektriénega kristala. Studija je posvedena potrditvi obstoja kriticne tocke v teh
snoveh in njenem vplivu na elektromehanski in elektrokalori¢ni odziv.

Prvi del predstavlja raziskave obstoja kriticne tocke v kristalu relaksorskega
feroelektrika Pb(Mgi/3Nb,3)O3 (PMN), orientiranega vzdolz [110] smeri, relaksorski
keramiki  PbayyLax(ZryTigy)axa0s (PLZT) z relaksorsko sestavo 9/65/35 in
feroelektriénem kristalu BaTiOs, orientiranem vzdolz [001] smeri. Osrednji del raziskav
prvega dela je namenjen reSevanju vpraSanja narave osnovnega relaksorskega stanja v
PMN relaksorju. Predstavljene polarizacijske in kalorimetricne meritve sovpadajo med
seboj in podpirajo tezo, da je osnovno relaksorsko stanje steklasto in ne nanodomensko
feroelektri¢no stanje, zamrznjeno pod vplivom slu¢ajnih polj. Kljuéen dokaz za podporo
omenjene trditve predstavlja anomalija, ki jo kaze toplotna kapaciteta na mestu
feroelektri¢nega prehoda, induciranega z elektricnim poljem. Anomalija se pojavi Samo v
primeru Ce je elektricno polje dovolj veliko, da inducira feroelektricno fazo, medtem ko
pri nizkih elektri¢nih poljih ali pri polju ni¢ anomalija izgine. Drugi dokaz, ki podpira
obstoj steklastega osnovnega stanja v relaksorjih je prisotnost latentne toplote. Spros¢ena
latentna toplota je znak, da gre za fazni prehod prvega reda med steklasto in
feroelektricno fazo in je v primeru prehoda iz nanodomenske v mikrodomensko
feroelektri¢no stanje s slu¢ajnimi polji ne bi opazili. Nadaljna natan¢nejsa Studija latentne
toplote je Se pokazala, da se linija faznega prehoda prvega reda v [110] PMN konc¢a v
kritiéni to¢ki. Predstavljeni rezultati so prav tako v skladu s teoreti¢nim sferi¢nim
modelom nakljuénih vezi in naklju¢nih polj (SRBRF), ki ga je razvil Rasa Pirc. Njegova
nadgradnja modela je pokazala, da izratunano obnasanje toplotne kapacitete kvalitativno
opise eksperimentalno obnasanje. Poleg relaksorskega kristala smo S$tudirali tudi
relaksorsko keramiko in obstoj kriti¢ne tocke v tem materialu. Meritve latentne toplote so
pokazale, da ta sicer pocasi izginja, vendar ne izgine popolnoma tudi pri vi§jih
temperaturah. To nakazuje dejstvo, da kriticna toc¢ka v keramiki ni ostro dolo¢ena, ampak
je razmazana v dolocenem podro¢ju faznega diagrama elektri¢nega polja in temperature.
Predpostavljamo, da je za razmazanost kritiéne toCke odgovorna izotropnost keramike.
Obstoj ostro dolocene kriticne toCke pa je bil dokazan v $tudiji linije faznega prehoda iz
kubicne v tetragonalno fazo feroelekti¢nega kristala BaTiOs.

Drugi del disertacije zajema Studijo elektromehanskega in elektrokalori¢nega odziva
ter vpliv blizine kriti¢ne tocke na te lastnosti. Elektromehanski odziv je bil raziskan v
dveh sistemih Pb(Mg1/3NDb2/3)O3-026PbTiO3 (PMN-g6PT) relaksorju ter feroelektriku
BaTiOs. Pri tem je relaksor blizu morfotropne fazne meje, feroelektrik BaTiO3; pa sploh
nima morfotropne meje. Posebna pozornost je bila tako namenjena raziskavi vpliva
morfotropne fazne meje na piezoelektri¢ni odziv. Analiza piezoelektricnega odziva PMN-
0.26PT kristala kaze na to, da je ojacitev piezoelektri¢nega odziva povezana s kriticnim
obnasanjem enega izmed vi$jih faznih prehodov. Da je ojacitev piezoelektricnega odziva
povezana s prisotnostjo kriticne tocke in fluktuacijami v blizini le-te ter posledi¢no
divergence susceptibilnosti, potrjujeo meritve piezoelektri¢nega koeficienta v BaTiOs, Ki
kazejo maksimum te koli¢ine v blizini kriticne tocke. Obe Studiji nakazujeta na to, da za
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ojacitev piezoelektricnega odziva ni nujna prisotnost MPB ter da je mehanizem ojacitve
povezan z blizino kriti¢ne tocke. Poleg vpliva kriti¢ne tocke na ojaditev piezoelektri¢nega
odziva nas je zanimal tudi vpliv na elektrokalori¢ni odziv. V preteklosti je bilo ze
pokazano za razli¢ne inorganske relaksorske in organske feroelektri¢ne ter relaksorske
materiale, da je elektrokalori¢na (EC) odzivnost najvec¢ja v blizini kriti¢ne tocke. Zelo
malo raziskav je bilo narejenih na feroelektri¢nih kristalih, kot na primer BaTiOs, za
katerega je znano, da ima feroelektri¢ni fazni prehod prvega reda, pri katerem se sprosti
znatno vecja koli¢ina latentne toplote kot v relaksorskih sistemih. Pri raziskavi EC
odzivnosti smo se tako osredotocili na vpliv razmerja med spremembo temperature,
povezane z latentno toploto, in spremembo temperature, povezane z vleenjem
polarizacije zaradi povecevanja elektri¢nega polja. Meritve so pokazale, da se vrh EC
odzivnosti odmakne od kriti¢ne tocke. Vzrok za ta zamik pripisujemo koli¢ini spro$¢ene
latentne toplote, ki hitro pada, ko se priblizujemo kriti¢ni tocki, medtem ko drugi del,
povezan z zveznim spreminjanjem polarizacije, ne uspe kompenzirati spremembe
temperature.

Namen doktorske disertacije je, da prispeva k boljSemu razumevanju naprednih
relaksorskih in feroelektricnih materialov in fizikalnih mehanizmov, ki so odgovorni za
ojacitev dolocenih fizikalnih lastnosti, pomembnih za razvoj novih visokotehnoloskih
izdelkov, kot so napredni senzorji, aktuatorji, elementi regulacije temperature, izvori
ultrazvoka itd.
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BT = barium titanate BaTiO3
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1 Introduction

Ferroelectrics are polar materials that possess at least two equilibrium orientations of the
spontaneous polarization vector in the absence of an external electric field, and in which
the spontaneous polarization vector may be switched between those orientations by an
electric field. The era of ferroelectricity began in the early 1940s when Wainer and
Solomon published their pioneering work on mixed oxide ceramic barium titanate,
BaTiO; (BT) with perovskite structure. Immediately, BaTiO3 became a focus of interest
due to its unusual high dielectric constant and polarization which have brought new
possibilities of using this material in various electronic applications like high storage
capacitors, transducers and thermistors. Between 1950 and 1960, more than 100 new
ferroelectrics were discovered, e.g., lead titanate (PT), lead zirconate titanate (PZT), lead
lanthanum zirconate titanate (PLZT), lead magnesium niobate (PMN), potassium niobate
(KNbO3), potassium sodium niobate (KNN), and potassium tantalate niobate (KTN), etc.
[1, 2]. Some of these new ferroelectric materials were characterized by unusual dielectric
and polarization response, high piezoelectric coefficient and good electro-optical
properties. Characterization and study of these extraordinary physical properties of these
materials accelerated rapidly, especially because of the competition for military and
technological superiority during the Cold War. Like always, first applications were used
for military purposes, in ultrasound sensors on submarines to track the movement of
enemy’s submarines and vessels. Some years later, the technology emerged into civil life
and various applications were developed like medicine ultrasound devices, micro
manipulators, micro pumps, data storage devices, etc., which have significantly
influenced the everyday lives of people.

Today, one of the most important things in the technological industry is to make
devices which are faster, more powerful, smaller, and thinner with low costs. This can be
achieved by developing new materials, which is usually related to a lot of costs, or to
improve the properties of these known materials, which should be cheaper due to the
already established technological procedure of fabrication. To make this possible, we
have to understand the origin and driving mechanism of these properties in a material.
Our research is focused on the basic understanding of physical properties of a subgroup of
ferroelectric materials called ferroelectric relaxors. We hope that our research results,
which are partially presented in this thesis, will contribute to a better understanding of
relaxors unusual large dielectric properties and maybe to advance the progress in
engineering new advanced materials with even more improved ferroelectric and
electromechanical properties.

1.1 Ferroelectrics

Ferroelectric properties were observed in different classes of materials, i.e., in hydrogen-
bonded materials, oxide solid solutions with perovskite or tungsten bronze structure,
triglycine sulphate (TGS) family or in ferroelectric polyvinylidene fluoride (PVDF)
polymers [3, 4, 5]. In this work, we will limit ourselves on perovskite structured
ferroelectric materials. The ABO3 perovskite oxides constitute the most technologically
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important class of ferroelectric materials whose relatively simple chemical and
crystallographic structures have contributed significantly to our understanding of
ferroelectric and antiferroelectric phenomena [3, 4]. The structure of an ideal cubic
perovskite with a space group Pm3m is shown in Figure 1. In perfect perovskite
structure, the A cations are placed at the corners of the cube, and the B cation at the center
with X anions at the face-centered position. Alternatively, another view on this structure
is regarded to regular octahedron formed by X anions with B cation at the center. The
array of such octahedral linked at their corners build a cubic network with B cations at the
corners with large holes which are occupied by A cations.

e O Acation
O--~ Y O :

N L B cation
[ [ P S
LI ; ' X anion
I I\ 5 ! /’ I
| RUN AN g
I /O M I ;O

7’/ 7/

Figure 1: Perovskite structure. Typical ideal cubic perovskite structure with a space group
Pm3m.

A cations are usual monovalent to trivalent metal ions and are bigger than B cations
which can be trivalent to hexavalent. The X anion in perovskite oxides is oxygen but in
general it can also be fluorine or chlorine ions. In the case of BT the bigger A cation is
Ba?*, smaller B cation is Ti*" and X anion is O% [3-6].

According to the origin of ferroelectricity, the ferroelectric transitions can be classified
in two main groups, order-disorder or displacive. Order-disorder type of ferroelectric
transition is usually associated to the hydrogen bonded crystals. Potassium dihydrogen
phosphate, KH,PO, (KDP), is the classic example of ferroelectric order-disorder
transition. The order-disorder transition is triggered by movements of hydrogen protons
between two energetically equivalent potential minimums. At high temperature, the
proton has enough thermal energy to overcome the potential barrier and the possibility to
occupy one of these two minimums is equally probable. The arbitrary distribution of
protons represents disorder of system which results in symmetrical distribution of
elongation of hydrogen bonds found with neutron diffraction measurements and zero net
polarization. Below the critical temperature, i.e., Curie temperature, T, the overcoming
of proton between the potential minimums becomes blocked. Proton gets trapped in one
of the potential minimums and the system becomes ordered and exhibits a nonzero net
polarization [6, 7, 8, 9, 10].

The displacive class of ferroelectrics usually includes perovskite structured crystals.
BT is treated as a classic example of displacive ferroelectric transition associated with the
shift of ions from their original position. BT is at high temperature in a paraelectric state
with cubic structure and zero polarization. By cooling it below T, Ba and Ti ions shifts
from their original positions due to the oxygen ions and structural phase transition appears
from the cubic to tetragonal structure. Because of the shift of ions, the centers of positive
and negative charges do not coincide anymore which results in appearing of spontaneous
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dipole moments and polarization typical for ferroelectric materials. Some of ferroelectrics
like BT undergo several phase transitions into successive ferroelectric phases whereby
each of these ferroelectric phases has lower symmetry [3, 4, 6]. The nature of the
particular ferroelectric transition can be either first order with discontinuous change of the
spontaneous polarization or second order with continuous change of the spontaneous
polarization. The macroscopic view of ferroelectric transition is given by Landau-
Ginzburg-Devonshire (LGD) thermodynamic theory [3, 4, 11]. LGD consider the
expansion of the free energy density, f in terms of polarization P,

f(T,P,E) =fy +gP + %a(T)PZ + %h(T)P3 + %b(T)P“ +--—EP, 1)

fo is a density of a free energy in paraelectric state, E is applied external electric field
and g, a, h, b are coefficients of expansion which can be smooth functions of temperature
or other physical parameters, such as pressure (etc.). Usually in mean-field approximation
and generally for simplicity people assume temperature dependence only in the leading
coefficient a, whereas other coefficients like b and c¢ are treated as temperature
independent. It should be stressed that not all terms in expansion of free energy are
allowed. If crystal is centrosymmetric in the paraelectric state, i.e., has a center of
inversion, then odd terms are not allowed. Taking this into account and that the external
electric field is zero, then the expansion can be written as

f(T,P) =f, + %a(T)PZ + %b(T)P“‘ + %C(T)P6 + o 2)

The polarization P in the ferroelectric phase yields spontaneous polarization Ps. To
estimate value of Ps in thermal equilibrium, we have to minimize the density of free
energy as a function of P, which leads to the equation of state,

aP
In the case of the first-order transition, the second coefficient in equation (3) is
negative, b(T) < 0 and we get two minima in the free energy density function at T < T,
shown in Figure 2(a). First solution P; = 0 is trivial and corresponds to the paraelectric

phase. The nontrivial solution of equation (3) with negative second coefficient which is
valid for ferroelectric phase is

p, = i\/—b(T) +/(b(T))2 — 4c(T)ao (T — Ty) 4)

(af )P — a(T)Ps + b(T)PE + c(T)PS = 0. @3)

2¢(T) ’

where it is assumed that a = ayo(T —T,) around Curie point. T, is a Curie-Weiss
temperature which represents a divergence of the dielectric constant at the ferroelectric
phase transition. The temperature evolution of the spontaneous polarization at first-order
ferroelectric transition is shown in Figure 2(b). At T., a discontinuous jump in
spontaneous polarization is observed which corresponds to the onset of nontrivial
minimum of f as a function of P (shown in Figure 2(a)). At the first-order ferroelectric
transition, the temperature of the stable paraelectric and ferroelectric phase does not
coincide, i.e., Curie transition temperature and Curie-Weiss temperature don’t coincide,
Tc # T,. On the way from paraelectric to ferroelectric phase, a small temperature interval
exists below transition temperature called paraelectric metastable range where
paraelectric phase still exists. On the other hand, at the transition from ferroelectric to
paraelectric phase, we have ferroelectric metastable range above transition temperature
where ferroelectric phase is still present.
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(a) (b)

%\

I/C

T

Figure 2: First-order phase transition. (a) Free energy as a function of the polarization at T, > T,
T, = T¢, and T3 < T¢, red, blue, and green line, respectively. (b) Spontaneous polarization Ps as a
function of temperature.

In the case of the second-order transition the second coefficient in equation (3) is

positive, b(T) > 0 and the higher term %C(T)P6 can be neglected. The expression for the
spontaneous polarization in the ferroelectric phase derived from the equation of state,

a _ 0, can be written
- T —T,
P, =+ /w (5)

dap

From the free energy density function shown in Figure 3(a) we can see that above T,
the f(Ps) has only one minimum at P; = 0, which corresponds to the paraelectric phase,
and below T, f(Ps) has two minimums which solution is equation (5).

(a) T=T, T<T, (b)

PS \/T |

Figure 3: Second-order phase transition. (a) Free energy as a function of the polarization at
T>T, T="T,and T < T, red, blue, and green line, respectively. (b) Spontaneous polarization
P as a function of temperature.

The temperature evolution of the spontaneous polarization (see Figure 3(b)) in the case
of the second-order ferroelectric transition is a continuous function which is zero at and
above T.. In both cases spontaneous polarization in ferroelectrics vanishes at and above
transition temperature in the absence of the external electric field. But this is just one
typical feature of ferroelectrics; another important characteristic of these materials is the
response of the dielectric susceptibility, y or the dielectric constant, e =1+ y. The
second derivative of the free energy density is equal to inverse value of the dielectric
susceptibility,
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02 J0E
(%) = (ﬁ) = a(T) 4+ 3b(T)PZ + 5¢(T)P¢ = y~ 1. (6)
Ps

The dielectric susceptibility response of ferroelectrics with the first-order ferroelectric
transition shows a sharp discontinuous drop of y at the ferroelectric transition. If the
ferroelectric transition is second order, the dielectric susceptibility diverges, as shown in
Figure 4(a) and 4(b), respectively.

(a) (b)

I

I

I

1

}

|

I

:

- I

T. T T, T
Figure 4: Linear dielectric susceptibility. Schematic presentation of linear dielectric susceptibility
as a function of temperature at (a) first-order discontinuous and (b) second-order continuous phase
transition.

The temperature dependence of the dielectric susceptibility in the paraelectric phase
close to the phase transition can be estimated from equation (6). By taking into account

that above T;, P, =0 and a, = % where C stands for the Curie constant, we get a
following relationship

C

=ToTy (7)

X
which is known as Curie-Weiss law. The Curie-Weiss behavior of y for T > T, is
observed in most ferroelectrics and provides also additional support for the linear
temperature ansatz for a.

Next typical property of ferroelectrics is polarization reversal or switching by an
external electric field. By plotting the change of polarization with electric field, a
hysteresis loop resembling the magnetic hysteresis loop is obtained [12, 13, 14]. The
appearing of hysteresis is a consequence of switching polarization, i.e., ferroelectric
domains which are present in ceramics and single crystal materials. Ferroelectric domain
is a region in the material with uniformly oriented spontaneous polarization. Domains
forms to minimize the electrostatic energy of depolarizing fields and the elastic energy
associated to the mechanical stress to which the ferroelectric material is subjected at the
paraelectric-ferroelectric transition [15, 16, 17]. The separations between domains are
called domain walls which can be 180° or 90° domain walls depending on the
polarization orientation of neighboring domains. As already mentioned, by applying the
cycled electric field a broad ferroelectric hysteresis loop is observed, as shown in Figure
5. The relation between the polarization and the applying electric field can be described
by a power series of E,

0P E?0%P E303P E*0*P

P(E)=P(E =0)+E——+

T T R 8
0E 2!6E2+3!6E3+4!6E4+ ’ ®)
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P(E) =£0()(1E+)(2E2+)(3E3+)(4E4+---), 9)

which contains a higher order non-linear terms of susceptibility, x,, x3, x4, ... At small
electric fields, the polarization obeys linear relationship and higher terms can be
neglected. In this region the field is too weak to switch the domains with unfavorable
polarization. With increasing electric field domains start to switch and order along
directions that are crystallographic as close as possible to the direction of the electric
field. This results in a non-linear increasing of polarization which gets saturated at high
enough fields where all domains are switched and aligned. By decreasing the electric field
the polarization starts slowly decreasing because polarization of some domains are not
perfectly aligned anymore and some even switch back to initial state. But not all domains
switch back, some of them stay in field direction and due to this, the polarization is still
present at zero field. The value of polarization at zero field is called remanent
polarization, P;. To eliminate the polarization the field has to be reversed. Application of
the reversed field results in the decay of the polarization to zero by switching the
polarization in opposite direction. A further increase of the electric field in negative
direction causes a new negative alignment of polarization and saturation. To complete the
circle the field is first reduced to zero and then again increased in the positive direction.
The field necessary to reduce the polarization to zero is called coercive field, E.

Figure 5: Hysteresis loop. Schematic presentation of ferroelectric hysteresis loop observed at and
below phase transition with illustrated coercive field E., remanent polarization Pz, and
spontaneous polarization Ps.

The last and also frequently studied dielectric property is the nonlinear dielectric
response of ferroelectrics. By substituting equation (3) into equation (8) we get
relationship between P and E, which gives us linear and nonlinear terms of the dielectric
susceptibility. At the first-order phase transition b is negative and differentiation of
equation (3) with respect to Ps gives following linear, second-order and third-order term
of the dielectric susceptibility:

1
"~ ao(T —Ty) + 3bP? + 5¢cPY

X1 (10)
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X2 = —(3b + 10cPs)x1 Py, (11)

1
X3 = =(3b +30P§ — 11(6bPs + 20cPH)?) = 27. (12)

The behavior of the linear dielectric susceptibility at the first-order phase transition
was shown in Figure 4(a). Always negative second-order term of the dielectric
susceptibility is nonzero only in noncentrosymmetric systems where the odd terms of the
free energy are present and below Curie transition temperature where Ps # 0. Slightly
different is third term which is always present and little bit more complicated. To see the
temperature behavior of the third-order term below T, we substitute the expression for P;
obtained in equation (4) into equation (12) and rewrite it

B c2(71b2(—b— bZ=4caq(T—Tp) )+28cay (T~To)(—~9b+5bZ—4cao(T—Tp)))

= 13
A3 6(4cag(T—To)+b(—b++y/b2—4cay(T—Ty)))3 (13)

The expression of y; above T, is less complicated due to the fact that all components
which contains P are zero and thus we get

b
2(ao(T - T0))* (14)

X3 =

Temperature dependence of the third-order nonlinear dielectric susceptibility for the
first-order phase transition is shown in Figure 6. We can see that y; is in the whole
temperature range positive and shows a peak at 7.

X3

T

—

C

Figure 6: Nonlinear dielectric susceptibility. The nonlinear dielectric susceptibility remains
positive in paraelectric and ferroelectric temperature range at first-order phase transition.

In the case of the second-order transition, the b coefficient is positive and the third
term of equation (3) can be neglected. The expressions for the first three coefficients of
the dielectric susceptibility are
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1

X = (T —Ty) + 3bPZ (15)
X2 = —3bP¢xi, (16)

X3 = 12b*Péxi — bxi. (17)

The situation is the same as in the first-order phase transition. The second-order
coefficient is always negative below T, and zero above. To get temperature dependence
of the third-order nonlinear susceptibility, we repeat the calculation steps used in the first-
order phase transition and obtain the expression for below and above T, respectively

ys = b(—ao(T —Ty) —9ao(T —Tp))
° 7 2(a0(T = To) — 3ao(T — Ty))®’
b

- 3
2(ao(T —Ty))
From equations (18) and (19) it becomes clear that the third-order dielectric susceptibility

is positive below and negative above T, as shown in Figure 7. The sign of y5 is thus a
sensitive probe for the discrimination between continuous and discontinuous ferroelectric

phase transitions.

(18)

(19)

X3

X3

Figure 7: Nonlinear dielectric susceptibility. Thus, the LGD model predicts a change of sign of y;
at continuous phase transition.

1.2 Relaxor ferroelectrics

Another class of dielectrics is relaxor ferroelectrics. Relaxor properties can be found in
differently structured materials similar as ferroelectric properties but again we will limit
our-self on perovskite structured compounds [18, 19]. Perovskite relaxors have the same
ABOg; structure as classical ferroelectrics apart of one difference, relaxors have a
substituted cations on A, B or both sites of the structure [20]. Depending on which site the
cation is substituted we have A-site substituted relaxors, typical example is bismuth
strontium titanate, (BixSr1x)TiO3 (BST), B-site substituted relaxors such as, lead
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magnesium niobate Pb(Mgi/3Nb23)O3 (PMN), and AB-site substituted relaxors like, lead
lanthanum zirconate titanate Pbx)Lax(Zry Ti(1-y))a-x4Os (PLZT). It has to be noted that in
the A-site substituted relaxors x must be above a certain critical value for relaxor
properties to manifest [4, 18, 21, 22].

The first disordered relaxor ferroelectric, discovered by Smolensky group was PMN in
early 1959 [20]. In the last half a century, PMN became a prototypical relaxor and one of
the most studied relaxor systems. The general formula for B-site disordered relaxors like
PMN can be written as A(B’13B’’23)O3, where B’ represents the substituted ion. A
universal signature of the ferroelectric relaxor is a broad frequency dependent peak in real
and imaginary part of temperature dependent dielectric susceptibility (see Figure 8(a))
[20, 22]. In contrast to normal ferroelectrics where the temperature dependent dielectric
susceptibility or dielectric constant (¢") exhibits a sharp frequency independent response,
relaxors exhibit a very broad &'(T) peak and strong frequency dispersion in the peak
temperature (T,,). As shown in Figure 8(a), the peak temperatures of dielectric constant
increase with increasing frequency. As noted earlier, the dielectric constant of normal
ferroelectrics follows the Curie-Weiss law at high temperatures, i.e., in a wide
temperature range of the cubic paraelectric phase [3]. However, &' (T) of relaxors shows
large deviation from this law for temperatures above T,,, as shown schematically in
Figure 8(b) [20, 22, 23, 24].

(a) (b)

v, (T ) <v,(T)

Figure 8: Relaxor ferroelectrics. (a) A strong frequency dispersion of complex dielectric constant
typical for relaxor ferroelectrics. (b) Large deviation of &'(T) from the Curie-Weiss law.

A broad P — E hysteresis loop (Figure 5) typical for normal ferroelectric can be
observed at and below T¢, i.e., in the low temperature FE phase. Relaxor, on the other
hand, exhibits so-called slim hysteresis loop, shown in Figure 9, around T,,, which gets
broader below freezing temperature, T¢[20, 22, 25, 26]. A small remanent polarization,
obtained on removing the electric field is a consequence of short range polar order within
so called polar nanoregions (PNRs) [27].
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Figure 9: Slim hysteresis loop. A slim hysteresis loop typical for relaxor ferroelectric observed
below T,,.

An interesting thing on relaxor material is that the remanent polarization doesn’t
disappear at the dielectric peak temperature, but persist well above T, (see Figure 10),
whereas in normal ferroelectrics Py disappear at T, similar as spontaneous polarization
shown in Figure 2(b) and Figure 3(b) [13, 14, 22, 27, 28, 29].

Figure 10: Polarization in relaxor ferroelectrics. The remanent polarization in relaxor
ferroelectrics persist well above T,,.

The above discussion makes it very clear that the properties of relaxors are very
different from those of normal ferroelectrics. It is interesting that relaxors show more
similarity with spin glasses and dipolar glasses as with ferroelectrics [30, 31, 32, 33, 34].
Especially the dispersed dielectric response of relaxors is very similar to observed
magnetic susceptibility response of spin glasses or to dielectric response of dipolar
glasses which exhibit also a slim hysteresis loop [30, 31, 32, 35]. Because of this
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similarity, it is believed that relaxors provide a conceptual link between ferroelectrics and
dipolar glasses. However, it is clear that the physical background is different and even
more complicated as in the case of normal ferroelectrics.

1.3 Review of physical concepts for relaxor PMN

In terms of chemical interpretation, PMN is perhaps the simplest and well-defined
compound of mixed perovskite, but its physics is far from simple. The unusual dielectric
and polarization response of relaxor materials attract a lot of interest in the ferroelectric
community whose aim was to explore these properties and to interpret them. In last half a
century a number of different concepts have been proposed for PMN to finally find a
physical picture which would give a good description of the relaxor properties.

The unusual relaxor properties of PMN were first discovered and studied extensively
by Smolensky research group [20]. Smolensky and coworkers originally introduced
concept of the “diffuse phase transition” based on compositional fluctuations on a
microscopic scale that are caused by the statistical distribution of heterovalent ions in the
same crystallographic position [36]. The compositional fluctuations are treated as polar
entities or polar regions which emerge and agglomerate into clusters with varying
composition. The ferroelectric phase transition occurs in separate regions of crystal
independent of one another with varying local T, depending on the composition of the
individual region. Thus, the dielectric response was interpreted as switching of the local
spontaneous polarization between states with different orientation. They assume, that at
given temperature T, only regions of which the local T, is near T contribute to
macroscopic dielectric response.

Cross proposed for PMN so-called superparaelectric concept in analogy to a
superparamagnetic state [22]. He considers relaxor as consisting from small non-
interacting polar regions which are created as a consequence of the composition
fluctuations. The idea is based on Burns and Dacol’s study of the temperature dependence
of the refractive index [27]. They show that the refractive index in relaxor material
deviate from the linear behavior with decreasing temperature. The deviation was
interpreted as a result of the existence of local polar clusters which nucleate at particular
temperature. For PMN the temperature of nucleation was found to be at so-called Burns
temperature, Tz = 616 K, which is much higher as T,. Cross postulated that
ferroelectricity is a cooperative phenomenon and due to this the energy involved with
every polar region is scaled with the volume. This means that for domain of macroscopic
volume the required energy for overcoming the energy barrier which separate alternative
domain state is much larger than the thermal energy of the crystal, kT, and domain is
stable. By domain volume reduction the energy barrier decrease and become compatible
to kT and the polar region become unstable against thermal agitation. Thus, the local
polarization in each region can fluctuate under thermal agitation. This results in the
frequency dependence of the dielectric response and slowing down of the local
polarization fluctuation.

Viehland et al. follow the idea of Cross superparaelectric concept and show in addition
to this a dipolar glass-like character of PMN [26, 28]. In contrast to Cross they proposed
the interaction between the polar nanoregions which leads to the dipolar glass behavior.
They believe that correlation between polar nanoregions control the kinetic of the
fluctuations and freezing processes as the deviation of &'(T) from Curie-Weiss behavior
above T,,. Specifically, they showed evidence for a freezing temperature of thermally
activated polarization fluctuations, by modeling the dielectric relaxation using the VVogel-
Fulcher relationship. The dispersion in the fluctuation frequency is a reflection of the
cluster size dispersion and leads to a relaxation time distribution. The suggested model of
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a temperature dependent relaxation time spectrum show broadening of the spectrum at T,
where the average relaxation time approaches macroscopic time period [28]. In addition,
Levstik et al. later show that the longest characteristic relaxation time in relaxation
spectrum diverge below freezing temperature [37]. All this findings are similar to that
observed in spin glasses and additional support came also from Colla et al., who observed
very slow dynamics and a logarithmic decay of the long-time relaxation of the &'(T)
response of PMN [35, 38]. Viehland and coworkers adopt Cross concept and upgrade it in
a dipolar glass concept, where the ground state of PMN in zero electric field is a kind of
short-range ordered dipolar glass state which transforms by applying high enough electric
field into long-range ordered ferroelectric state [26]. The support to this idea was given by
the prior work of different research groups who studied the dielectric and polarization
properties of relaxors under the influence of applying electric field [20, 22, 25, 27, 29,
35].

Parallel to Viehland’s dipolar glass concept, Westphal et al. developed so-called
random field concept which is based on random field Ising model used in ferromagnetic
systems and refers to the original idea of Imry and Ma, who pointed out the stability of
domain states due to the local fluctuations of quenched microscopic fields [39, 40].
Compositional fluctuations which are present in PMN create space charges and, hence,
electric field fluctuations on atomic length scales and negatively charged ordered domains
which give rise to additional quenched random electric fields. They believe that the
present random fields in PMN have a strong influence on the phase transition and destroy
the macroscopic long-range ordered ferroelectric phase. The ground state of PMN in zero
electric field is, hence, a ferroelectric nanodomain state which can be switched into long-
range ordered ferroelectric state if the applied electric field is high enough and prevails
over the RF’s. In support to RF mechanism they present the discontinuous jumps of the
optical birefringence interpreted as Barkhausen jumps. The discontinuous jumps were
explained as a result of the alignment process where the nanodomains are switched into
ordered long-range macroscopic domains by applying high enough external electric field.
An addition argument which was used in favor of the RF concept is the observation of
ferroelectric symmetry breaking by X-ray and neutron diffraction and observation of
nanodomains by high resolution TEM [41, 42].

The last and maybe a little bit less known and used concept to describe the relaxor
nature is a reorienting polar clusters concept proposed by Vugmeister et al. [43, 44]. The
proposed concept was developed from the studies of the influence of dipolar impurities in
highly polarizable dielectric crystals. They show that the onset of ferroelectric or dipolar
glass state is strongly dependent on the dipole-dipole interaction energy which is
determined by the polarization correlation radius and impurity concentration. If the
impurity concentration is too low, the separation between dipoles is greater as the
characteristic polarization correlation length of the system and dipolar impurities form a
dipolar glass state at low temperatures. On the other hand, if the concentration is high
enough and the characteristic polarization correlation length of the system is greater as the
dipolar separation, a ferroelectric phase is established. They assume that the present
disorder in ferroelectric relaxors can be treated as impurities and the origin of clusters in
the crystal which are characterized by the cluster dipole moment. This makes the relaxors
for incipient ferroelectrics. According to this, they apply the theory of order-disorder
ferroelectrics for describing the polarization relaxation of each cluster. By finding the
equation to perform the average over the distribution of relaxation times and the
distribution of the local fields they were able to calculate the frequency dependent linear
dielectric constant as a function of the temperature [44].

From the discussion above it is clear that over the decades different concepts were
proposed which attempted to describe the physical properties of relaxors. However, over
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the years the physical picture based on polar nanoregions emerged and gets widely
accepted. In general it is accepted that a polar nanoregions formed at Burns temperature
(Tz = 600 K) are responsible for unusual relaxor behavior [27]. Let us first take a look
what is going on in relaxor system if it is cooled down in the zero electric field. In
relaxors, it is clear that chemical substitution and lattice defects are at the origin of dipolar
entities. At very high temperatures these dipolar entities are not present in the system
either because of the large thermal fluctuations or simply because the local displacive
transition at which the dipolar entities are formed did not take place yet. On cooling the
system below the Burns temperature the dipolar entities get stabilized and regions with
chemical disorder form polar clusters, i.e., polar nanoregions (PNRs) which were
observed by NMR and neutron diffraction scattering experiments [45, 46, 47]. These
PNRs have random polar orientation which can be easily reoriented down to the freezing
temperature T;. The range of temperatures of reorientable PNRs with finite relaxation
times is called ergodic dipolar glass phase [37, 48]. On cooling below the freezing
temperature the PNRs freeze randomly and form nonergodic dipolar glass phase where
the relaxation times gets longer. The transition from the ergodic to nonergodic phase is
characterized by the divergence of the longest relaxation time [37]. By applying a
sufficiently high electric field which is equal or higher as a threshold or critical electric
field, E, of the system a phase transition from a short-range order dipolar glass state into
a long-range ferroelectric state is induced [25, 29, 38, 49, 50]. The relaxor properties of
PMN like NMR line shape with associated probability distribution of local polarization
[45] and nonlinear dielectric response [37, 50] can be well described by the Spherical
Random-Bond Random-Field (SRBRF) model [51]. SRBRF model takes into account not
only the influence of random fields present in the disordered system but also the influence
of the random bonds/interaction between the polar clusters. Depending on the ratio
between the strength of random fields and random bonds a dipolar glass like state or a
ferroelectric state is established. In relaxors, the random fields are too small to induce the
locally ordered ferroelectric phase, for these reasons an external electric field has to be
applied [51]. The electric field temperature (E — T) phase diagram obtained by SRBRF
model is in a good agreement with experimentally obtained E — T phase diagram [29, 48
52, 53, 54]. In E — T phase diagram the ergodic and nonergodic dipolar glass phase are
separated from ferroelectric phase by a ferroelectric transition line. The schematic E — T
phase diagram for PMN is shown in Figure 11.
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Figure 11: Electric field-temperature phase diagram. The solid line in the schematic E — T phase
diagram separates the dipolar glass state from the field-induced ferroelectric phase.

Kutnjak et al. show on single crystal ferroelectric relaxor system Pb(Mgi/3Nb2/3)Os-
XPbTiO3 (PMN-xPT) oriented in [111] direction with x = 0.295 that the low temperature
dipolar glass state and ferroelectric state are separated by a first-order transition line
which ends in a liquid-vapor type of critical point [55]. The same was shown also for the
PMN single crystal oriented in [111] direction and just recently for [110] direction [56,
57]. The critical point is the only second-order transition point above which the difference
between the different phases disappears and a continuous supercritical evolution in
various physical quantities can be observed [58, 59, 60].

1.4 The nature of the relaxor ground state: open issues

In all this years a number of different optical, dielectric, polarization, X-ray, TEM and
other studies under various conditions and different relaxor systems were presented and
most of them are in favor of the above presented physical picture [18- 29, 35, 37- 42, 45,
48, 50, 52- 57, 61, 62]. However, some studies in contrast to the glassy picture have
suggested that glassiness should be excluded in favor of the random field mechanism
driving the system to freeze into a domain state on a nanometric length scale [40- 42, 61,
62]. Westphal et al. performed optical measurement under external electric fields. The
measured linear birefringence show discontinues jumps known as a Barkhausen jumps
under applied external electrical field. This jump authors interpreted as a consequence of
depinning of microdomains [40]. The interpretation of polar clusters as ferroelectric
nanodomains in low temperature relaxor phase is based on the X-ray and neutron
diffraction results presented by de Mathan et al. [41]. In contrast to Bonneau et al. [63],
who performed X-ray studies on PMN single crystal and found that the obtained data fit
the best the model corresponding to the cubic symmetry, de Mathan et al. found better
reliably factors by fitting the data with rhombohedra model. Here, it should be noted that
he presented results from de Mathan et al. were obtained at 5 K, whereas Bonneau et al.
performed the measurement in a broad temperature range, between 800 and 5K [41, 63].
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Another argument which has been used to consolidate the proposal that the relaxor
ground state is a ferroelectric nanodomain state was based on TEM observations [42].
Husson et al. reported the observation of a superstructure along [111] direction in PMN
ceramic. The problem of TEM experiments is that the thickness of sample plays
important role. For instant, if we want to get some information about atomic arrangement
with TEM the thickness has to be as small as possible (t < 100nm), at larger thickness
only the information from the surface can be evaluated. Another problem is that with
decreasing thickness the size effects start to play an important role. Thus, we can observe
a different picture in thin films than in the case of bulk samples. Recent x-ray diffraction
measurements on relaxor ferroelectric Pb(Zn13Nb23)Os (PZN) by Xu et al., found the low
temperature unit cell near the surface to be rhombohedral where the bulk was found to be
cubic in shape [64]. Investigations of the strain as a function of crystal depth by using a
diffraction technique commonly applied to study spatially resolved strain in industrial
materials demonstrated that large strain indicating a large lattice distortion can be found
in the surface region in the relaxor PMN. Large strain near the surface region can induce
different phase within the surface region as in the bulk [65]. As we can see, neither the X-
ray nor TEM studies could provide a final answer whether the relaxor ground state is truly
a ferroelectric nanodomain phase. Besides the structural studies some of the dielectric
spectroscopy measurements were also interpreted in support to the ferroelectric
nanodomain state at low temperatures. The linear and nonlinear dielectric response of
PMN ceramics at high ac and dc electric fields have shown that the observed dynamics in
the ergodic phase may be explained as a domain wall motion process [61, 62, 66].

Therefore, despite a long and intensive research history of relaxors especially PMN
relaxor, the question about the nature of the relaxor ground state still remain unsolved. In
the present work we will present some new findings which should help to find an answer
to the question of the relaxor ground state. For better understanding of the relaxor ground
state, a series of dielectric, polarization and calorimetric experiments were devised in
order to study the polar ordering in a PMN single crystal, i.e., to check the E-T phase
diagram of a canonical relaxor compound. Here the calorimetric studies are of special
importance since except some pioneering work of Gorev et al. and Tachibana et al. no
detailed calorimetric measurements especially under the electric bias field were
performed in relaxor materials [67, 68 69]. The calorimetric investigation should reveal
thermodynamic aspects of the polar ordering and the relaxor ground state and should help
to determine the nature of the transition lines in the E — T phase diagram [57].

1.5 Electromechanical and electrocaloric properties of relaxors

Rediscovery of the large electromechanical response in single crystal relaxor
ferroelectric solid solutions and recently reports of large electrocaloric effect (ECE) rise
again the interest on relaxor systems due to the application possibility in cooling devices
[70,71, 72,73, 74, 75].

Let us first discuss the electromechanical response. Electromechanical response is the
conversion of mechanical energy into electrical and vice versa. Applying the stress to a
crystal will result in a small displacement of charges and consequently changes of
polarization. Accordingly, the electric field applied to a crystal would change its shape. In
order to describe the conversion of energy, we have to understand coupling between the
electrical and mechanical parameters. This can be done by considering the
thermodynamic relations between the mechanical and electrical parameter and writing
down the Gibbs free energy G of the crystal as a function of mechanic stress X and
electrical field E, or the mechanical strain x and polarization P. The expansion of the free
energy in terms of the strain and polarization adds to the equation (1) three new terms:
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1 . . .

52% Siiki XijXx represents elastic compliance (Hook’s law), Y3 g;jx x;jP linear
. 1 . .

electromechanical response and 52% Qiji1 xijPr P, quadratic electromechanical response.

Here, s{'}kl represents the tensor of the elastic compliance at constant polarization, g;jy is
the tensor of linear electromechanical or piezoelectric effect and Q; ;,is the tensor of the

quadratic electromechanical or electrostriction effect [3]. By considering the Maxwell
relations [4, 17]
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it is possible to the relation between the strain and electric field
xl-j = dijAT + Sijlekl + dkijEk + MklijEkEl- (21)

Here, a;;AT is thermal expansion and the piezoelectric and electrostrictive tensors are
denoted with dy;; and My,;, respectively. As we can see from equation (21), the
electrostriction is proportional to the square of the electric field which makes it
independent from the field direction, whereas the piezoelectric response is linearly
proportional to the electric field which makes it sensitive to the direction of the applied
electric field or stress (see Figure 12).
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Figure 12: Reaction of piezoelectric element to applied stimuli. (a) and (b) shows a direct
piezoelectric effect where applied stress generates charge on the surface. (c) and (d) shows a
converse piezoelectric effect where the applied electric field changes the size of the piezoelectric
element. The change of the size and the sign of the accumulated charge depend on the direction of
the applied stimuli.

The expression x;; = dy;;E, stands for the so-called converse piezoelectric effect
shown in Figure 12 ¢ and d. The converse piezoelectric effect describes the strain that is
developed in a piezoelectric material due to the applied electric field. On the other hand,
the applied mechanical stress X;, creates charge on the surface of the piezoelectric
material and is known as direct piezoelectric effect and can be written as D; = d;j, Xjx
where D; stands for charge density. The tensors of the direct and converse piezoelectric
effect are identical, ?ji,fe“ = dj; "¢ because the strain and stress are symmetrical
tensors [17, 76]. The piezoelectric tensor is a third rank tensor of piezoelectric
coefficients, but the number of independent coefficients is reduced to 18, due to the
symmetry of direct and converse piezoelectric tensors. The number of independent
piezoelectric coefficients is further reduced by the symmetry of the material. The absence
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of piezoelectric effect in materials with centrosymmetric point group symmetry reduces
the number of piezoelectric coefficients in tensor as for example for tetragonal symmetry:

_Xl_

X
D, 0 0 0 0 dys 0]y
D2 == O O O d24_ 0 0 X3 (22)
Ds d3; ds; ds3 0 0 O ij

_X12_

The piezoelectric coefficient d;; is relates the strain applied in the j axis and electric
field applied along the i axis. The ds3,d3; = d3, and dys = d,s are longitudinal,
transverse, and share piezoelectric coefficients, respectively. These coefficients can be
expressed as [76, 77]:

d33 = 26033011 P53, (23)
d31 = 2&0X33012Ps, (24)
dis = €9 X11044P3. (25)

The piezoelectric properties of ferroelectric materials are of great interest due to the
numerous applications in ultrasonic and medical devices as well as in telecommunications
[78]. Therefore, much effort has been invested to enhance the piezoelectric response in
these materials. The enhancement of the piezoelectric response can be a result of several
different interplaying factors: (i) proximity to the morphotropic phase boundary [70, 71,
72,79, 80, 81, 82, 83], (ii) engineered domain configuration [70, 84, 85, 86, 87], and (iii)
proximity of the critical point [55, 56, 88]. Studies of systems with the engineering
domain configuration show that the application of the electric field in different direction
as the polar direction enhances the piezoelectric response in single crystals. For instance,
in the case of BaTiO3; (BT) it was shown that the poling of crystal along [111] direction
induces the formation of different domain structure and domain density which influences
the strain inside the crystal and enhances the piezoelectric response [84, 86, 87]. For
ferroelectric relaxor solid solutions single crystal like Pb(Zny/3Nb23)O3-xPbTiO3; (PZN-
XPT) and Pb(MgisNb23)O03-xPbTiO; (PMN-xPT) the enhancement of piezoelectric
response was observed at the morphotropic phase boundary (MPB) composition [70, 71,
72, 80]. Fu and Cohen show theoretically that the large piezoelectric response can be
driven by the polarization rotation induced by an external electric field [81]. The concept
of polarization rotation was proposed to be the driving mechanism for enhancement of
piezoelectric response at the MPB [71, 77, 79]. MPB region represents the structural
bridge between the tetragonal and rhombohedral phase (see Figure 13(a))[77, 83]. The X-
ray diffraction studies by Noheda et al. and Xu et al. show a monoclinic distortion
between the tetragonal and rhombohedral phase [79, 80]. It was experimentally and
theoretically shown that when the electric field is applied along nonpolar direction (T, R
or O) a polarization rotation over the intermediate monoclinic phases is induced (see
Figure 13(b)) [71, 77, 79- 82, 89].
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Figure 13: Temperature composition phase diagram and polarization rotation. (a) Schematic
x — T phase diagram shows the morphotropic phase boundary between the tetragonal and
rhombohedral phase. (b) The polarization rotation over the intermediate monoclinic phase
sequence.

Therefore, the polarization rotation via intermediate monoclinic phases causes the
distortion of the lattice and it is suggested that this results in a large piezoelectric
response. Another suggestion is that the dielectric susceptibility diverges at the tetragonal
to monoclinic transition and this enhances the piezoelectric response [90]. The question
whether the presence of the MPB is really a dominant reason for the enhancement of the
piezoelectric response is even more important due to the reports of the large piezoelectric
response in systems without MPB [3, 77, 91]. Recently, Kutnjak et al. show the existence
of the electric field-induced liquid-vapor type of the critical point at the paraelectric to
ferroelectric phase transition in PMN-PT system [55, 56]. The highest piezoelectric
response was observed at the electric field corresponding to the electric field of the
critical point [53]. The experiments show that the large piezoelectric response in solid
solution PMN-PT can be found in the proximity of the line of critical points in the electric
field-temperature-composition phase diagram (E — T — x) of this system [55]. They also
found in the same temperature range similar critical behavior of the dielectric constant as
for the piezoelectric coefficient, which indicates that the divergence of the dielectric
constant at the critical point is responsible for the large piezoelectric response [56]. This
was later confirmed by theoretical calculations which show that the piezoelectric tensor
diverges at the critical point due the divergence of the electric susceptibility, thus leading
to the enhancement of the piezoelectric response [92]. The large piezoelectric response as
a critical phenomenon reveals a new driving mechanism to enhance the piezoelectric
coefficient and might be the central issue in the development and engineering of new
advanced materials for electromechanical converters.

In this thesis, the previous studies of the piezoelectric response in PMN-PT system will
be extended in order to verify the existence of the critical point in the PMN-0.26PT
system oriented in [100] direction and the impact of the electric field on the monoclinic
phase sequence and the critical behavior of the piezoelectric coefficient near the cubic-
tetragonal-rhombohedral (C-T-R) triple point [88]. Besides the solid solution PMN-PT
system which exhibits a MPB, a piezoelectric enhancement at the critical point was tested
in canonical ferroelectric BaTiOs single crystal which does not exhibit the MPB [93].

Another important energy conversion which can be found in ferroelectric and relaxor
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materials is the electrocaloric effect (ECE), i.e., the conversion of the electrical energy to
the heat and vice versa. This is an important property of materials due to the possibility of
broad range of applications ranging from sensors to heating and cooling devices of new
generation, which would be more efficient and environmentally friendly. The effect has
been known for some time, but it was not considered to be useful for commercial
applications, due to its small magnitude in previously known materials [14]. The
microscopic mechanism of the ECE is not yet fully established, but it is considered to be a
direct consequence of the change of entropy S stimulated by an external electric field.
Specifically, in the application of the external electric field induces change of the
ferroelectric dipolar state, from the less ordered into a more ordered one (Figure 14) and
vice versa, when the electric field is removed [73, 94]. The entropy of a system can be
considered as a sum of the entropy related to the electric ordering, i.e., the entropy of the
dipolar subsystem and the entropy related to lattice-vibration or phonon entropy, S =
Saip + Spn [95, 96]. An applied electric field induces dipolar ordering in electrocaloric
materials and consequently reduction of the dipolar entropy Sg;,. If this is done under
adiabatic condition, the sample would release heat in order to satisfy the entropy
condition dS = 0 or dSg;, = —dS,, (see the change from point T;(S;, E;) to point
T,(S,, E,) in Figure 14). This is known as a heating part of ECE. After a while, when the
system reaches the temperature equilibrium with the surrounding bath (from point
T,(S,, E,) to point T, (S5, E,) in Figure 14) the applied field is removed. The dipolar
subsystem gets disordered and the dipolar entropy of the system increases. To compensate
the increasing of the dipolar entropy the phonon entropy is reduced resulting in a cooling
of the system, i.e., system absorbs the heat from the surrounding which could be used in
cooling devices (see the change from point T, (S5, E,) to point T5(S,, E;) in Figure 14).
After some time the system reaches the initial temperature equilibrium with the
surrounding bath and the electrocaloric cycle is completed (see the change from point
T5(S,, E;) to point T, (Sy, E;) in Figure 14).

Figure 14: Schematic representation of the electrocaloric cycle. The schematic representation of
the entropy during the electrocaloric cycle while the electric field is switched between the
constant fields F; and E,. The dashed blue and red lines represent cooling or heating parts in the
cycle.
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It is interesting to note that the so-called EC responsivity AT /E, i.e., a ratio between
the ECE temperature change and the amplitude of the electric field was found to be the
highest near the critical point in bulk relaxor ferroelectrics [75, 95, 97, 98]. This was
found to be in good qualitative agreement with theoretical calculations based on the
SRBRF model [95, 96]. Many ECE studies were done on relaxor ferroelectrics and
polymers, but little on a ferroelectric single crystals [99, 100, 101, 102, 103]. In this thesis
a study of the influence of the electric field on the paraelectric (P) to ferroelectric (FE)
phase transition line in BaTiO;3 single crystal oriented along [001] direction will be
presented. This transition is known to be of the first order at which relatively big amount
of latent heat is released [3]. Within this thesis it was tested whether the P-FE transition
line ends in a critical point and the influence of the critical point on the ECE behavior.
The amount of the released latent heat in BaTiO3 is much larger as in previous studied
relaxor systems and it is expected that it could lead to additional enhancement of the EC
responsivity, i.e., to the shift of the EC responsivity maximum with respect to the critical
point in BT [93].
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2 Experimental techniques and methods

2.1 Dynamic dielectric spectroscopy

Dielectric susceptibility, y, or dielectric constant, €, describes the response of material to
the applied electric field and its ability to store charge. Let us take two parallel plates with
a given area and plate separation held in vacuum, i.e., capacitor. By applying DC electric
field the plates get charged which is described by a capacitance C,. If we put a dielectric
material between the plates the capacitance will increase to C since the electric field
induces dipoles in the material which effectively cancel part of the charge on the plates
(see Figure 15). The ratio of the capacitance between the charged and empty capacitor

gives us the dielectric permittivity or dielectric constant of the material, € = Ci In terms
0

of Maxwell’s equation the influence of the electric field E on the dielectric material can
be expressed by an electric displacement, D:

5=€0E+ﬁ, (26)

where &, is a permittivity of vacuum (8.85x10™* :—:l) and P is the electric polarization.

Figure 15: Induced dipoles. Applied electric field induces dipoles in the dielectric material. The
enlarged picture of the layer between the electrode and the material shows the charge cancelation
and addition charge acceptance (red minus).

By applying a sinusoidal voltage to the capacitor in vacuum, the charging current
appears which is 90° shifted in phase in relation to the applied voltage. When the same
alternating voltage is applied to the capacitor with dielectric material, the charging current
is now less than 90° shifted in phase. This change in the phase is due to the fact that the
dielectric materials do not have infinitely large resistivity and that some current leaks
through the capacitor. This leaking current represents losses in the material.

Let us consider this situation in terms of E and D which are treated as a scalar for the
reason of simplicity. The time varying electric field

E(t) = E, cos(wt), (27)
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induces dipoles in material which can reorient themselves (switch) by following the
direction of the electric field. In time interval, [t, t + dt], in which the electric field is
switched from one direction to another the electric displacement can be written as
t
D(t;) = €,E(ty) + eof E(t) a(t, —t)dt, if t<t; <t+dt. (28)
0
£ IN the first term in equation (28) represents the response of dipoles which follow vary
fast the time varying electric field, whereas the second term represents the part with

delay, i.e., the phase shift g and include simple decay function a(t; — t) [104, 105]. If the

time period of the field switching is much longer (t — o) as the characteristic relaxation
time (7) in which the decay function falls to 0, then the dielectric displacement function is
also periodic with the same period as the electric field and a phase shift

D(t) = gyEy cos(wt) (e, + €') + £oEy sin(wt)e". (29)
¢"and &' are the real and imaginary part of the complex dielectric constant
e =g —ie. (30)

The real part of the dielectric constant characterizes a material ability to store the charge

and imaginary part is a measure of the heat related losses. By combining the equations

(28) and (30) and assume that the decay function is a simple exponent function, a =
t

a(0)e =, one get a Debye expression for the frequency dependent &*,

. & — €

e (w) = &0 + 1T ior (31)
The Debye expression describes the relaxation in the material with single relaxation time
whereas in real materials a distribution of relaxation times can be found. Because the
Debye function doesn’t fit the dielectric response of most of the materials, an empirical
ansatz called Cole-Cole ansatz was proposed [106]. The mean idea of this ansatz is that
the complex dielectric constant can be described as a sum of Debye relaxations

£ (W) — €00 = (€5 — €00) JTZM

1+ iwt
where g(Int) is the distribution of relaxation times [33, 35]. However the details of
analysis of the dielectric response can be found in Refs. [104] and [105].

Now the question is how to measure the complex dielectric response of a material. As
already mentioned above, the capacitor with the dielectric material between the plates is a
non-ideal capacitor. Most of the dielectric materials have a large but not infinitive
resistivity which means that material conduct electricity. Such leaky capacitor can be
represented as an electric circuit with ideal capacitor in parallel with resistor, as shown in
Figure 16.

) (32)

1
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—o0 0

Figure 16: Equivalent circuit. The leaky capacitor with dielectric material can be represented by
an equivalent circuit of parallel connected capacitor C and resistor R.

By applying an oscillating voltage probe signal on the sample one can measure the
complex impedance, Z, of the sample

1 .

~ = lwCoe". (33)

Taking into account the above equivalent circuit from Eq. (33) expressions for &' and
&' are obtained

= — 34

&= (34)

o = 1 (35)
" RCyw'

The measurement method of impedance manly depends on the required frequency
range. Most of the measurements of the complex dielectric constant are carried out in the
frequency range from 20 Hz to 2MHz. Such frequency range can be covered by Agilent
E4980A (4282A) Precision LCR Meter (LCR Meter) which belongs to standard
equipment in our laboratory. LCR Meter uses auto balancing bridge method for
measuring the impedance. The simplified schematic picture of auto balancing bridge is
shown in Figure 17.
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Figure 17: Auto balancing bridge. The schematic picture of auto balancing bridge which is used
in LCR Meter. The bridge is in balance when the current detected by detector D is zero.

The OSC1 send a.c. probe signal to the sample with impedance Zy. Because our
sample represents non-ideal capacitor, some leakage current goes through the sample. On
the other site OSC2 send a signal through a range resistor R,.. The detector D detects the
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potential at the low terminal and if the potential is zero, the bridge is in balance. Actually
we can say that detector measures the sum of leakage current of the sample and current
which flow through R,.. If the currents are not equal, the sum is not zero and the detector
detects an error current. In this case, the detector changes the output signal of OSC2 so
that the error current goes to zero. When equilibrium is reached, the voltage on sample
and resistor R,. is measured and since the resistivity of R,. is known, one can calculate the
impedance of the sample and real and imaginary part of the dielectric constant [107]. The
second part of our complex dielectric measurement setup represents the temperature
stabilization unit. The core of the temperature stabilization unit is a Wheatstone bridge
with two resistors of constant resistivity (R; = R, = 500 Q), one variable decade resistor
(R3 =0 - 5kQ) and a platinum resistor (Rp; = 100 Q at 20°C). The platinum resistor
is used as a temperature sensor and is placed in the measurement cell close to the sample,
so that the temperature gradients are as small as possible. The Wheatstone bridge is
connected to a phase detector and a power amplifier, as shown in Figure 18. The phase
detector sends a reference signal to the bridge. The balance of the bridge, i.e., equality of
R; and Rp, is checked by lock-in detection of the voltage difference between the
measuring points. When the bridge is unbalanced, the phase detector in combination with
the power amplifier adjusts the current trough the heater in the measured cell and
consequently changes the resistance of Rp;. All processes such as setting the values of R
and measurement of Rp, resistance by Keithley 196 System DMM are controlled via
computer. This kind of temperature stabilization unit is capable to stabilize the
temperature within accuracy of +1 mK [108].

N
>

reference signal Phase

detector

Figure 18: Temperature stabilization unit. The Wheatstone bridge is a hart of the temperature
stabilization unit. The set temperature is given by the variable decade resistor R and by heating
the platinum resistor Rp, the bridge is balanced and the temperature of the measuring cell
changed.
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2.1.1 Piezoelectric resonance measurements

The dielectric measurement setup can also be easily used for the so-called piezoelectric
resonance measurements. Electromechanical effect or piezoelectric effect is the
conversion of mechanical energy in electrical energy and vice versa. If we apply force on
crystal it generates charge on its surfaces and by applying electric field the crystal
changes its size. In the first case we talk about direct piezoelectric response and in second
case about converse piezoelectric response. Both are very interesting for different
applications in different fields like: robotics, telecommunications, ultrasonic devices, etc.
The determination of the piezoelectric coefficient which is one of the important materials
constant that characterize the material is relatively simple if large pieces of material are
available. Namely, most of the commercially available methods today require relatively
large samples prepared in a special geometry, apart of the interferometric method. Most
of commercially available apparatuses operate only at the room temperature or at most in
a very narrow temperature range about the room temperature. Thus the measurements of
the piezoelectric response in a broad temperature range still represent a challenge. Here
the resonance method represents a relatively simple method which can measure one
component of the piezoelectric tensor ds; in a broad range of temperatures [109, 110]. If
we apply electric field perpendicular to the length of the bar-shaped sample, this one acts
like a resonator. The dielectric spectroscopy setup can be used to measure the admittance
response as a function of the frequency at the constant temperature from which a
transverse (ds,) piezoelectric coefficient can be determined. In the vicinity of the
resonant frequency the admittance of such a resonator with a large piezoelectric loss can
be expressed in terms of the complex dielectric constant €353 = €35 — ie53, the complex
piezoelectric constant d3, = d3, — id5,, and the complex elastic compliance s;; = s1; —
is{7,as [109, 110]

| di 2\ \ lw ., di, 2\ \ w
Y =iw| &35 —Re T+a) g3z +Im —

*

S11 S11 t
(36)
8wl di?\ . [(di,’ Q—iM
tiw— | Re| —— | +im|(— X ——,
" 2_,.2
where M = z}—l Q= % and w, represents a resonant frequency. The parameters [, w
11 0

and t are the length, width and thickness of a piezoelectric bar resonator, respectively.
The admittance of the bar resonator with large piezoelectric losses can be analyzed by the
analogy of the equivalent circuit introduced by Damjanovi¢ [109]. Equation (36) can be
rewritten

1 1 1
Y =iwCy +—+ + ,
Kt R T w0 T+ iwL + R | (iwC)~t + iwL, + R,
where R, C and L are the parameters of the equivalent circuit, and R,, C, and L, describe
piezoelectric losses. By expanding admittance Y as a sum of conductance G and
susceptance B, Y = G + iB, expression for G and B can be derived
w?RC? wC — w3LC? 1
= —x +— (38)
(1 — w?LC)? + w?R?C? (1 — w?LC)? + w?R?C?* R,

(37)

G

wC — w3LC? w?RC?

B =
(- 0?L0)? + w2R2C2 T "0 = w?L0)% + w?R°C?

+ wCy. (39)
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By fitting the experimental data of G and B with equations (38) and (39) we obtain the
parameters of the equivalent circuit which can be used to calculate the real and imaginary
part of the complex piezoelectric coefficient. However, fitting experimental data with
function which contains five fit parameters can sometimes represent a challenge. To avoid

this problem one can use another approach to analyze the data. In this approach one

transforms equations by replacing G — €' and B — ¢’ whereby w, = \/%_C and 8 = %. In

the first approximation one can set the piezoelectric losses x to zero and with
minimization of the function &'(w) one can find maximum and minimum of the function
which corresponds to w; and w, frequencies in Figure 19, respectively. By using these

w3+w?
two parameters one can calculate resonant frequency w, = — and parameters

w3-wi

p = ——=— and Ae SLCL T - 0, the following equation can be used to

J2(@3+0]) @o

calculate the ratio

@ _ ’
dél 2 2 ,
40
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and the calculated value can be used to obtain
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Ones all the parameters are obtained one can calculate the real and imaginary part of

the piezoelectric coefficient

|
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di, =+ 1+ [1+42 2o , (42)
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The calculated values of d3; and d%; are obtained on the assumption that x = 0. To

compensate this assumption one has to reiterate procedure by recalculating the x with
new piezoelectric coefficients and repeat the procedure again to calculate the piezoelectric
coefficients. The iteration procedure is repeated until x gets constant within required
precision.
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Figure 19: Resonant response of the complex dielectric constant. Left panel shows real part of the

complex dielectric constant as a function of frequency from which a maximum and minimum

frequency is deduced, w; and w,, respectively. The right panel shows an imaginary part as a
1

function of frequency from which the value of the dielectric background &5, and maximum &y,
at the resonant frequency is estimated.

2.2 Quasi-static polarization measurements via charge
accumulation technique

Sawyer-Tower bridge is a standard method for measuring the polarization as a function of
the electric field, i.e., hysteresis loop which is a most common measurement for analyzing
the ferroelectric properties. The quasi-static polarization measurements were performed in
a similar way just instead of oscilloscope we use Keithley 617 Programmable
Electrometer in order to detect the accumulated charge related to the sample polarization.
The measurement experimental time scale is on the order of 0.1 ms, hence quasi-static
experiment. The sample is electrode in order to create a capacitor, Cx, which is then in
series connected with another capacitor with known capacity, Cy,. The capacity of known
capacitor is usually much larger (Cyo = 100 X Cx) as the capacity of the sample
capacitor. The circuit was supplied with the DC voltage signal from KEPCO power
supply. Keithley 617 Programmable Electrometer is connected parallel to C,, to measure
the voltage, U, on the known capacitor (see Figure 20). The measured voltage of Cy, is
linearly proportional with the polarization of the sample, P,

_ UGy
=—
where S is a surface of electrodes on the sample. By using the same temperature
stabilization unit as in the case of the dielectric measurements one can easily obtain a
quasi-static polarization data as a function of temperature. To obtain a hysteresis loop the
power supply was controlled via HP 3325B Synthesizer/Function Generator (Function
Generator in Figure 20). Function Generator cycles the DC signal linearly between +Up.,
whereas electrometer measures the voltage of Cy,. The advantage of this measurement is
that the frequency of a DC signal can be easily controlled.

P (44)
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Figure 20: Quasi-static polarization measurement setup. Schematic representation of quasi-static
polarization measurement setup used for the polarization measurements as a function of
temperature and electric field.

2.3 High-resolution calorimetry

One way to obtain the value of thermodynamic quantities such as heat capacity, enthalpy,
latent heat critical exponents and thus the information about nature of the particular phase
transition and/or the thermodynamic state of the system is to employ a high-resolution
calorimetric technique. Specifically, the high-resolution methods allow us a detailed study
and characterization of the phase transitions which can occur in materials, the nature of
critical energy fluctuations in the vicinity of the phase transitions and to distinguish
between the first- and second-order phase transitions. In addition, it can provide
information about the quantitative value of the released latent heat in the case of the first-
order phase transition via measurements of the critical exponent a the information about
the universality class to which the criticality belongs [111, 112, 113]. For this purpose
different high-resolution experimental techniques were developed like traditional
adiabatic calorimetry, differential scanning calorimetry (DSC) and ac and relaxation
calorimetry [114]. Each of the techniques has his own advantages and disadvantages. For
instant the traditional adiabatic method is very slow to get a really high resolution data
and usually larger amount of a sample is needed. On the other hand a DSC method is
faster with good sensitivity for detecting the enthalpy changes and needs smaller
quantities of the sample. The main disadvantage of DSC is that one cannot make high
resolution measurements near the phase transition due to the very fast scanning rates and
thus one cannot determine the critical exponents and distinguish between the first- and
second-order phase transitions [114]. In many cases it is almost insensitive to the second-
order transitions with small enthalpy changes.

At the Jozef Stefan Institute, a full computerized home-made high-resolution
calorimeter is used which can operate in a dual mode, ac and relaxation mode. The setup
building block with used apparatuses is shown in Figure 21. In the ac and relaxation mode
we apply power on the sample through the heater which is attached to the sample. The
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heater on the sample is connected to the Krohn-Hite 5920 Function Generator which
generates oscillating or linearly ramped input power, depending of the operating mode.
Digital Multimeter Keithley 2002 measures the resistivity of the thermistor which is
attached on the opposite site of the sample. The sample cell is closed by a cupper block,
i.e., thermal shield 2 around which another heater is attached. The heater on the thermal
shield 2 is connected to the LakeShore 340 Temperature Controller, which controls the
stabilization of the bath temperature. To control the bath temperature two thermometers (a
100 Q Platinum Resistor Thermometer or shortly PRT and a 1 kQ or 500 kQ thermistor)
are placed in the cell block close to the sample to minimize the temperature gradients
between the bath and the sample temperature. The PRT measures temperature Tp;, Which
later serves for calibration of thermistor attached to the sample. The 1 or 500 kQ
thermistor is used to precisely measure the temperature of the bath T, for the bath
temperature stabilization purposes. The whole cell is then closed by another outer thermal
shield 1. All the apparatuses are controlled by the computer who also stores the data
measured during the experiment.

|
computer

thermal shield 1

Krohn
— Hite

Wnda
Aaynay

LakeShore

Figure 21: Calorimetric setup. The schematic representation of calorimetric setup used at 1JS. For
the measurement of the bath temperature are responsible platinum resistor thermometer and a bath
thermistor Tp; and T, respectively, whereas Ts measures the sample temperature. hg and h,, are
heaters attached to the sample and to the thermal shield 2, respectively.

For the analysis of the obtained data and the calculation of the heat capacity, C,, and
the enthalpy, H a simple ‘zero-dimensional’ model of thermal analysis can be employed
in all cases which will be presented in this thesis [114, 115]. It assumes that the internal
relaxation time for achieving the internal temperature equilibrium of the sample, t;,;, IS
very short in comparison to the time scale of the variations of the sample temperature in
order to avoid temperature gradients within the sample. Another simplification of the
model is the assumption that the heat losses to the thermal bath can be represented by a
single parameter, thermal resistance R of the gas in the cell and support wires that link the
sample to a temperature controlled bath.

Now the basis for thermal analysis is the conservation of energy or first law of
thermodynamics



30 Experimental techniques and methods

dU = dQ + dw, (45)

where dU is the internal energy of the system, dQ is the absorbed or released heat of the
system and dW is the work done by the system or on the system. One can express the
first law also in terms of enthalpy

dH = dU + Vdp = dQ + dW + Vdp, (46)

where V is the volume and p is the pressure. For the processes at the constant pressure

and by considering the time dependence we get
dH dQ dw
— =4 47
dt ~dr T 47)

T-Tp

where Z—f represents the heat flow between the sample and bath and can be written as

with T as a sample temperature, whereas C;—V: is the heat input power, P supplied over the
attached heater. By taking into account also the relation between the enthalpy and the heat

capacity, dH = (Z—;’) dT = C,”*dT, one can rewrite the equation (47) into
14
dT T -T,
p=Cs b 48
P at "R (48)

C,”* is a total heat capacity of the sample and the cell, C,”* = Cp, + Cp(cemry. Let US
now take a look how can this model be used in systems exhibiting either first- or second-
order phase transition. The major difference between the first- and second-order phase
transition is the presence or absence of the latent heat L, respectively. The total enthalpy
change of the first-order phase transition characterized by the latent heat is a sum of
continuous 6H and discontinuous changes of the enthalpy, where the released latent heat
represents the discontinuous part, AH = §H + L. The presence of the latent heat brings
into equation (48) a new term, the conservation of energy yields

dT dL T-T,
P=C"—+—+ ,
Podt dt R
where dL = Ldm with L being the latent heat per gram and dm the mass of the material
converted from one coexisting phase to another. Now one can calculate the heat capacity
in the case of the first-order phase transition

(49)

P—(T—Tp)

sys dL sys T
Cp +ﬁ= Ceff =T, (50)

dt
where Cefjf]f denotes an effective heat capacity. In the case of the second-order phase
transition (where L = 0)
P—(T—-T,)
Sys __ R

G = —r (51)

dt
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2.3.1 Ac calorimetry

Let us discuss a little bit more in detail the ac calorimetric method. The ac calorimetry is

based on an adiabatic scanning method with some modifications. The ac method uses the
sinusoidal oscillating input power, P = P, + P, cos(wt), and the thermal leakage T_RTb is
not negligible which makes the ac method a non-adiabatic scanning method. The

frequency of the oscillating input power has to be chosen in the limited range L ko<
1

Text

, Where 7., is the external relaxation time in which the sample temperature relaxes

Tint

back to the bath temperature. In the case of our calorimeter at the Jozef Stefan Institute
this frequency is typically w = 0.0767 Hz. If the bath temperature is constant during the
measurement and the sample temperature is in thermal equilibrium (T = T,), then the
sample temperature as a function of the time after switching on the input power is

_ cos(wt)+wTeyxt sin(wt) _ 1 —i
T(t) =T, + P,R (1 e (1 +—— (Mm)z) e t). (52)
After a long enough time, a steady state is reached and the exponential term can be
neglected. Thus the sample temperature can be simplified as a sum of two components a
dc and an ac component:

T(t) = Tqc + Tac (1), (53)

with
Tye =Ty + PyR, (54)

and
T, (t) = ﬁ;t)z (cos(wt) + wT,y; sin(wt)) = AT, sin(wt + @). (55)

Here ¢ represent a phase shift between the input power oscillation and the temperature
oscillation. By combining the expression (48) and (55) one can obtain the amplitude of

temperature oscillations for the second-order phase transitions where L = 0
1

T, (t) = Po (1 ’ (56)
ac C;ys ZRZC;ysz )
and the phase shift
) 1
an@ = C;ys' (57)

The heat capacity is thus

P
[ . . 58
» WAT,. cos ¢ (58)

In the practice the phase shift is usually very small but not negligible (cos¢ # 1). In
such a case one can approximate the equation (58) by

P, V¢ 1
c3r® 2 z( 0 ) — 59
(p ) a)ATac w2R?’ ( )
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where R can be estimated from the dc component of the sample temperature. The fact that
the heat oscillations lag in phase behind the temperature oscillations brings another aspect
of a dynamic behavior of the heat capacity into the discussion where the heat capacity is
treated as complex function, similar as complex dielectric constant, C; = Cy(w) +

iC, (w). Combining this with equation (55) where C,”* = C;; one obtains the expressions
[59]

Cp = Fo cos @, (60)
wT,.
and
Cp = fo sin¢g — i (61)
Ty, wR

In most of the cases, the heat capacity is a purely real frequency-independent quantity:
Cp(w) = Cyeosp = C,”°cose and Cy = 0. The discussed method is known as classical
ac method where by using the sufficiently precise experimental setup one can very
accurate trace the sample temperature variation as a function of time while, achieving
very good temperature stabilization. These allow very accurate determination of the
sample heat capacity and the phase shift.

One can improve the classical ac method by slowly scanning the bath temperature
which makes the method much faster. In this case the sample temperature is given

T(t) = Tqc + Tac(t) + Texp ®), (62)

where Ty (t) is the same as before, T,,, (t) is the exponential term of temperature which
can be neglected in the steady state and dc component is

Tdc(t) = Tb (O) + Tb (t - Text) + RPO- (63)

Now let us discuss how proper is the ac method in the case of first-order phase
transitions where L # 0. At the first-order phase transition we have a coexisting range
where the sample transforms from on phase into another. In the coexisting range the latent
heat is released or absorbed depending whether the transformation occur from the phase
with higher symmetry to the phase with lower symmetry or vice versa. The release or
absorption of the latent heat can be observed in the anomalous variation of the sample
temperature and the phase shift. The conversion from one phase to another can occur fast
or slow which means that the release of latent heat can be quick or sluggish. In the case
that the released latent heat is a smooth function of time the change of the sample
temperature due to the released latent heat will not influence the T,. oscillations but it
will bring small changes to the T,;.(t). In this case the analysis to obtain the heat capacity
is the same as if there was no latent heat. However, if the release of latent heat is fast in
comparison to the period of our sinusoidal temperature variations, this again does not
affect the T, oscillations, but brings again changes to the T4 (t). In this case, the C,”* in

equation (58) is substituted by the C,77 which contains also a part of latent heat. Very

often we deal with cases where the speed of the released latent heat is in between these
two cases. In such cases the release of latent heat causes problems because it distorts the
sinusoidal oscillations of the sample temperature. Because of the distortion one would get
anomalous variation in the phase shift ¢ and an artificial large heat capacity response,

C,”" < C, < C.7;. Therefore, the behavior of the phase shift carries additional
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information about the nature of the phase transition. According to equation (57), the phase
shift is inversely proportional to the heat capacity and the phase shift will exhibit a dip at
the phase transition. At the first-order phase transition, the latent heat released in the
coexistence range produces an anomalous peak instead of a dip in the phase response (see
Figure 22(a)). However, if the amounts of the released latent heat at the first-order phase
transition are small, then the phase shift exhibits a suppressed dip. On the other hand, at
the second-order phase transition, the phase shift exhibits a sharp dip (see Figure 22(b)).
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Figure 22: Phase shift and heat capacity. The phase shift and heat capacity as a function of
temperature at: (a) first-order and (b) second-order phase transition. (a) In the upper panel the
phase shift starts to decrease at the beginning of the coexistence range but the released latent heat
produces a turnover into a peak. (b) In the second-order phase transition L = 0 and the phase shift
exhibits a dip.

As we can see, the ac method is not the best suitable to study quantitatively the amount
of latent heat released at the first-order phase transition because one gets only qualitative
information about the latent heat existence. To get a quantitative value of released latent
heat at the first-order phase transition, it is better to use the relaxation method which is
much more sensitive to the released latent heat.

2.3.2 Relaxation calorimetry

As discussed in the last section the ac calorimetric method can be successfully used to
study the heat capacity response of the materials. A constant scanning rate for the bath
temperature used in the ac method is very useful in studying the nature of phase
transitions. Nevertheless, ac method has also some disadvantages and one of them is its
inability to quantitatively detect the latent heat released at the first-order phase transition.
In such cases the relaxation method is much more convenient because of its sensitivity to
the released latent heat. Another advantage of the relaxation method is its ability to
measure small amount of the latent heat present at weakly first-order phase transitions
[114- 116].

The original version of the relaxation method uses instead of sinusoidal oscillating
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input power a step change of the input power. The relaxation method operates at constant
bath temperature and is usually performed in a pair runs, heating part and cooling part or
vice versa [114, 115, 116]. The step function of input power is switched from zero to P,
in heating run whereas in cooling run the power is switched from P, to zero. Assuming
for the moment that R and C,, are constant, then for the process without the latent heat the
cell temperature relaxes exponentially:

t

'Hw=75+An(1—éiz> (64)

t

T(t) =Ty + ATwe Text, (65)

for heating and cooling regime, respectively. AT, is defined as AT,, = RP, and represents
the difference between the bath temperature and the equilibrium temperature reached after
the P, is switched on. By fitting the cell temperature data with equation (64) or (65) one
can determinate both R and 7., and calculate C,”* = %.

If the process with latent heat occurs between T, and T (o), there will be an

anomalous non-exponential variation of the T'(t). Yao et al. [115] solve this problem by
introducing a time-dependent heat capacity

Q
p(6) 7
where Q = Po=(=Tb) and T are time derivatives of the heat and temperature, respectively.

But in the case of a step function for the input power we see that derivatives decay
exponentially to zero which makes numerical calculation difficult at long times. To avoid
this problem a linear function for the input power was introduced [115]. For a heating
scan the power profile is

P=0, t<O0
P(t) = P=pPt, 0<t<t (67)
P:P()Eptl, t>t1,

. dap . . . o
where P = —, Isaconstant. In the cooling regime the power profile is reversed

P=P0, t<0
P(t)={P=Py,+Pt, 0<t<t (68)
P=0, t>t,

and P is negative. The variation of the cell temperature over the time interval [0 <t <
t,] for linearly ramped power is

t
Tt)=T,+ Rp(t — Toxt) + TextRPe Text, (69)

t

T(t) = T + RP(t — Texr) + TexcRPe Text, (70)

for heating and cooling regime, respectively. In this liner power mode the temperature
varies almost linearly, T(t) = T, + RP(t — T..), Which is much more convenient as
exponential variation. In the process where L = 0 the ngs is calculated with equation
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(51) where R = To=Tp)
0

outside the two-phase coexisting range and interpolated within the coexistence region.

For such cases the effective heat capacity was introduced which exhibit a strong peak in

the coexisting range due to the anomalous variation of the time derivative of the

temperature. By using equation (50) we calculate Cesjfjf which contains the continuous part

C,”” and discontinuous part L. The difference between the C,7; obtained in the ac and
(T

relaxation mode is in the accuracy of difference P_T_T”) and the time derivative T, which

can be much more precisely determined in the relaxation than in the ac mode. The
relaxation measurement is thus much more sensitive to the released latent heat and
measures accurate the total change of enthalpy AH, whereas ac measurement does not
detect quantitatively the released latent heat and measures only a continuous variation of
the enthalpy, §H. The best method to obtain the value of the released latent heat at the
phase transition is to combine both methods in order to calculate the difference between
the total change of the enthalpy and continuous variation of the enthalpy 6 H

. In the case of the latent heat presence, R should be measured

L = AH — §H. (71)

In practice we subtract the surface area obtained in the ac measurements from the surface
area obtained in the relaxation measurement, as shown in Figure 23. The remaining
surface area represents the released latent heat.

o relaxation run
15- e acrun

Figure 23: Ac and relaxation measurements. Comparison of the excess heat capacity obtained
from the ac and relaxation measurements. The amount of released latent heat is equal to the
difference of the integrals calculated for the relaxation and ac data.

More details related to the calorimetry with respects to specific problems studied in
this thesis will be given in subsequent corresponding chapters.
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2.3.3 Direct measurements of electrocaloric effect

The electrocaloric effect (ECE) is lately one of the hot topics in ferroelectric community
due to the prediction of a giant ECE in some organic and inorganic materials [73, 74, 75,
94, 95]. These predictions were based on indirect ECE measurements of polarization as a
function of temperature and electric field, P(T, E) which are needed to calculate the

magnitude of the ECE, ATg.. By using Maxwell relation(a—P) =(§) , one can
T/ g AE/) 1
calculate AT for a material with density p and the heat capacity C,, if the electric field

changes from E; to E, [73, 74, 94, 96]

E;
1 oP
ATge =—— | T|— E. 12
EC pcpf (6T>Ed (72)
Ey

Another possible way to determinate the ATy is to measure it directly by using for
instance so called electrocaloric thermometry [75, 95, 98]. In our case, the electrocaloric
thermometry method is based on the same home-made high resolution calorimeter as for
the ac and relaxation heat capacity measurements. Our setup allows us precise
measurements of the sample temperature variation ATy, produced by the change of the
applied electric field and precise stabilization of the bath temperature which is crucial if
AT is small like in thin films on a substrate. The preparation of the sample for the direct
ECE measurements is actually similar to that described in the calorimetric measurements
with one difference, here we do not need heater (see Figure 24(a)).

(®)

Part of the sample covered
with electrodes T,(t)

Part of the sample
without electrodes T,(t)

Figure 24: Sample preparation. (a) Photo of the sample prepared for the electrocaloric
thermometry measurements. The wires for applying electric field are marked with a, gold
electrode on the sample with b and ¢ represents the thermistor attached to the sample. (b)
Schematic representation of the typical sample thermal subsystems and their mutual coupling.
Each subsystem has its own heat capacity €, and the couplings are represented by the thermal

resistances R;, i =1, ..., 5 [75].

As we can see in Figure 24(a), the whole system consists from different subsystems
like parts of the sample with and without electrodes, attached wires and thermistor. These
subsystems are thermally coupled together and finally linked with the bath. In order to
analyze the sample temperature as a function of time, one has to take into account the
presence of different subsystems and corresponding heat flow dynamics among them [75,
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117]. By assuming that the internal thermal diffusion times of the sample are very short to
avoid temperature gradients in the sample and also much smaller compared to the time
scale of experimental data acquisition we can use again the physical zero-dimensional
model. It has to be pointed out that the internal thermal diffusion times are very short in
comparison to the external thermal time scale related to the coupling to the bath. Figure
24(b) represents a schematic diagram of the coupled subsystems linked to the bath. To get
a solution of such a system one has to solve a system of three differential equations as it is
shown in detail in Refs. [75] and [117]. The final solution is given as [117]

t
Tt(t) = Tbath + [(1 —A- C)ATres + (B + D)ATEC]e_a +
t t
(AAT,.s — BATgc)e =2 + (CAT,os — DATg e 3,

(73)

where AT,..¢ represents the additional Joule heating of the sample due to the finite electric
conductivity and A, B, C and D are constants related to the thermal diffusion times and
relation between them.

In the real systems it turns out that the internal thermal diffusion time is very fast and
such a rigorous analysis is usually unnecessary and further simplification in the analysis
can be employed. Such very fast transfer of heat through the whole sample allows very
fast internal equilibration of the sample which now slowly loses the heat to the
surrounding bath. In this case the system temperature change can be analyzed by consider
only the external relaxation of the temperature

t

AT (t) = Tpgen + ATe  Text, (74)

The final ECE temperature change of the subsystem covered with electrodes is then
determined from

YiCp
EC
Cp

AT (t) = AT(¢)

(75)

where C{', stands for heat capacities of all subsystems involved in the fast internal
equilibration and C;¢ is the heat capacity of the sample part covered with electrodes
where the ECE take place.

As already mentioned above, the setup for electrocaloric thermometry is the same as
for the standard calorimetric measurements with only small modification of the tasks of
the electronic devices. Digital multimeter (DMM) Keithley 2002 and LakeShore 340
Temperature Controller perform the same tasks as in calorimetric measurements, whereas
the Krohn-Hite 5920 Function Generator is not any more used to apply an oscillatory or
linearly ramped power, but it is used to generate the electric field step signal. The
maximum output voltage of the generated signal is 15 V which does not give high enough
electric fields to induce large ECE. For this reason the signal is amplified with a High
Voltage Generator KEPCO to achieve desired electric fields. The duration of a step like
pulses was chosen so that the sample could get into the thermal equilibrium with
surrounding baths while the field remains still turned on. The measured resistance of the
platinum resistor (PRT) and the microbead thermistor attached to the sample are collected
by DMM and transferred to the computer. The example of a measured sample
temperature response to the step-like electric field signal as a function of time is shown in
Figure 25.
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Figure 25: Measured ECE data. Open circles shows the sample temperature change during the
electrocaloric measurement cycle. The solid line shows electric field step function typically used
in the ECE measurements.
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3 Liquid-vapor critical point in relaxors and ferroelectrics

As already mentioned in a subchapter, 1.3 a number of various concepts were proposed
over the years to explain the physical picture of PMN relaxor system. Among them two
phenomenological models emerge: (i) Random Field Ising model (RF) [40] and (ii)
Spherical Random Bond-Random Field model (SRBRF) which is based on a mean field
theory [51]. Both models agree that in the relaxor PMN system a long-range ordered
ferroelectric phase is established if the applied electric field is high enough but they
disagree in the description of the relaxor ground state. In this chapter we will compare
these two models and we will try to give an answer to the long lasting question about the
relaxor ground state. For this a series of experiments were performed such as polarization
and heat capacity measurements as a function of bias electric field and temperature,
quasi-isothermal measurements of the heat capacity under the linearly changing electric
field, and quasi-isotherm measurements of the latent heat on a ferroelectric transition line
induced by the linearly changing electric field. These experiments are designed to show
thermodynamic properties of the phase transition line which should discern between two
competing models.

3.1 Enigma of the PMN ground state nature

The main difference between the RF and SRBRF model is the interpretation of the relaxor
ground state. According to the RF model the low temperature relaxor ground state is a
ferroelectric state broken up into polarized nanodomains under the influence of quenched
local random fields [40]. On the other hand SRBRF model does not take into account
only the influence of random field but also the interaction between polar nanoregions
(PNRs), so called random bonds. Depending on the strength of the random bonds a
special kind of dipolar glass (DG) state appears [51]. This section will briefly describe
predictions of both models so that later we could compare them with the experimental
results.

Let us first reiterate some facts which are widely accepted for PMN relaxor. Lead
magnesium niobate belongs to the group of B site disordered ferroelectric relaxors. In the
absence of an external electric field, it can be well described at all temperatures by the
cubic Pm3m space group with the same structure as the paraelectric structure of the
ABO3 perovskite ferroelectrics (see Figure 1) [63]. In the case of PMN the niobium ion is
substituted with magnesium ion. Atomic disorder between Nb>* and Mg?* brings into the
system difference in valence, ionic radium (0.64 A vs. 0.74 A) and electronegativity (1.6
vs. 1.2 on Pauling scale) [18]. The site and charge disorder seems to be the origin of
relaxor properties [22, 118]. The X-ray and neutron diffraction studies show the statistical
shift of the atoms from their ideal positions. The A site displacement of Pb ion was found
to be 0.34 A along the (110) or (111) directions, whereas O ions shift close to 0.20 A in
planes parallel to the faces of the cube and 0.06 A in the perpendicular direction [63]. The
displacement of the Nb/Mg ions could not be accurately evaluated because of too small
displacement. However, the difference in the ionic radii and electronegativity between
Mg and Nb results in different lengths of Nb-O and Mg-O bonds [63]. In PMN the B-sites
contain a 1:2 distribution of divalent and pentavalent cations. The extensive studies that
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have been conducted on the structures of the relaxors have led to the establishment and
acceptance of the presence of regions with different compositional order on B site [49,
119, 120]. The ordered regions contain 1:1 distribution of different cation sites, whereas
the disordered regions have 1:2 distributions [49, 119, 120]. On the mesoscopic level
PMN is a structurally inhomogeneous material consisting of Nb-rich regions or polar
clusters embedded in a quasiregular array of chemically ordered 1:1 regions or chemical
clusters. The evidence for the existence of local polar clusters was provided from the
study of the temperature dependence of the refractive index, n [27]. At high paraelectric
phase the refractive index decrease linearly with decreasing temperature down to
Ts = 616 K, below which n(T) deviates from linear dependence [27]. For the
interpretation of the data they consider the quadratic electrooptic effect to relate the
change in index, An and local polarization [27]

0 3
an = - ) (G120 p2 (76)
n? is the index if there were no polarization and g;; and g,5 are terms of the quadratic
electrooptic tensor. The deviation is believed to be due to the formation of polar clusters
with randomly oriented local polarizations, P;. Because of the randomly oriented local
polarizations the net polarization is zero, Y. P, = 0, whereas ¥, P? # 0 which means that
the existence of polar clusters is manifested in properties that depend on P3, like the
quadratic electrooptic effect and electrostriction. Electrostriction describes the change of
the crystal shape by applying of an electric field. The resulting strain remains unchanged
on reversing the direction of E. Cross studied the thermal expansion of PMN and shows
the deviation from linearity in strain temperature diagram sets at ~ 618 K [22]. An
additional proof of the existence of PNRs brings the neutron diffraction scattering studies
on PZN and PMN single crystals [46, 47]. The diffuse scattering appears around ~ 620 K,
consistent with the Burns temperature Tz ~ 616 K for PMN, and increases almost
exponentially with decreasing temperature [47]. These founding’s strongly imply that the
diffuse scattering in PMN results from the formation of PNRs at T5. Nevertheless, the
discussion about the formation of PNRs at Burns temperature is still ongoing and some
studies give rise to doubt in the existence of fixed temperature at which the PNRs are
formed [121, 122, 123]. The high-resolution dielectric studies show no anomaly in the
dielectric constant between 500 and 750 K which would be related to the formation of
PNRs [123]. These studies suggest that the actual Burns temperature is either well above
the 750 K or the PNRs are continuously formed in a broad temperature range.

The difference between the RF and SRBRF model starts immediately after the PNRs
are formed, with the interpretation of the nature and evolution of polar clusters. The site
and charge disorder in PMN creates space charges and, hence, electric fields fluctuation
on atomic length scales, i.e., random fields [40, 124]. The presence of random fields
justifies the application of models that investigate the impact of random fields on low
temperature ordering. A standard theoretical model used for the phenomenological RF
description of relaxors is random field Ising model [40, 124, 125]. In this model the total
energy or Hamiltonian is given by

H=—=%;1ijSiS; — Xi hiSi, (77)

where J;; is the strength of the nearest neighbor interaction energy at given site i or j and
S;; = £ 1 are the pseudospins [125, 126]. The second sum in equation (77) signifies the

interaction of the pseudospins with quenched random field strength h;. In the absence of
random fields the Ising model will have an ordered ferromagnetic or ferroelectric phase in
all dimensions d > 1 [125]. However, the additional RF term will act against the order. If
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the random field strength is sufficiently large compared to the interaction strength, the
pseudospins follow the orientation of the local field which results in disordered state.
More interesting is the case where the random fields are weaker in comparison to the
interaction strength but not zero. For this case Imry and Ma show that for d < 2 the
ferromagnetic state becomes unstable with respect to the domain formation [127]. On the
other hand this means that for the d > 2 long-range ordered state exists [128]. Westphal
et al. applied the random field Ising model in order to explain the nature of the relaxor
ground state and other observed properties of PMN [40, 124]. According to RF model the
polar clusters in PMN are treated as ferroelectric nanodomain. By considering the random
field Ising model, one would expect a formation of macroscopic long-range ordered
ferroelectric domain state in PMN. But Westphal et al. proposed that the long-range order
at low temperature is destroyed by the presence of the strong random fields and that the
random fields are the origin of the slowing down of the polarization relaxation of PMN
and its freezing into nanodomain state [40].

The interpretation of the relaxor ground state as a random-field-induced nanodomain
state is based on the results of optical measurements. The zero linear birefringence as a
function of temperature in a zero-field cooling/field heating (ZFC-FH) protocol was
interpreted as a sign of a random distribution of spontaneously polarized domains and
their complete immobility. Sufficiently large electric field applied to the crystal induces
large linear birefringence in FH protocol. This indicates the formation of long-range
ordered polarized state, whereas the FH/ZFC protocol shows the thermal stability of long-
range state once frozen in [40]. The time dependence of the linear birefringence shows a
number of discontinuous jumps approximately 500 s after the field was applied. The
optically detected Barkhausen jumps were related to the depinning of microdomains,
which in turn provide the evidence of the ferroelectric domain state.

In addition to the optical studies also some data obtained from dielectric permittivity
measurements as a function of ac electric field were interpreted as an evidence of domain
wall motion process [61, 62]. Recently, Fu et al. presented TEM and Raman scattering
measurement data obtained on PMN single crystal oriented along [110] direction in favor
of RF model [129]. The zero-field Raman scattering measurements show softening of
observed frequency towards transition temperature T~ 225 K. In support to Raman
scattering data, TEM measurements were presented which show some domain walls at
T < T¢. Those finding seems to support the random field Ising model according to which
system may order even in zero electric field [128]. Figure 26 shows the schematic E — T
phase diagram according to the random-field theory prediction. In this case, the line
which separates the ferroelectric nanodomain and microscopic ferroelectric phase is a
kind of conversion line at which the system goes from disordered into ordered state even
at zero electric field. However, the RF model has some problems to explain the
polarization behavior as a function of temperature and electric field [25, 27, 28, 29, 37,
48]. The absence of jumps in P(T) measured at low constant electric fields gives rise to
the suspicion of the existence of the ferroelectric nanodomain state in relaxors. If the
relaxor ground state was ferroelectric nanodomain state, then one would expect to observe
some jumps in the polarization due to the domain reorientation even at small electric
fields at the conversion line. In contrast, one can observe only one discontinuous jump in
the polarization if the applied electric field is high enough. The same story is repeated
with the polarization evolution as a function of the electric field at constant temperature.
Another problem of the RF model is the absence of the heat capacity anomaly at zero
electric field at the conversion line tested in a wide temperature range [67]. If the
ferroelectric nanodomain state is formed at some higher temperature, one should observe
an anomaly in the heat capacity related to the onset of ferroelectric phase.
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Microscopic FE domains _
Conversion

Figure 26: Schematic E — T phase diagram for RF scenario. Theory predicts the formation of the
microscopic ferroelectric (FE) state at T, in zero electric field. The solid line represents
schematically conversion line where nanodomains are reoriented into long range microscopic FE
state.

In contrast to RF model the SRBRF model describes the dielectric behavior of relaxor
ferroelectric materials more adequate and rigorous [51]. The structurally inhomogeneous
B site of relaxor materials is the origin of formation Nb rich polar clusters which are
embedded in chemically ordered regions or chemical clusters [119]. The polar clusters
have strong temperature and electric field dependence and are reorientable. As such they
are responsible for the observed dielectric behavior [24, 28]. On the other hand the
chemical clusters are temperature independent and essentially static. The charge
imbalance within ordered chemical clusters is the source of random fields in relaxor
materials [51]. SRBRF model describes the interactions between polar clusters via
“random-bonds” and takes into account the influence of random fields. Each polar cluster
C; consists of number of cubic unit cell distorted by the shift of the ions on A and B sites
from their equilibrium position. Let us say that 1, (il) is the displacement of the k-th ion
with the charge e, (1) in [-th unit cell from its ideal perovskite cubic position in polar
cluster C;. The overall dipole moment of the cluster C; is then

pi = X1 X ex (DU (iD) = n;po (1), (78)

where n; is the number of all unit cells inside one polar cluster. For the sake of simplicity,
in order to calculate the dipolar moment of the polar cluster, two assumptions were made.
The first assumption is that only cells with Nb ion contribute to the dipole moment, and
n; is actually the number of Nb-type of cells inside the cluster. The second assumption is
that each Nb cell in the polar cluster has the same dipole moment p, (i) [51, 108].

SRBRF model is based on randomly competing interactions between reorientable polar
clusters in the presence of random fields. The experimental study based on the quadrupole
perturbed NMR technique show that the probability distribution of the local polarization
in PMN remain Gaussian at all temperatures [45]. This suggests that in a relaxor, the
order parameter field is described as a continuous vector field of variable length. Thus, a
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dimensionless order parameter field §l- Is introduced, which is proportional to the dipolar
moment of the cluster and the number of Nb-type cells, which has a large number of
equilibrium orientations [51]. Therefore it is assumed that each component S;,(u =
x,y,z) varies in the range —oo < §;, < +oo. If the order parameter field satisfies the
closure relation

Zi(§i)2 = 3N, (79)

this then leads to a spherical vector model or SRBRF model [51].
The total energy/Hamiltonian of a SRBRF model of a relaxor system is then written as

L .. oL L.
Ho=—=2%i)iSi S — Xihi* Si — g 2 Ei» Si, (80)

where J;; are random interactions or bonds and ﬁi random local electric fields. By analogy
to spin and dipolar glasses it is assumed that the random bonds are infinitely ranged with

a Gaussian probability distribution characterized by the mean value []i j]zv = %’ and the

variance [/5];, =% [30, 31, 32, 33]. Similar assumption as for random interaction is
taken for random electric fields which obey an independent Gaussian distribution with the
average mean value of zero [hiﬂ]‘cw = 0 and the variance [hwhjv]zv = A6;;6,,. The third
part of equation (80) is related to the interaction between polar clusters and applied
external electric field E;, where g is effective dipole moment [51]. By applying the
replica method random averages over J;; and h;, are performed to write down the

expression for the free energy. In the expression of the free energy of the system, two
order parameters appear. The first one is polarization

P[,t = %Zi<§iu): (81)

and the second one is the Edwards-Anderson order parameter for a special kind of dipolar
glass/spherical glassy state

Gu =~ 2ilSi)?. (82)

For the reason of simplicity it is assumed that the external electric field is applied
along [111] direction, hence the order parameters are independent of direction. With the
minimization of the free energy the following equation for order parameters are obtained
[51]

P =B —-q)JoP + gE), (83)

q=p*(1—q)?(J*q+A) +P? (84)

where § = kiT and k is the Boltzmann constant set here to k = 1.

Now, let us discuss the case when the external applied electric field is zero in the
presence of random electric fields (A 0). The equations (83) and (84) have two sets of
solutions: (i) P = 0 and g # 0 and (ii) P # 0 and g # 0. The first pair of solutions
corresponds to a dipolar glass state without long-range order, whereas the second pair of
solution belongs to ferroelectric state with long-range order. The ferroelectric phase can
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be established only if J2 > J2 + A where the random field strength should not exceed
some critical value which would prevent the formation of long-range order at any
temperature. If the condition for long-range order is satisfied, then a ferroelectric phase
appears below the critical temperature

T, =Jo(1- %) 0 (). (85)

where 6(x) is the unit step function [51].

By applying the external electric field larger than the critical field of relaxor system, a
ferroelectric phase is induced. This implies that J, is a function of external electric field
and therefore the SRBRF model can be applied to other relaxor ferroelectric materials by
using proper J,(E) relation as this was shown in the case of 6.5/65/35 hot pressed PLZT
ceramics [130]. The validity of SRBRF model was tested by the investigation of the
nonlinear dielectric response in dipolar glassy (DG) phase and ferroelectric (FE) phase.

Because of easier discrimination between the DG and FE behavior the scaled nonlinear

response as(E) =Xj(—(f) was introduced. The a; in DG phase exhibits a divergent

1

behavior, whereas in FE phase a; should not diverge. In experiments, a; behavior was
measured for PMN and PLZT ceramics at higher temperatures where the dielectric
dispersion is weak [37, 48, 50]. In both cases data show a quasidivergent behavior which
is in good agreement with the SRBRF model prediction. However, the nonlinear
dielectric measurements were performed at high temperatures where the impact of the
dynamic effects is negligible and the quasidivergent behavior was assumed on the basis of
the fitting results. For this reason, the nonlinear dielectric response does not give strong
enough evidence to confirm the existence of the glassy state.

3.2 Experimental results

From the discussion above, it is obvious that the nature of the relaxor ground state is not
resolved yet and due to lack of arguments it is difficult to discern between two competing
models favoring either glassy or random-field ferroelectric state. The main question that
arises is which experimental approach would be most suitable to distinguish between the
glassy and ferroelectric state. In the case of the ferroelectric nanodomains ground state the
ferroelectric nanodomains should exhibit a rhombohedral symmetry [41]. According to
the X-ray studies, this would imply that the relaxor ground state has the same structural
symmetry as the electric field-induced long-rage ordered ferroelectric phase [131, 132].
This leads to the conclusion that in the case of the ferroelectric nanodomain state, the
applied external electric field does not induce a structural phase transition at which the
symmetry is changed, but only a reorientation of nanodomains via domain wall motion to
establish long-range ordered ferroelectric macrodomain state. Thus, the solid line in
E — T phase diagram (see Figure 11) does not represent a true phase transition line but
rather a kind of conversion line resembling a coercive field line at which the system
transforms from the short-range ordered ferroelectric nanodomain state into the long-
range ordered ferroelectric macrodomain state. On the other hand, if the relaxor ground
state is a glassy state with average cubic structure, the applied electric field would induce
a break of symmetry and consequently formation of a rhombohedral ferroelectric phase.
Therefore, the best way to discern the nature of the relaxor ground state is to study the
thermodynamic properties of the phase transition line separating the low and high electric
field regions of the E — T phase diagram. If the transition line represents a true phase
transition line, critical or discontinuous anomalies should be observed in thermodynamic
quantities, such as the heat capacity and polarization order parameter. In the case that the
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phase transition is of the first-order, a latent heat should be observed by calorimetric
measurements. In the following sections, the experiments dealing with the question about
the nature of the transition line will be presented. All experimental data shown in this
chapter were obtained on annealed [110] PMN sample to avoid the history effects of
previous treatment.

3.2.1 Polarization measurements

The measurement of the polarization as a function of the temperature and electric field is
the basic experiment to determine the unusual ordering properties since the polarization
plays a role of the order parameter [4, 20, 22, 25, 27, 28, 29, 37, 54, 55, 56]. Typically, a
sharp and discontinuous jump of order parameter indicates a first-order phase transition
whereas a continuous evolution of the order parameter indicates a second-order phase
transition.

The quasi-static polarization measurements via charge accumulation technique under
isofield and isothermal condition were conducted on PMN single crystal oriented along
[110] direction. Figure 27 shows temperature evolution of the polarization at various
constant electric fields between 100 and 340 K, i.e., isofield measurements [57]. The
discontinuous jump in the polarization appears at critical electric field (E > E;)
necessary to induce the phase transition, denoted by a line in the E — T phase diagram.
The step in the polarization mark the onset of long-range ordered ferroelectric phase and
can be related to the first-order phase transition due to the observed discontinuity. With
increasing electric field the discontinuous step moves towards higher temperatures and
gets less sharp. Around 8 kV/cm the discontinuous step disappears and the polarization
response gets continuous and smooth. Similar behavior of the polarization was observed
in the PMN single crystal oriented in [111] direction and PMN-PT system [55, 56]. In
[111] PMN single crystal the electric field at which the discontinuous step disappears was
found at 4 kV/cm which is slightly lower as in [110] direction [55]. However, this is
expected since the [111] axis is expected to be the polar axis of the electric field-induced
ferroelectric phase.

The crossover from discontinuous to continuous evolution of the polarization was
interpreted as a consequence of the existence of the liquid vapor type critical point in the
system [55, 56, 57]. The electric field-induced first-order relaxor to ferroelectric transition
line ends in a critical point which is the only second-order transition point. Above the
critical point the symmetry difference between the different phases disappears and the
response function such as polarization, dielectric constant, and heat capacity exhibit a
continuous supercritical evolution. The crossover in the polarization behavior is a strong
indication of the presence such of critical point also in the [110] PMN system.
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Figure 27: Quasi-static polarization. The temperature evolution of the polarization at several

different constant electric fields.

The isothermal polarization measurements,
similar behavior of the polarization as isofie
loops are shown in Figure 28.
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Figure 28: Hysteresis loops for [110] PMN. Typical relaxors slim hysteresis loop observed at
higher temperature starts to broadened with decreasing temperature. A discontinuous jump of the

polarization marks a first-order phase transition.

In high temperature/ergodic phase slim hysteresis loops are observed which is typical

for relaxors. By cooling the system towards
below, in the so-called nonergodic phase,

the freezing temperature at ~ 224 K and
the hysteresis loops start to broaden.
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Broadening of the hysteresis loops is a consequence of the slowing down of the
polarization relaxation processes [37, 38, 54]. However, the polarization electric-field
dependence exhibits a sharp discontinuous step in the range of electric fields between the
E;. and ~ 8 kV/cm. Here, in contrast to isofield measurements the increasing of
discontinuous step together with the increase of critical electric field is observed with
decreasing temperature. Therefore, the value of the critical electric field E. at particular
temperature depends on the way how the ferroelectric phase is approached, i.e., along the
isofield direction (E = const. and T # const.) or along the isothermal direction (T =
const. and E # const.) [52, 54- 57].

Although the discontinuity observed in the polarization temperature or electric field
profile may suggest a behavior typical for a first-order phase transition as expected for the
glass-to-ferroelectric phase transition, one should also consider a possibility that such a
sharp increase of polarization could be the result of rather rapid domain switching around
a very sharply defined coercive field. In this case, discontinuous steps would not represent
the actual ferroelectric phase transition but merely the collective switching of already
established randomly frozen ferroelectric domains according to the RF picture [40, 81].
Despite the very indicative critical behavior of the polarization, which favors a glassy
scenario, it is obvious that the polarization studies alone cannot provide a definitive
answer about the ground state of relaxors.

3.2.2 Calorimetric study of electric-field-induced ferroelectric phase
transition

As already discussed above, the behavior of thermodynamic properties like heat capacity,
enthalpy, and latent heat in the vicinity of the glassy to ferroelectric transition line should
provide more information about the ground state of the PMN relaxor. In the case of the
RF picture the ferroelectric order should be established already at some higher
temperatures even in the absence of the electric field and consequently only switching and
coalescence of the randomly frozen domains should be observed when crossing the
conversion line either by increasing the electric field at constant temperature or
decreasing the temperature at constant field. In such case no latent heat (L) and only very
minute change of enthalpy should be observed at the E(T) conversion line. In contrast,
in the glassy picture the conversion line represents the true phase transition between the
dipolar glassy and long range ferroelectric state. In this case, significant change in the
enthalpy and the latent heat should be observed when crossing the relaxor to ferroelectric
line. In order to detect the enthalpy changes, the ac and relaxation measurements of the
heat capacity (C,) were conducted.

The temperature and the electric field dependence of the excess heat capacity (ACp)
obtained from the ac measurements in the PMN [110] single crystal are displayed in
Figure 29(a) and Figure 29(b), respectively [57]. The temperature evolution of C, at
various bias electric fields clearly shows an excess heat capacity only if E > E. (see
Figure 29(a)). At much higher electric field, E = 14 kV/cm, the C,, anomaly is suppressed
indicating supercritical behavior. The obtained behavior of the excess heat capacity is
similar to that observed at the cubic to tetragonal (C-T) phase transition in PMN-PT [55].
The isofield excess heat capacity anomalies therefore represent direct evidence of a long-
range ferroelectric state formation when crossing the long-range ferroelectric transition
line (solid line in Figure 11). Additional proof that the excess heat capacity is truly
connected with the established ferroelectric order is provided by the isothermal heat
capacity measurements in which C,, is measured as a function of the electric field at
constant temperature (see Figure 29(b)). The overlapping discontinuous steps in the
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polarization and excess ac heat capacity presented in Figure 29(b) indicate that the
observed sharp steps in the polarization are indeed the consequence of a first-order
ferroelectric transition. Thus one may expect that latent heat will be observed when
crossing the ferroelectric transition line, which in the case of isothermal experiments,
presented in Figure 29(b), will result in a sharp sudden heating of the sample and vice
versa if the field is reduced. From measurements of such a sharp electrocaloric increase
(decrease) of the sample temperature it is possible to estimate the released (absorbed)
latent heat.
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Figure 29: Isofield and isothermal measurements of the excess specific heat obtained in the ac
measurements. (a) The temperature dependence of the excess heat capacity obtained at different
constant electric fields shows a peak at electric field-induced phase transition. The inset shows an
absence of the peak anomaly in a broad temperature range at zero electric field. (b) Overlap of
discontinuous steps in polarization (open circles) and specific heat (solid circles) observed when
crossing the ferroelectric transition line.

In order to prove the existence of the latent heat, a modified relaxation calorimetry,
which is sensitive to the released latent heat at the phase transition, was utilized. The
relaxation technique was adopted and modified in such a way that we could apply linearly
ramped electric field. The measurements were performed as follows. The sample was
annealed at 380 K for 15 min and cooled down to particular stabilized temperature to
satisfy the isothermal condition. During the measurement, the electric field was linearly
increased in time from 0-10 kV/cm in 250 s and at the peak the field was linearly reduced
back to zero again with the same rate. The same was repeated for negative fields giving
the total period of 1000 s for the complete field cycle. Within this period around 1500
temperature T(t) data points were recorded with accuracy within 0.1 mK with the bath
temperature being stabilized. Figure 30(a) and 30(b) show the variation of the sample
temperature for the complete field cycle at two different bath temperatures 180 and 220
K, respectively.
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Figure 30: Quasi-isothermal measurements. The quasi-isothermal measurements at 180 and 220
K show a sharp anomaly of the sample temperature. The peaks in the temperature are related to
the field-induced phase transition into the ferroelectric ordered state, whereas the dips are related

to the onset of the glassy state when the field is reversed. The solid lines show the time
dependence of the linearly changing bias electric field.

At E > E., an extremely sharp increase of the sample temperature AT exceeding 0.2
K at lower temperatures is clearly visible (see Figure 31(a)). The released latent heat is
subsequently dissipated into the surrounding bath resulting in an exponential decay of the
sample temperature back to the initial bath temperature. With increasing bath temperature
the magnitude of AT, gradually decreases with increasing E, indicating that the latent
heat decreases and finally vanishes at the critical point (see Figure 31(a)) [55, 56, 57]. In a

first approximationATs(t) can be fitted by the simple exponential decay ansatz ATs(t) =
t

ATse(_@). From such experiments, AT and thus the latent heat L = ¢,AT(t = 0) can
be determined within a few percent accuracy. The calculation of the latent heat at the
temperature 180 K using ¢, = 0.25 J/gK (see Figure 31(b)) gives latent heat L = 6143
J/kg.
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Figure 31: The change of the sample temperature. (a) Change of the sample temperature for the
PMN [110] single crystal as a consequence of the released latent heat at the field-induced
ferroelectric transition measured at several constant bath temperatures. (b) Details of the sharp
anomaly in the thermal response of the sample temperature observed at the electric field of 4.5
kV/cm with temperature bath stabilized at 180 K. The temperature anomaly is a consequence of
the released latent heat at the field-induced ferroelectric transition.

The temperature dependence of the estimated released latent heat and the total
enthalpy change at the ferroelectric transition for PMN [110] is shown in Figure 32 [57].
The presence of the latent heat at the ferroelectric transition demonstrates the existence of
a first-order transition line separating the glassy from the ferroelectric state. The latent
heat vanishes at T.p = 240 K and E;p = 8 kV/cm, which corresponds to an isolated
critical point. For fields above E.p the broadened evolution of the polarization and C,
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indicates the supercritical regime. The value of the total enthalpy change at the glassy to
ferroelectric transition reaches a maximum in the vicinity of the critical point.
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Figure 32: Latent heat and total enthalpy. Released latent heat and total enthalpy change at the
ferroelectric conversion as determined by high resolution calorimetry.

3.2.2.1 Hysteresis of field-induced ferroelectric transition in PMN

As shown in Figure 30(a) and 30(b), the temperature of the sample exhibits the sharp
discontinuous jump as a consequence of the released latent heat at the first-order phase
transition from the glassy to FE state [55, 56, 57]. At 180 K two sharp changes of the AT
are observed related to the onset of the FE order with different polarization orientations as
the field is changing sign. One would expect that on reducing the field, the glassy phase
would reappear and this should result in a negative AT anomaly. However, only positive
but greatly reduced ATs anomaly can be observed at 180 K. This can be explained in the
following way.

The experimental time scale at which we exceed the electric field necessary to induce
the FE phase transition at 180 K gets comparable or even shorter as the relaxation times.
Because of this, transitions into the intermediate glassy state and FE ordered state with
different polarization orientation merge together. The observed second anomaly at 180 K
is actually the sum of the released and absorbed latent heat in this interplay of merged
phase transitions. This results in practical cancellation of positive and negative AT, thus
strong asymmetry in peaks magnitude. At higher temperatures, the relaxation times gets
shorter allowing observation within the experimental time scale of the phase transition
sequence from one FE state to another via the intermediate glassy state (see Figure 30(b))
at which the negative AT is observed due to the absorbed latent heat, i.e., electrocaloric
effect. Because there is almost no merging of the transition anomalies the observed AT
peaks are much more symmetric (see Figure 33).

The hysteresis of the phase transition from the glassy state into the FE state and back is
clearly shown in Figure 33(a) and 33(b). With increasing temperature and the electric
field the system becomes more and more continuous because of the approaching critical
point. This results in slow disappearance of the hysteresis between the onset of the FE
order with increasing electric field (positive AT in Figure 33) and the onset of the glassy
state with decreasing electric field (negative ATs in Figure 33), thus positive and negative
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AT slowly merge with increasing temperature. Such behavior is related to the presence of
a critical point at which the FE transition becomes continuous and which was found to be
around ~ 240 K in the PMN single crystal oriented in the [110] direction [57]. The
anisotropy of the electric field-induced phase transition in ergodic and merging of phase
transitions in nonergodic region as a consequence of the freezing processes was some
time ago discerned from the polarization data [54]. Here, the calorimetric data provide
additional support for the freezing-dynamics origin of the hysteresis effect.
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Figure 33: Phase transition hysteresis. The onset of the ferroelectric (FE) and the glassy (DG)
state are reflected in the positive and negative AT, respectively. The red and blue solid circles
represents data obtained at linear increasing and reduction of the electric field denoted by the red
and blue arrows, respectively. (a) Shows AT anomalies observed at 220 K exhibit an hysteresis.
The DG-FE transition is induced around 4.6 kV/cm, whereas the FE-DG transition is observed
around 2.1 kV/cm. (b) Shows ATs anomalies observed at 230 K. The DG-FE transition is induced
around 5.8 kV/cm, whereas the FE-DG transition is observed around 5.4 kV/cm.

3.2.3 The heat capacity response in PMN: experiments and theory

As mentioned above, the polarization and calorimetric techniques were utilized to
investigate the relaxor to ferroelectric phase transition line in order to get an answer to the
question of the relaxors ground state, the existence of the critical point in [110] PMN, and
to discern between the proposed theoretical models. Both polarization and calorimetric
experimental results coincide with each other and confirm the existence of the real phase
transition line in E — T phase diagram. The presence of the latent heat confirms the first-
order nature of the phase transition line which ends in the liquid vapor type of critical
point at 240 K and 8 kV/cm [57]. The E — T phase diagram of PMN single crystal
oriented in [110] direction is represented in Figure 34. It should be stressed that our
results also exclude any ferroelectric ordering which would take place in zero field below
400 K, because no specific heat or enthalpy anomalies as well as no latent heat were
observed in the zero-field experiments between 4 and 400 K (see the inset to Figure
29(a)) in contrast to predictions of random field models.
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Figure 34: E — T phase diagram for relaxor PMN [110]. Blue solid line with horizontal arrows
represents the first-order phase transition line between the nonergodic relaxor and the ferroelectric
phase as observed in isofield measurements. Solid circles denote data obtained from polarization
and heat capacity anomalies (cf. Figure 27 and Figure 29(a)). Red solid line with vertical arrow
represents the same first-order phase transition line but for isothermal experiments. Open circles
denote data obtained from polarization and calorimetric measurements (cf. Figure 28 and Figure
31(a)). CP and dashed line denote the critical point and the Widom line, respectively. Dotted line
represents the freezing line between the ergodic and nonergodic state at which the longest
relaxation time diverges.
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These experimental findings strongly support the physical picture of a dipolar glass for
the canonical relaxor ferroelectric PMN and are in good agreement with the basic ideas of
the SRBRF model. From this point of view it is only reasonable to apply the SRBRF
model to describe the observed heat capacity behavior. In order to do this and to describe
the observed anisotropy in dielectric properties of PMN, the improved version of SRBRF
model the so-called compressible spherical dipolar glass model (CSDG) was adopted [54,
133]. The CSDG model includes the coupling terms between the polarization and strain.
Due to this, additional elastic energy term are introduced in the Landau free energy
expansion [17, 133]

1 1 1 1
f=f0+§aP2+ZbP4+ch6+§XC‘1X+XQP2+---. (86)

Here, X is a stress tensor, C is the elastic constant tensor and Q electrostriction tensor.
Taking into account the relation between the strain x and polarization x = (Z—f{) = QP?
and Hook’s law x = C~1X, one can rewrite the equation (86)

f=f0+%(a+QX)P2+%(b+2QCQ)P4+--- (87)

where B = 2QCQ is a fourth range tensor [133]. Thus the resulting value of (b + 2QCQ)
for a symmetry direction can either be positive or negative depending on the relation
between the coefficients B and b = b,,4;q, Where b,;4;; means the Landau coefficient

used in SRBRF model for an ideal isotropic relaxor system. The Landau coefficient b!?]
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for different symmetry direction [p] =[100], [110] and [111] is now b[P! = p!}. 4 plpl

rigid
where b[P! is expressed as follows [133]:
b1l = p,,, (88)
pl110) = %(bn + byy + 2bus), (89)
U = = (byy + 2by, + 4byy). (90)

Therefore, Pirc et al. show that the new term B!P! is in general anisotropic and
calculated corresponding values of BIPI for PMN [133]. The anisotropy of the new term
can change the sign of the Landau coefficient bP! which has important consequences for
the existence of the field-induced critical points for fields along the direction [p].

Figure 35 show the polarization as a function of the electric field calculated from the
SRBRF for b < 0. The polarization shows a discontinuous jump at some value of E at
low temperatures. As T increases, the jump becomes smaller and finally disappears at the
critical point E¢p, Tcp. The calculated polarization shows qualitatively the same behavior
as experimentally obtained data. A similar behavior of P(T) had been obtained earlier for
PMN [111] [56]. The excess specific heat AC;(T), which is due to the contribution of the
dipolar degrees of freedom, namely, PNRs can be derived from the free energy by

applying the thermodynamic relation for the entropy S = — (Z—D . The dipolar part Sy,
E

is defined as the contribution of all P-dependent terms in the free energy. The temperature
dependence of the excess of the heat capacity at constant fields is given by AC. ™Y =
Tx(E,T)(a,P)?, where a, is a temperature derivative of y,(T) derived from SRBRF

model [133]. Figure 36 shows the theoretical prediction of ACS™(T) behavior which
qualitatively agrees with the experimental values ACg(T) (see Figure 29(a)).
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Figure 35: Theoretical calculation of P(E). Field dependence of P(E) for a relaxor with b < 0
and several values of temperature T close to the critical temperature Tp, obtained by minimizing
the free energy. Note that these calculations are only valid in the ergodic region above the
freezing line shown in Figure 34.
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Figure 36: Theoretical calculation of Acging(r). Calculated temperature dependence of the

singular part of the excess specific heat ACS™ for a relaxor with b = —0.2 and ¢ = 0.08 at the
same field values as used in the experiment (see Figure 29(a)).
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3.3 Critical point in PLZT ceramic

Perovskite structured lead zirconate titanate (PZT) is an important ferroelectric material
used in numerous modern applications due to its excellent dielectric and
electromechanical properties. These properties can be significantly changed by doping
PZT with lanthanum (La) which forms a solid solution lead lanthanum zirconate titanate,
Pb(1-xLax(ZryTi(1y))1-x40O3 (denoted as PLZT). PLZT ceramic material is very interesting
due to its memory properties and extraordinary electro-optical properties suitable for
various applications of memory and electro-optical devices [2, 78]. The substituted La**
ion on A-site brings a valence difference into the structure. In order to satisfy electrical
neutrality, a vacancies on A-site or B-site are created. The structural disorder and the
presence of defects are important factors in the exhibited properties of PLZT ceramics
which can be easily changed by variation of the Zr/Ti ratio and ingredient of lanthanum.
Certain composition of the PLZT ceramics like, x = 0.09 and y = 0.65 labeled as 9/65/35
PLZT, shows relaxor-like behavior and belongs to the family of the relaxor ferroelectrics.
Detailed investigations of the x/65/35 PLZT ceramics show that the PLZT ceramics with
the La content varying between 4 and 12 % belongs to the relaxor ferroelectric systems
[2, 134, 135]. Broad frequency dispersion of the dielectric constant, broadening of the
relaxation spectrum, divergence of the longest relaxation time, increasing of nonlinear
dielectric coefficient when approaching the freezing temperature, logarithmic polarization
decay and the absence of the ferroelectric transition in zero electric field are typical
relaxor features and characteristics of 9/65/35 PLZT ceramics [48, 50, 130, 136, 137, 138,
139, 140]. The linear and nonlinear dielectric susceptibility as a function of the ac and dc
bias electric field has been measured, yielding an E — T phase diagram (Figure 37) [48,
130, 136].
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Figure 37: Schematic E — T phase diagram. Schematic E-T phase diagram of 9/65/35 PLZT
ceramics. Arrows indicate the direction of crossing the phase transition lines.

E — T phase diagram for 9/65/35 PLZT is qualitatively similar to that observed for
PMN relaxor ferroelectric (see Figure 34). However, in PLZT ceramics no investigations
were performed so far to confirm or reject the presence of the critical point. It is
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interesting to expose the complex dielectric constant data as a function of electric field
shown in Ref. 130. The real part of the complex dielectric constant shows a discontinuous
jump at E > E. related to the field-induced phase transition. The discontinuous jump
above the freezing temperature ~ 259 K move towards higher electric fields with
increasing temperature and gets less pronounced. Above ~ 270 K the step in the real part
of the complex dielectric constant vanishes [130]. Such behavior of the complex dielectric
constant suggests the presence of the critical point in the system. As already discussed in
the case of PMN the only real proof of the existence of the critical point can be provided
by the quasi-isothermal measurements of the latent heat at the ferroelectric transition line
induced by the linearly changing electric field. Figure 38 shows the electrocaloric change
of the sample temperatureATs in the vicinity of the field-induced ferroelectric transition at
several fixed temperatures for 9/65/35 PLZT ceramic.
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Figure 38: ATs(E) for ferroelectric relaxor ceramic. Isothermal change of the sample temperature
as a function of the electric field obtained in the 9/65/35 PLZT. The ATs anomaly related to the
released L persists up to higher temperatures.

The anomaly AT in the sample temperature observed at the phase transition line is a
consequence of the released latent heat at the first-order phase transition from the glassy
to ferroelectric phase. The ATg anomaly decreases with increasing temperature and moves
towards higher electric fields as expected when approaching the critical point. According
to complex dielectric constant results the latent heat should vanish above 270 K where a
supercritical region is expected. However, the quasi-isothermal measurements of the
latent heat show that the sample temperature anomaly persist up to higher temperatures.
The decreasing of the AT indicates that latent heat is slowly vanishing, but the latent heat
does not disappear completely at well-defined temperature [55, 56, 57].

The fact that the latent heat does not vanish completely can be explained with the
anisotropy of the critical point position in the E — T phase diagram. The experimental
results show that the position (T¢p, Ecp) Of the critical points in the E — T phase diagram
for PMN depends on the crystal orientation with respect to the external electric field. For
instance, in PMN single crystal oriented in [111] direction the critical point was found at
(Tep~ 220 K, Ecp~ 4 kV/cm), and in [110] direction at (Tcp~ 240 K, E-p~ 8 kV/cm),
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whereas in [100] direction no critical point was found. [52, 54, 55, 56, 57]. The 9/65/35
PLZT ceramic is a polycrystalline material which contains small randomly oriented
monocrystals. For this reason it is assumed that the orientational heterogeneity of the
ceramic materials can lead to a smearing of the critical point position in the E — T phase
diagram with absence of the sharp definition of (T.p, Ecp). The smearing of the critical
point position in the E — T phase diagram also explains the observed smeared anomalies
AT of the sample temperature and the presence of the latent heat at higher temperatures.

3.4 Critical point in BaTiOs ferroelectric crystal

In contrast to relaxor PMN single crystal and 9/65/35 PLZT ceramics, barium titanate
(BaTiOs or shortly BT) belongs to a family of ferroelectric materials and exhibits a clear
first-order ferroelectric transition already at zero external bias electric field. The history of
BT goes back in the time of World War Il, when the first BT ceramic material was
prepared [1, 141]. The growth of BaTiOs crystals and increased availability of the
material contributed to the fundamental understanding of the dielectric anomaly at the
ferroelectric transition, ferroelectric domain switching and structures, electro-optical and
electromechanical properties, and the nature of ferroelectric phase transitions [3, 11, 13,
14, 17, 142]. BaTiO3 is an especially suitable material for investigating the influence of
the electric field on the ferroelectric transition because of its specific structural
ferroelectric transition sequence at E = 0: high temperature paraelectric cubic phase s
ferroelectric tetragonal ﬂorthorhombic =2 rhombohedral phase [3]. Recently, a
theoretically calculated E — T phase diagram based on a Ginzburg-Landau model was
presented for cubic to tetragonal phase transition for the single crystal barium titanate
[92]. In order to verify the phase diagram and the existence of the electric-field-induced
critical point terminating the line of first-order ferroelectric (tetragonal) to paraelectric
(cubic) phase transitions, the dielectric and calorimetric experiments were carried out on
[001] BT single crystal [93]. Figure 39 shows temperature dependence of the real part of
the complex dielectric constant at different constant bias electric fields. A sharp and
narrow discontinuous step in the dielectric constant at 405 K signals a strong first-order
character of the phase transition in the absence of the electric field. With increasing
electric field up to 10 kV/cm, the discontinuous dielectric anomaly moves towards higher
temperatures and the value of the dielectric constant increases. In addition, the shape of
the dielectric anomaly becomes more and more continuous. At 12 kV/cm and above, the
dielectric anomaly starts to decrease and becomes increasingly suppressed as an
indication of supercritical behavior.
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Figure 39: Dielectric measurements for BaTiOs. The real part of the complex dielectric constant
shows a discontinuous step at the C-T phase transition. With increasing electric field the dielectric
constant increases and the T, moves towards higher temperatures. Above 10 kV/cm the dielectric

constant decreases and gets more continuous.

It should be mentioned that the linear birefringence also exhibits a crossover from the
sharp discontinuous to continuous evolution between 10 and 12 kV/cm [142]. At higher
fields the birefringence anomaly becomes smeared and suppressed, as typical for the
supercritical regime [142].

The temperature dependence of the excess specific heat of BaTiO3z single crystal
obtained in the vicinity of the cubic to tetragonal phase transition is displayed in Figure
40 for three different bias electric fields. Similar to the dielectric response, the specific
heat shows a sharp and discontinuous anomaly at the transition temperature. By
increasing the bias electric field the transition temperature shifts from ~ 405 K at zero
field to ~ 412 K at 10 kV/cm and the heat capacity anomaly becomes increasingly

rounded and less pronounced.
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Figure 40: The ac calorimetry of BaTiOs. Temperature evolution of the excess specific heat data
obtained in the ac mode at various constant electric fields. The solid line is a guide to the eye,
whereas open circles and crosses are the c,, data obtained outsite and inside the coexistence range,
respectively. In the first panel the anomalous response of ¢, in the coexisting range is so huge that
it is out of the drawing range.

However, the ac measurements cannot quantitatively detect a latent heat and thus
cannot provide enough information about the crossover from the first-order to second-
order phase transition induced by the applied electric field. In order to detect the latent
heat, the quasi-isothermal measurements of the latent heat on a ferroelectric transition line
with linearly changing electric field were utilized. The variation of the sample
temperature (ATs) as a function of the electric field is presented in Figure 41. At the
field-induced ferroelectric transition a sharp increase in the sample temperature is
observed as a consequence of the released latent heat. The amplitude of the variation of
the sample temperature exceeds the value of 1 K at lower temperatures. The estimated
amount of the released latent heat responsible for this rather big change of the sample
temperature is ~ 400 J/kg which is almost a magnitude higher as detected in PMN and
PLZT relaxors. With increasing the bath temperature the magnitude of ATs gradually
decreases, whereas the electric field necessary to induce the transition increases. The
decreasing of AT's also indicates the decreasing of latent heat. It is interesting to note that
ATs does not vanish completely. The continuous anomaly observed at higher
temperatures is most likely related to the residual electrocaloric effect related to
continuous changes of the polarization which will be addressed in the next chapter. The
dielectric and calorimetric data obtained in BT [001] single crystal at the cubic to
tetragonal phase transition line shows the existence of the critical point. The E — T phase
diagram constructed from dielectric and quasi-isothermal latent heat data (see Figure 42)
shows the first-order transition line terminated at the critical point at T.p = 412 K and
Ecp = 10 kV/cm [93]. The experimentally estimated coordinates of the critical point are
in good agreement with the theoretical prediction by Porta et al. [92]. They calculated the
critical point for ordered crystal and for a crystal with small amount of disorder to be at
Tep = 414.32 K, Ecp = 14.6 kV/cm and T.p = 415 K, E;p = 9.55 kV/cm, respectively
[92].
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Figure 41: ATs(E) for ferroelectric BaTiOs. Change of the sample temperature for the BaTiOs
single crystal as a consequence of the released latent heat at the field-induced cubic to tetragonal
phase transition, measured at several constant bath temperatures.
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Figure 42: E — T phase diagram for BaTiO; single crystal. E — T phase diagram for the BT
single crystal constructed from the calorimetric and dielectric data. Solid line represents the
electric-field-induced first-order transition line between the cubic and tetragonal phases, which
ends in a critical point at T.p = 412 K and E;p = 10 kV/cm. The dashed line denotes the Widom
line, a region of supercritical behavior emanating from the critical point. The two insets represent
the temperature and electric field variation of the latent heat.
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4 Influence of the critical point on electromechanical and
electrocaloric properties

Of special interest are the studies of the electromechanical and electrocaloric properties in
the vicinity of the liquid-vapor type critical point, which has been shown to play an
important role in the enhancement of the piezoelectric coefficient and electrocaloric
responsivity [55, 56, 88, 95, 97, 98, 117]. On approaching the critical point the response
functions such as the dielectric susceptibility and heat capacity exhibit a maximum value
which leads to the enhancement of the piezoelectric and electrocaloric response [55, 56,
95]. In this chapter the studies of the influence of the critical point on electromechanical
behavior in relaxor PMN-PT and ferroelectric BaTiO3; single crystal as well as
electrocaloric response of BaTiOj3 are presented.

4.1 Enhancement of electromechanical properties at critical point

4.1.1 Relaxor ferroelectric PMN-xPT

The perovskite solid solution PMN is characterized by site and charge disorder which are
the origin of relaxor behavior. The ferroelectric behavior can be induced by applying
electric field or reduction of disorder [25, 118]. This can be done by changing the
composition with adding ferroelectric PbTiO3 (PT) which forms a crystalline solution
with PMN, i.e., the PMN-xPT solution. Pure PMN retain its average cubic symmetry
down to temperatures as low as 5 K [63]. Small amount of PT content x > 0.05 change
the PMN-xPT system into ferroelectric rhombohedral symmetry at low temperature [80,
143]. At sufficiently high PT concentration, PMN-xPT solid solution undergoes several
phase transitions in the vicinity of the morphotropic phase boundary. On cooling a typical
phase sequence cubic (C) — tetragonal (T) - monoclinic (M) — rhombohedral (R) is
observed close to the C-T-R triple point [143]. As already pointed out in chapter 1.5 the
proximity of critical point is a new driving mechanism for polarization rotation and the
enhancement of the piezoelectric responses [55, 56]. In the case of PMN-0.295PT single
crystal oriented in [111] direction it was shown that the largest piezoelectric coefficient is
observed at electric field corresponding to the electric field of the critical point [55]. The
enhancement of the piezoelectric coefficient is a direct consequence of the nearby critical
point fluctuations which are reflected in the divergence of the dielectric susceptibility,
i.e., dielectric constant which is directly proportional to the piezoelectric coefficient,

dim = X jk 2€jQmjkPr (91)

[56]. In addition it was shown that the necessary electric field and required enthalpy for
the polarization rotation decrease in the proximity of the critical point [55]. As discussed
already for PMN, the existence and position of the critical point depends on the
orientation of the crystal. The enhancement of the piezoelectric coefficient at critical point
was shown for PMN-0.295PT oriented in [111] and [110] direction but not for [100].
Figure 43 shows the real part of the complex dielectric constant &’ in the PMIN-0.26PT
single crystal measured in [100] direction at frequency 20 Hz and various bias electric
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fields. Dielectric constant clearly shows anomalous behavior around 368 K at sufficiently
high electric field. The observed dielectric anomaly is similar to that reported in PMN-
0.295PT for [111] and [110] direction and is related to the monoclinic phase sequence
inserted between tetragonal and rhombohedral phases [55, 56, 143, 144].
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Figure 43: Dielectric response of PMN-PT solid solution. Temperature dependence of the
dielectric constant measured for PMN-PT [100] with x = 0.26 crystal at various bias electric
fields. It shows the evolution of monoclinic phase sequence between rhombohedral (R) and
tetragonal (T) (denoted by the arrows) under the electric field.

The monoclinic phase sequence appeared first at £ = 0.1 kV/cm and with increasing
electric field the anomaly becomes sharper. Based on previous reports for PMN-xPT
system, the monoclinic phase sequence shown in Figure 44 at E = 0.233 kV/cm is as
follows, rhombohedral (R) — monoclinic (Mg) — orthorhombic (O) — monoclinic (Mc)
— tetragonal (T) — cubic (C) [143, 144]. The influence of the bias electric field on the
evolution of the monoclinic phase sequence (Figure 43) shows that these transitions get
suppressed and smeared out at higher electric fields above E = 0.467 kV/cm.
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Figure 44: Dielectric anomalies of the phase transitions. Steps in the dielectric constant represent
the phase transitions between different monoclinic and orthorhombic phases between the
ferroelectric rhombohedral phase and the paraelectric cubic phase. The inset shows zoom in of the
monoclinic phase sequence between the rhombohedral and tetragonal phases.

The temperature dependence of the heat capacity measured at three different electric
fields exhibits similar behavior as the dielectric constant (Figure 45). In the absence of the
electric field, only a smeared anomalies in the excess of specific heat can be observed
related to the R—T and T—C phase transitions. With increasing electric field the
transitions become sharper and the lower anomaly related to the R—>T splits into two
anomalies now representing the transition to monoclinic and rhombohedral phases [56].
With increasing the electric field the R—Mg enthalpy decreases significantly resulting in
further suppression of the anomaly, as shown in Figure 45 for the E = 4.672 kV/cm [55,
56, 88].

The dielectric and heat capacity data obtained in PMN-0.26PT [100] single crystal
resemble closely data obtained in PMN-0.295PT single crystal for [111] and [110]
orientations implying the possibility of existence of the critical point for both C—T and
T—Mc phase transitions [55, 56]. Due to small enthalpy variations the situation is much
less clear for the monoclinic phase sequence. According to the theoretical calculations the
orthorhombic and monoclinic phases can disappear at high electric fields and do not
terminate in a critical point [145].

The linear electromechanical response or piezoelectric response was studied via the
dielectric resonant method described in chapter 2.1.1 Figure 46 shows the temperature
dependence of transverse (ds;) piezoelectric coefficient of PMN-0.26PT [100] single
crystal at different electric fields. The piezoelectric coefficient d5; exhibits a peak in the
rhombohedral phase which is much smaller than that reported for electric fields applied
along [111] and [110] direction in the PMN-0.295PT single crystal [55, 56]. This is due to
the fact that the direction of the electric field is further away from the [111] polar axis
direction. Nevertheless, it is interesting that the piezoelectric coefficient peak was
observed below monoclinic phase sequence (~ 362 K) and not in the temperature range
of monoclinic phase sequence (see inset in Figure 44), as one would expect according to
the theory of polarization rotation via intermediate monoclinic phases [81]. Fitting by
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using the simple power law ansatz shows that observed critical dependence of the d; is
actually related to critical behavior of the phase transitions above the monoclinic phase
sequence [56]. This suggests that the monoclinic phase sequence is actually responsible
for prior cut-off of the critical dependence of d5; and not for enhancement of d5,. With
increasing electric field the cut-off temperature and peak values of d;; are decreasing.
This is due to the shift of Mg—R phase transition towards low temperatures and
increasing of Mc—T phase transition temperature with increasing electric field [56, 88].
This suggests that the piezoelectric response could be even larger if it would be possible
to create a material with very narrow temperature range of intermediate monoclinic phase
sequence close to the T—C transition. Nevertheless, the increase of ds;; in the
rhombohedral phase, similar to that observed in [111] and [110] axis indicate the critical
enhancement of the piezoelectric response [55, 56, 88].
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Figure 45: Electric field-induced monoclinic phase sequence. Temperature dependence of the
excess specific heat Ac,, at different bias electric fields of the PMN-xPT [100] with x = 0.26. The

Ac, anomaly related to the transition from the monoclinic to the rhombohedral phase is clearly
visible (denoted by an arrow) at the electric field of 0.934 kV/cm.
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Figure 46: Piezoelectric response of PMN-PT solid solution. The temperature dependence of the
piezoelectric coefficient d3; obtained in a PMN-xPT single crystal with x = 0.26 poled along
[100] at two different electric fields.

4.1.2 Ferroelectric BaTiO;

The suggestion that the proximity of critical point is perhaps even more responsible for
the enhancement of the piezoelectric coefficient than the morphotropic phase boundary is
strongly supported by the large piezoelectric response found in materials without MPB
[77, 91]. Ferroelectric BaTiOg is a material without MPB region, which on the other hand
possess a critical point as it was shown theoretically and recently confirmed
experimentally [92, 93]. The theoretical calculations presented by Porta et al. predict also
the enhancement of the piezoelectric responses in the vicinity of the critical point [92].
This theoretical prediction and previous experimental work on PMN-0.295PT and PMN
put the proximity of the critical point as a driving mechanism for the enhancement of the
piezoelectric responses [55, 56].

In order to verify this prediction, the experimental study of piezoelectric coefficient
d3, In the vicinity of the critical point at cubic to tetragonal phase transition in BaTiO3
single crystal poled along [001] direction was performed by using the resonance method
described in the chapter 2.1.1 Figure 47 shows the temperature evolution of the
piezoelectric coefficient d;, at several different constant electric fields. The value of d3,
found at room temperature is in good agreement with previous reported values [81, 146,
147]. The observed peaks in the piezoelectric coefficient are related to the ferroelectric
phase transition at which the dielectric susceptibility exhibits a maximum due to the
critical fluctuations. So it is reasonable to expect enhancement or even divergence of the
piezoelectric tensor and thus also d5; at the phase transition which at which the dielectric
susceptibility exhibits a maximum or even diverges (see equation (91)). By plotting the
maximum values of d, (T) obtained at a specific bias field as a function of that field, one
can follow the evolution of d5; along the phase transition line in the E — T phase diagram
(see the inset in Figure 47). Both plots show that the obtained piezoelectric response
clearly exhibit a maximum at the temperature and electric field close to the critical point,
i.e., 412 + 3 K and 10 + 2 kV/cm, respectively [93]. These findings of the piezoelectric
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response enhancement at the critical point in BaTiO3 [001] single crystal are in a good
qualitative agreement with the theoretical predictions of the piezoelectric tensor
divergence at the critical point in BaTiO; due to the divergence of the dielectric
susceptibility [92]. The obtained results strongly support the idea that the mechanism for
the enhancement of the piezoelectric response is most likely governed by the proximity of
critical point and not necessary only by the presence of the MPB.
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Figure 47: Piezoelectric response of BaTiO; ferroelectric. The temperature dependence of the
piezoelectric coefficient d;, obtained in a BaTiOs single crystal poled along the [001] direction at
four different values of the bias electric field below and above E.p. The inset shows the electric
field dependence of the piezoelectric coefficient d;; at T = T¢p , Which exhibits a maximum at
the critical field E¢p.

4.2 Enhancement of electrocaloric properties at critical point

4.2.1 Electrocaloric effect in BaTiO; ferroelectric

Recently, the electrocaloric effect attracted significant attention due to the prediction of a
giant ECE in some organic and inorganic materials [73, 74]. Later the direct
measurements of the ECE confirm the giant ECE in polymer based organic ferroelectric
and relaxor materials, and inorganic relaxors materials [75, 95, 97, 98, 99, 100]. Most of
the direct ECE studies were performed on inorganic relaxor materials such as PMN,
PMN-xPT with different PT concentration, and 8/65/35 PLZT ceramics [117]. However,
there is a lack in experimental studies of relaxor single crystal materials and only few
experiments were performed on ferroelectric single crystals mostly on BaTiO3 [101, 102,
103]. In fact most of the EC experiments were carried out solely by using the indirect
method via measurements of the electric polarization as a function of the electric field and
temperature and not by direct measurements of the ECE itself [73].

The experiments and theoretical calculations show that the maximum of the ECE
responsivity ATgq/E, in bulk relaxor ferroelectrics is obtained near the critical point [95,
96]. The observed behavior of the ECE near the critical point in relaxors can be
understood by considering the entropy density of the system S(E,T) = Sy, (E,T) +
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Spn(T), as a function of the applied field £ and the temperature T [95, 96]. As already
discussed in the section 1.5 the entropy change of the dipolar subsystem ASg;, is a
function of the dielectric polarization P(E, T), which depends on the electric field E. The
second term Sy, is a field independent contribution of phonons, electrons, etc. In the ECE
cycle the electric field is changed from E; to E, which causes the change in temperature.
If the process is adiabatic, then the total entropy change must be zero and one obtains [96]

Sph (T,) — Sph(Tl) = _[Sdip (B2, Ty) — Sdip (E1, T1)]- (92)

Thus the corresponding entropy change can be evaluated as an integral over the lattice
heat capacity C,,(T) from which the electrocaloric temperature change is obtained [95,
96]

ATgc = [Sdip (E1, T1) — Saip(E1, Ty + AT)]- (93)

i
Cph
The dipolar entropy density S,;,, can be written as

Saip = So + S1(P), (94)

where S = — (‘%ﬁ’) , Is the contribution at zero field and does not contribute to AS;;,, and
0

S, (P)=— (a’;—(Tm)E is the contribution related to the polarization change due to the

applied electric field [95, 96]. Using the expression for the density of the free energy of
ferroelectrics written in equation (2) one obtains

$1(P) = —5a;P? —=b P2 — ¢, P® + -, (95)

where a, = %, b, = %, etc. By assuming that b and ¢ are temperature independent,

follows that b; = c¢; =--- = 0. Taking into account equations (92) one can rewrite

equation (93) [95, 96]
ATge = 5==ay(T + AT)P2(E,T + AT), (96)

ph

According to the above theory the electrocaloric change of the sample temperature is
therefore proportional to the square of the polarization ATz-~P? [95, 96, 97]. The applied
electric field or phase transition significantly influences the electrocaloric effect due to
the change of the polarization. One would expect that the largest ECE would be observed
at the phase transition where beside the polarization change also the released/absorbed
latent heat at the first-order transition contributes to the ECE. The EC responsivity is a
sum of the discontinuous part related to the latent heat and the continuous part of the
polarization change due to the applied electric field. In relaxor systems the phase
transition is induced with electric field and the released/absorbed latent heat is rather
small [55, 57]. In contrast, the ferroelectric BaTiO3 undergoes the first-order ferroelectric
phase transition at which much bigger amount of the latent heat is released/absorbed [93].
The ECE responsivity of BaTiO3 as a function of the electric field obtained via direct
ECE measurements is shown as a solid line in Figure 48. The electrocaloric responsivity
shows a shift of the maximum away from the critical point towards lower electric fields
(see the difference between the solid and dashed line in Figure 48). Here, the dashed line
in Figure 48 is a schematic representation of the EC responsivity for a system with
vanishingly small latent heat, like bulk relaxor systems. The influence of the latent heat in
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those systems is negligible or zero which means that the main contribution to the ECE
response is due to the continuous changes of the polarization which results in the
responsivity maximum near the critical point [96].

The shift of the EC responsivity is a consequence of the released latent heat at the
phase transition. The huge amount of the latent heat which is present at lower electric
fields decreases fast when approaching the critical point and both solid and dashed line
merges.
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Figure 48: EC responsivity. The electric-field dependence of the electrocaloric responsivity
ATgc/E determined along the ferroelectric transition line shown in the E — T phase diagram
(Figure 42) for BaTiO3 [001] single crystal. Solid line is obtained from the direct electrocaloric
measurements (example shown in the inset) at different temperatures and magnitudes of the
electric field. Dashed line is a schematic representation of the field dependence of the
electrocaloric responsivity for a system with vanishingly small latent heat; in such a case, the
maximum of ATy /E occurs near the critical field E.p [96].
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5 Conclusions

The enigma of the relaxor ferroelectrics ground state is as old as the first report about
these materials. The question whether the relaxor phase is: (i) a ferroelectric phase broken
up into nanodomains under the constraint of quenched random electric fields, or (ii) a
special kind of dipolar glass state with randomly interacting polar nanoregions in the
presence of random fields, is one of the basic unsolved tasks in the ferroelectric
community. Until now, the X-ray, neutron scattering and TEM structural studies could
not provide a final answer due to the surface effects which were found to have strong
influence on these measurement methods and a small size of the polar nanoregions which
is below the resolution possibility of these methods. In addition, several others studies
like optical, dielectric, polarization or Raman studies were interpreted either in favor of
the ferroelectric nanodomain or a dipolar glass concept. For these reasons, the main
purpose of this work was to present additional experimental data which will contribute to
the better understanding of the relaxor ferroelectric materials behavior and its ground
state.

In particular, the electric field-induced phase transition was investigated in a canonical
relaxor ferroelectric Pb(MgysNb,3)O3 single crystal oriented along [110] direction. In
order to distinguish between the ferroelectric nanodomain and dipolar glass concept, the
nature of the phase transition line in E — T phase diagram was studied.

For this purpose, several different experimental techniques have been utilized.
Specifically, the isofield and isothermal measurements of the quasi-static polarization
measurements P(T) and heat capacity were done.

The polarization measurements show a discontinuous step at high enough electric field
which is a typical sign of first-order phase transition. The isofield ac measurements of the
excess of the heat capacity show an anomaly corresponding to the field-induced phase
transition, whereas at zero electric field no anomaly was observed in a broad temperature
range. Even more, the isothermal heat capacity measurements show a jump which
overlaps with isothermal polarization measurements. The electric field-induced anomalies
observed in the polarization and heat capacity data suggest the existence of the real phase
transition from the relaxor glassy to ferroelectric state in PMN [110] single crystal. The
quasi-isothermal latent heat study reveals the presence of the latent heat at the phase
transition. This gives final proof that the transition line in the E — T phase diagram is not
a kind of conversion line at which the ferroelectric nanodomain aligned into a long-range
ordered macrodomain state, but is rather the real first-order phase transition line between
a dipolar glass phase and long-range ordered ferroelectric phase. The polarization and
heat capacity anomalies together with the detected latent heat strongly support the dipolar
glassy concept in PMN [110] single crystal. The detailed study of the latent heat also
shows that the first-order transition line ends in a liquid-vapor type of the critical point at
Tcp = 240 Kand E-p = 8 kV/cm. In contrast to sharp exhibited critical point in the single
crystal the studies on PLZT relaxor ceramics do not exhibit a sharp definition of the
critical point. The persistence of the latent heat at high temperatures suggests a smeared
position of the critical point as a consequence of material isotropy. The existence of the
critical point was also tested at the cubic to tetragonal phase transition in the ferroelectric
BaTiOg3 single crystal oriented in [001] direction. The latent heat and dielectric studies
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show that the field-induced paraelectric to ferroelectric phase transition line ends in the
critical point at T.p = 412 K and E-p = 10 kV/cm.

The study of the critical point in the system is very important due to the strong
enhancement of electromechanical and electrocaloric responses near the critical point.
The investigated piezoelectric coefficient d5; as a function of temperature in relaxor
ferroelectric PMN-0.26PT single crystal oriented in [100] and ferroelectric BaTiOj3 single
crystal oriented in [001] show a critical behavior related to the proximity of the critical
point. The d5; response obtained in [100] PMN-0.26PT is more complicated due to the
presence of monoclinic phases. The presence of monoclinic phases which should act as an
enhancement mechanism according to the theory of polarization rotation via intermediate
monoclinic phases is actually responsible for prior cut-off of ds, critical response. On the
other hand, the enhancement of d5; in BaTiO3; which does not possess the morphotropic
phase boundary, is a consequence of the proximity of the critical point. This implies that
the enhancement of the piezoelectric response is most likely governed by the proximity of
critical point and not necessarily only by the presence of the MPB.

The influence of the critical point on the electrocaloric responsivity was also
investigated in BaTiOs. In contrast to the bulk relaxor system where the maximum of the
EC responsivity was observed near the critical point, the BaTiO3 system exhibits the
maximum of the EC responsibility slightly below the critical point. The shift of the
maximum is a result of the interplay between two electrocaloric contributions related to:
(i) the released latent heat and (ii) the continuous polarization change due to the applied
electric field.

To conclude, the basic research of some canonical relaxors and ferroelectric materials
was presented here. The investigation of electromechanical and electrocaloric properties
could contribute to their better understanding and to engineer new even more improved
advanced materials.
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Figure 31: The change of the sample temperature. (a) Change of the sample
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