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Combined Intrinsic Caloric Effects in Ferroelectrics

Hamidreza Khassaf

University of Connecticut, 2017

There exist multiple driving forces in solid—state materials that can be utilized for entropy
changes and hence stronger caloric response. In multiferroic materials, adiabatic temperature
changes (ATag) can be obtained by the combined application of electric, stress, and magnetic fields.
These external stimuli provide additional channels of entropy variations resulting in a multi—
caloric response. In ferroelectric (FE) materials, caloric responses can be obtained with the
application of electric and mechanical fields. Here, we compute the intrinsic electrocaloric and
elastocaloric of prototypical FE materials using Landau—Devonshire theory of phase
transformations with appropriate electrical and electro—-mechanical boundary conditions. Also, the
flexocaloric response of FE material systems are computed due to generation of strain gradient
induced misfit dislocations. Our electrocaloric calculations indicate that the intrinsic ATag in
relaxor FEs are substantial and do not vary much over a large temperature interval. Also, we show
that an elastocaloric ATag of 12.7 °C can be obtained in PbTiO3s with the application of uniaxial
tensile stress of 500 MPa near its Curie point. Moreover, flexocaloric ATaq exceeding 1.81 °C can
be realized in 20 nm thick barium titanate films. We show a strong link between strain relaxation
and strain gradients in epitaxial films and their caloric response. These findings indicate that
caloric responses in ferroic materials can be deterministically controlled and enhanced by utilizing
a variety of external stimuli. Our results suggest a promising perspective to find solid—state systems

with giant caloric responses to be used as alternatives for conventional refrigeration technologies.
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CHAPTER 1: INTRODUCTION

Solid-State Caloric Effect

In the past decade, there has been huge interest in the area of caloric effects in ferroelectrics
(FE). In this effect, an external stimulus is the driving force for a reversible thermal change
(adiabatic change in the temperature or isothermal change in the entropy) in the FE material [1].
Some of these caloric effects are electrocaloric (EC), mechanocaloric (mC), and flexocaloric (FC)
effects [2-5]. This great deal of attention towards caloric effects is partly due to the quest for
finding an alternative cooling system for current vapor—cycle cooling technologies which are poor

in energy efficiency and have damaging environmental impact [6].

Moreover, multiple stimuli acting simultaneously or in a concerted sequence, could
potentially yield to more pronounced caloric responses compared to the case where caloric effect
is induced by any of the types of the stimuli individually [7]. This is why there also has been
specific interest in searching for multicaloric material systems in recent years [8—13]. There are
reports that suggest that multicaloric materials could enhance refrigerant efficiency and caloric
responses [5, 8-10]. Also, values for coefficient of performance (COP) (defined as the ratio
between the extracted heat with respect to the input work) as high as over 50% of Carnot efficiency
can be achieved [14]. Therefore, it is crucially important to understand physics of this phenomena
and optimize the caloric response. In order to do so, there are several aspects that need to be
addressed (Figure 1)). The phenomenon should not change after repetitive cycles (reversibility).
The temperature and entropy changes should be maximized. The temperature span of applicability
should be broadened to fit into desirable working temperatures. The required filed strength should

be minimized to avoid extra energy consumption and also prevent danger. Hysteresis losses should

1



be minimized. There should be control over fatigue to prevent material from failure. And finally,

cost and environmental issues and always big concerns that need to be addressed.

o

Optimization of

Caloric Response

0 08 150 M0 258 300
Temperature (°C)

Figure 1- Various aspects of optimization of caloric responces in ferroelectric material systems:
They include: reversibility, temperature and entropy changes, temperature span of applicability,
filed strengths, hysteresis losses, cost and environmental concerns

In this thesis we discuss EC, mC, and FC effects in various FE material systems
individually. We investigate the degree of which each of these effects can contribute in the overall
caloric response of the selected material systems. We consider various factors such as geometry,
temperature and also type and strength of the applied field. In the case of EC effect, application or
removal of an electric field results in an adiabatic reversible temperature change (ATag) in an
insulating polarizable material [15]. EC effect takes advantage of polarization and depolarization
of FEs. It offers high operational temperatures and good tunability [16]. As for the case of mC
effect, an applied stress field along the polar axis reversibly changes the temperature. Depending

on the type of stress, one could name it elastocaloric (cC) or barocaloric effect [17]. As such, FC



effect is a result of flexoelectricity which is coupling between polarization and strain gradients
[18]. There are reports that suggest that FC effect could have meaningful contributions to a
multi—faceted caloric capacity of FE materials [16]. Similar to many of the physical properties in

FEs, caloric effects are more pronounced in the vicinity of the structural phase transition.

Depending on the type of this transition the behavior of the material system varies.
First—order phase transition exhibits a stronger caloric response. But at the same time, it has some
shortcomings. The peak in temperature—ATaq diagram is very sharp in temperatures near the
transition temperature (Tc). Although values as high as 18 °C are achievable, the first—order phase
transition often dictates a relatively narrow temperature range for high ATag values. In the
second—order phase transitions, the peak is relatively broad. Besides, in most materials, hysteresis
losses associated with regions close to first—order phase transition are detrimental [19, 20]. This
results in low refrigerant efficiencies. On the other hand, there is no hysteresis losses related to

second—order transition [21].

FE materials are emerging as a major choice to be considered for caloric systems [22, 23].
FEs benefit from the fact that there exist particular ways to improve their caloric responses. On
one hand, one can make use of combination of positive and negative caloric responses [24], and
manipulating the system by means such as mechanical stresses [25]. On the other hand, multiple
giant caloric effects can coexist in FE material systems and contribute constructively. Hence,
multicaloric materials could exhibit ATas Vvalues that exceed that of EC, mC, and other

contributions alone [13].



Ferroelectricity

Non—centrosymmetry in the crystal lattice of a polarizable dielectric may give rise to
emergence of a dipole moment in the absence of external fields. This dipole moment is called
spontaneous polarization (Ps). This switchable polarization is the basic characteristic of FEs and
its emergence is accompanied by a structural phase transition. This transition is always from a
high—symmetry and high—temperature paraelectric (PE) phase to a lower—symmetry and
low—temperature FE phase (Figure 2)) [26]. It usually causes strong anomalies in the behavior of
physical properties such as dielectric, elastic, and thermal coefficients [27]. Also, there is a
spontaneous strain associated with the PE—FE phase transition which is related to Ps via

electro—strictive coefficients [28].

Paraelectric (cubic)

Ferroelectric (tetragonal)

Figure 2— Structural paraelectric—ferroelectric phase transition: The structure changes from a
centrosymmetrical cubic paraelectric phase to a non—centrosymmetrical tetragonal ferroelectric
phase. The illustrated phases are perovskite structures where green, blue, and red spheres are
anions, cations, and oxygen ions, respectively.
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The temperature at which the PE—FE phase transition happens is called the Curie point, Tc.
In the vicinity of Tc, as the temperature increases, the magnitude of dielectric permittivity (&)
increases and then abruptly decays above Tc. This can be observed from the Curie—Weiss law as

[26]:

C C

~
~

1
T-T, T-T, @

E=¢g+

In the Equation (1), C and To are the Curie constant and Curie—Weiss temperature, respectively.
Also, the change in the Ps vector with temperature T defines the pyroelectric effect which basically

is the electrocaloric susceptibility:

R (o5
pi(T,E){ i jE—[anT o)

Where pi (Cm~2K™) is the vector of pyroelectric coefficients and S is the entropy [26]. Following

from Equation ((2), examining the behavior of the excess entropy provides the way to examine
how much the magnitude of the caloric effect varies subject to a change in electric field at constant
temperature. The application of the external field which is conjugate to the order parameter P
destroys the FE phase transition (Figure 3). Sufficiently large fields, will lead to disappearance of
the discontinuities at the temperature Tc where the PE and FE phases are in equilibrium. Figure 3
presents the temperature variation of the polarization and dielectric permittivity near the
first—order cubic to tetragonal FE phase transition for a BT crystal in the unconstrained and stress

free (bulk) monodomain state as a function of various applied fields.
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Figure 3— Change of (a) polarization and (b) dielectric constant of stress—free monodomain
uniaxial barium titanate with temperature at various electric fields

In a configuration in which the FE material is sandwiched in between two electrodes, if the
electrodes are located on the two major faces perpendicular to the polar axis, as illustrated in Figure

4(a), and the temperature changed at a rate dT/dt, then the short—circuit pyroelectric current would

be:

. dT

= 5 ©
The EC effect essentially is the converse of the pyroelectric effect (see Figure 4(b)). Here, an
electric field applied to a polar dielectric causes a change in temperature in the material. The

entropy and corresponding temperature changes are due to the relative movement of the ions in

the structure under the applied field, and hence changes in order.



Figure 4— (a) Pyroelectric effect: a change in the temperature results in a variation in the
polarization that generates a pyroelectric current; (c) Electrocaloric effect: A change in the
applied electric field from Ea to Ep generates an electric field change AE that results in an

adiabatic temperature variation ATagd.

Coupling Between Mechanical, Electrical, and Thermal Properties in FEs

In FEs, external electric field induces electric charge through:

where yij (Fm™) is the dielectric susceptibility. This electrical charge takes part in the dielectric

displacement D; via:

D, = &E +P )



where ¢ is the dielectric permittivity of vacuum. The electric charge can also be induced by stress
(Xjk) and/or temperature change (AT) through the piezoelectric and pyroelectric effects,

respectively. These effects can be expressed as:

D, =d; X, (6)
D, = pAT ()

in which, dijx and pi are the piezoelectric and pyroelectric coefficients, respectively. Also,

mechanical strains can be realized by induction of electric field, external stress, and temperature

change, through the converse piezoelectric effect (Equation (8)), Hooke’s law (Equation(9)), and

thermal expansion, respectively.

X = dkij Ek (8)

]
X = Sija Xy 9)

In Equations (8) and (9), xjj is the strain and sijx are the elastic compliance coefficients.
Similarly, entropy changes can occur as a result of temperature change, external mechanical fields,
and external electric field through heat capacity, mC effect, and EC effect, respectively. In FE
materials, an external stimulus can promote, suppress, or even reverse spontaneous polarization.
As a matter of fact, caloric effects in FEs are a direct consequence of how this switchable
polarization behaves under various fields. Caloric effect is often huge near their structural FE-PE
phase transition [21]. This is due to the fact that, total entropy of a FE system changes significantly
in the vicinity of FE-PE transition. Therefore, in the light of this concept, applied driving fields

such as electrical and mechanical fields can contributes to emergence of changes in thermal

behavior of the material (Figure 5) [29].



Thermal

Electrical
E,P

Figure 5—- Coupling between mechanical, electrical, and thermal properties in FES

Thermodynamic Formulation

We use a well-established thermodynamic approach to study the coupling between
thermal, mechanical, and electrical parameters of selected FE material systems [30]. We then
derive the equations of state to investigate physical properties. Slight changes in the electric

displacement dD, strain dx, and entropy dS results in a reversible change in the internal energy U:
dU =TdS + X, dx; + E,dD, (10)

Performing a Legendre transformation, we switch to Gibbs free energy

(G=U-TS-X;x, —ED,) and change the independent variables from (S, x, D) to (T, X, E).

Hence [26]:



dG = -SdT —x,dX, — DdE, (11)

S=—(@) —>d5=(§j aT 4| 5 dxij{ﬁj dE,
o ). T ), . X, ). . 3 ). (12)
OX:: OX:: OX..
X; =—{£J — dx; =(_”J dT J{ : J dX;; +(—”j dE, (13)
X, ). . ), Ky ) o E ),
Di:—[EJ —>dxij=(%) ar+| 2| ax, 4| 2| o (14)
E )., o ), . X, ) E, )

Using Equations (12-14), we can determine various direct and coupling physical effects from

partial derivatives as depicted in Figure 6.
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Figure 6- Direct and coupling physical effects and corresponding thermodynamic relations

Thermal
Expansion

aT XE

Mechanocaloric
Effect

Pyroelectricity
(aoi)
oT i
Electrocaloric

Permittivity
dD;

an T.X

Electro—Thermal Coupling

v
o 2
5 =
t 3
% O
[ e —_—
©
8 S
w
k
| (4]
o b=
(] |
i (@]
— e
o o
o <
= =

Electro—Mecanical Coupling

The main focus of this thesis is on electro-thermal (EC effect) and thermo—mechanical (cC and

barocaloric effects) couplings in selected FE material systems.
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Thermodynamics of Ferroelectrics

The PE-FE phase transition may be either of a first or a second order. Behavior of the
partial derivative of the Gibbs free energy (G) with respect to temperature (T) defines the order of
the phase transition. In a first—order phase transition, the first derivative of G with respect to T is
discontinuous at Tc in the absence of an external field. As for the second—order phase transition,
the second derivative of G with respect to T is discontinuous in the absence of an external field.
Barium titanate (Figure 7) as a FE is an example of a first—order phase transition. Application of a

sufficiently large external field could wash out the first—order phase transition (see Figure 7(a)).
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Figure 7— Polarization variations of barium titanate as functions of temperature and electric field:
First order phase transition smears as the electric field is applied (a) and a ferroelectric hysteresis
loop starts to shape up once the temperature decreases to T<Tc (b).

Besides first-order phase transitions, x-Pb(MgisNb2/3)O3—(1-x) PbTiOs [XPMN—(1-x)PT] (PMN-
PT) solid solutions as relaxor—FEs is an example of a second-order like phase transitions.

Dielectric permittivity (&) in these relaxor—FEs display broad maximums which is a strong function
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of frequency at temperatures below their highest & (Tsmax)). Above Tymax) however, relaxor—FEs

do not follow the Curie—Weiss behavior.

Objectives of the Thesis

We apply a generalized thermodynamic theory of caloric effects with a phenomenological
approach to various FE material systems. This generalized theory allows us to analytically study
different types of caloric effects that display various types of cross—couplings. In particular, we
take cases for EC, mC (oC and barocaloric), and FC effects and evaluate the magnitude of caloric
responses in every case for four different classes of materials. They include weak first—order phase
transition barium titanate (BT), strong first—order phase transition lead titanate (PT), and two
compositions of second-order PMN-PT one far away from the morphotropic phase boundary
(MPB) (PMN-10PT) and one close to the MPB (PMN-35PT). In the case of EC and mC effects,
we determine intrinsic entropy and temperature changes in mentioned perovskite FEs using
theoretical tools supported by experimentally measured heat capacities as a function of the applied
electric field and temperature. We provide a quantitative analysis of the thermal, pyroelectric, EC,
and mC properties of representative ceramic FE systems. Moreover, the FC response of selected
FE material systems are computed due to generation of strain gradient induced via misfit
dislocations. Considering the electromechanical coupling between the polarization and stress
gradient, a nonlinear thermodynamic model is employed that takes into account the appropriate
mechanical boundary conditions. These misfit dislocations result in strong strain variations
through the film thickness in epitaxially grown barium titanate. Overall, this work aims to
implement modeling tools that are capable of predicting caloric effects in FE materials. This will

be beneficial to future developments in the area of solid—state cooling/heating technologies.
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CHAPTER 2: CALORIC EFFECTS IN FERROELECTRICS
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Electrocaloric Effect

Since the first observance nearly a decade ago of a giant EC effect in thin film FE
PbZroesTi00503 by Mischenko et al. [31], the field of FE based solid state electrothermal
interconversion has seen rapid advancement, significantly improving both the magnitude of usable
EC temperature change ATad, and the available cooling capacity as defined by an enthalpy (AH) or
entropy (AS) variation: AH=AS-ATaq [32—35]. Several materials systems have been proposed for
use in electrothermal applications including FE/anti—FE ceramics in their single—crystal, bulk, and
thin film forms, FE polymers/co—polymers/terpolymers, and liquid crystals [3, 36—42]. These
efforts have primarily been led through experimentation, augmented by expert intuition [24]. The
success of such an approach is demonstrated by the more than fourfold improvement in ATag With
a concomitant increase in AH of similar magnitude [34]. Fundamental enhancements in material
properties of this kind directly impact system level performance and costs, reducing the effects of
parasitic losses and potentially yielding system level performance competitive with vapor

compression systems [37].

Many applications of FEs, from random memory (FRAMS) devices [43], to piezoelectric
actuators [25, 44], and pyroelectric infrared detectors [45], have all benefitted (and often been
directed) by multi—scale theoretical approaches including ab initio and beyond first principles
methods [46, 47], non-linear thermodynamics, and atomistic models [48-50]. Thus, it is
compelling to employ similar methods as a means for understanding the material properties and
discovering new materials systems for ECs. We present here a complete analysis of intrinsic
adiabatic temperature changes in perovskite FEs using theoretical tools supported by carefully
measured heat capacities [51] as a function of the applied electric field and temperature.
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Specifically, thermal, pyroelectric and EC properties of prototypical FEs BT, PT, and relaxor—FEs
PMN-PT compounds are computed. Two specific compositions of PMN-PT were chosen as
representatives of a relaxor and a relaxor-FE solid solution, 0.90PMN-0.10PT and 0.65PMN-
0.35PT, respectively. 0.90PMN-0.10PT is a relaxor composition that is far from the MPB.
0.65PMN-0.35PT lies in close proximity of the MPB, where pseudo-rhombohedral, pseudo-
monoclinic/orthorhombic, and pseudo—tetragonal phases can co—exist and phase transitions can be
induced through applied electric and elastic fields [52]. This system is of particular interest because
it displays a strong order—disorder and crystallographic phase transitions which couple with
external stimuli. These particular characteristics are arguably at the core of the very large
electromechanical response exhibited by PMN-PT (with or without additional doping) which are
used in high-strain actuators/transducers [53]. The very large electromechanical response has been
attributed to the inherently (intrinsic) large piezoelectric response that stems from ionic
displacements [54], a large “extrinsic” contribution from highly adaptive nano— and mesoscale
domain structures [55], and a strong contribution from electrostriction [56]. A relatively large
temperature change of ~5 °C at an applied field difference of ~900 kV/cm and T=75 °C has been

reported for this solid solution for 9OPMN-10PT [52].

Our analysis is based on the methodology that is described in detail in the section of
“Materials and Methods”. It uncovers two significant findings. Firstly, the intrinsic adiabatic
temperature changes in relaxor—FEs are substantial and relatively temperature insensitive. ATads
as high as 14°C can be achieved with applied fields on the order of 1 MV/cm at T~350 °C for (001)
oriented 0.65PMN-0.35PT. This EC response does not vary over a large temperature interval:
ATag=13x1°C for 200<T<600°C. Secondly, our studies indicate that one can find perovskite FEs

with exceedingly large intrinsic EC effects. ATaqis ~28°C in PT for an applied field of 1 MV/cm,
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rivaling the best EC response observed in polymer FEs [57, 58]. This is particularly important
since only limited fundamental studies of the EC response exist in perovskite systems at high fields

[59, 60].

Polarization, Heat Capacity, and Pyroelectric Coefficient

In Figure 8, we plot the equilibrium (spontaneous) polarization P° as functions of T and
applied electric field E for PT, BT, 0.90PMN-0.10PT, and 0.65PMN-0.35PT. As expected, BT
and PT display first-order phase transitions as described by the jump in P° for E=0 at the FE-PE

transformation temperature Tc.
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Figure 8- Polarization variations: Temperature and electric field dependent polarization
variations of (a) BT, (b) PT, (c) 0.90PMN-0.10PT, and (d) 0.65PMN-0.35PT.

In BT, this first-order phase transition is weaker compared to PT as characterized by the

magnitude of the polarization jump at the respective Tcs. An applied electric field in the direction
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of the spontaneous polarization ‘“smears” the phase transformation and it destroys the
discontinuities in thermodynamic properties that are a function of polarization at the phase
transition temperature. For BT, a field as high as 20 kV/cm is sufficient to smear out the first—
order phase transition where as in PT, higher fields are required (E=100 kV/cm). On the other
hand, both PMN-PT compositions display a second—order phase transitions. Here, there is no
discontinuity at Tc in the polarization response and the effect of the applied electric field is similar
resulting in a smearing of the phase transformation.

In Figure 9 and Figure 10 we plot the temperature dependence of the p and the C*S¢ for the
four materials investigated for E = 0, 20, 100, and 1000 kV/cm. These parameters are defined
through the Maxwell equations as described in the section of “Materials and Methods’” and are

essentially partial derivatives of the polarization with respect to temperature.

6 ‘ . 12 5
5t :gigﬂ W fBT 110 (b) —E20kViem
E—100 kV/em E=100 KV/em
4! —— E=1000 kV/em] 8] —7E=1000 kV/em:
2 .
NE 2; 4;
1f 25
S N
@) QIS 100 125 150 175 200 ?SO 500 550 600
"P 2.5 T T T 5 T T T T
) (c) 0.90PMN-0.1PT (d) D.65SPMN-0.35PT
™ 2.0 = 1 4 ——E=0 :
e’ ——E=20 kV/em —E=20 kV/em
b E=100 kV/em | i E=100 kV/em ]
Ry L5 — E1000KViem] S ——E=1000 kV/em
1.0 2}
0.5 \ 1t \
0.0 e ] e S
-100 50 200 350 500 0 100 200 300 400 500

Temperature (°C)

Figure 9— Pyroelectric behavior: Pyroelectric coefficient, p, of (a) BT, (b) PT, (c) 0.90PMN-
0.10PT, and (d) 0.65PMN-0.35PT as a function of temperature and applied electric field E.
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As such, near Tc, these quantities display a A-type anomaly and this anomaly disappears
with the application of an electric field in the direction of the equilibrium polarization. The
behavior shown in Figures 8-10 are expected responses and the relevant thermodynamic

background can be found elsewhere [61].
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Figure 10— Heat capacity variations: Excess heat capacity of (a) BT, (b) PT, (c) 0.90PMN-
0.10PT, and (d) 0.65PMN-0.35PT as a function of temperature and applied electric field E.

Adiabatic Temperature Change

It is necessary to experimentally determine or to be able to compute the reversible adiabatic
temperature variation (ATag) near and away from the FE-PE phase transformation temperature
(Tc) as thisis a critical parameter in the estimation of the system—level coefficients of performance.

The temperature dependence of ATag as functions of T and AE are thus plotted in Figure 11.
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Figure 11— Adiabatic temperature changes: EC adiabatic temperature change, ATaq, Of (a) BT,
(b) PT, (c) 0.90PMN-0.10PT, and (d) 0.65PMN-0.35PT as a function of temperature for AE
ranging from 50 to 1000 kV/cm. The initial (biasing field) Ea is taken as 50 kV/cm. Also shown
are experimentally measured EC data points (solid symbols) in BT, 0.90PMN-0.10PT, and
0.65PMN-0.35PT samples ([33, 60, 62]).

For BT and two PMN-PT systems we found agreement with directly measured EC data at
lower fields (solid symbols). In all cases, the field change AE is taken relative to an initial bias of
Ea=50 kV/cm. For BT near Tc (121 °C), ATad is found to be 0.8, 2.8, 4.4, and 7.3 °C for AE=50,
250, 500, and 1000 kV/cm. For PT, the EC response near Tc =490 °C is significantly larger, where
ATad =3.2, 15.0, 21.1, and 28.5 °C for these same field levels. We attribute the larger response to
the substantially more pronounced first—order phase transformation in PT compared to BT, as
discussed in detail by Zhang et al. [63].

For both 0.90PMN-0.10PT and 0.90PMN-0.35PT, the ATaq responses are much broader
and relatively less temperature sensitive as shown in Figure 11(c) and (d), respectively, compared
to BT and PT. In the case of 0.90PMN-0.10PT, ATa¢=0.8, 2.9, 4.9, and 8.8 °C for AE=50, 250,
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500, 1000 kV/cm, respectively, near its Tc of 38 °C. For 0.65PMN-0.35PT (Tc=159 °C), the EC
response is considerably larger; ATa¢=1.6, 5.5, 8.5, and 13.1 °C for AE=50, 250, 500, 1000 kV/cm,

respectively.
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Figure 12— Adiabatic temperature change: Comparative adiabatic temperature change, ATag, Of
BT, PT, 0.90PMN-0.10PT, and 0.65PMN-0.35PT at different working temperatures: (a)
AE=100 kV/cm and (b) AE=1000 kV/cm. The initial (biasing field) Ea is taken as 50 kV/cm.

We show in Figure 12 a more detailed comparison of the EC response of all four materials
in at four specific temperatures of 25, 150, 175, 400 and 525 °C, at an intermediate field of AE=100
kV/cm (Figure 12(a)) and a relatively higher field of AE=1000 kV/cm (Figure 12(b)). In both
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cases, Ea was taken to be 50 kV/cm. In order to provide a quantitative illustration of the
temperature sensitivity of the EC adiabatic temperature change as a function of the applied field,

we plot the full width half maximum (FWHM) of ATaq for all four materials studied herein.
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Figure 13— Temperature Insensitivity: Comparative Full Width Half Maximum (FWHM) of the
adiabatic temperature change of PT, BT, 0.90PMN-0.10PT, and 0.65PMN-0.35PT around their
respective Curie temperatures.

Figure 13 shows FWHM of these materials at four different field variations corresponding
to AE=50, 250, 500, and 1000 kV/cm and Ea=50 kV/cm.
Analyzing the Electrocaloric Effect

For E=0, there is a A—anomaly associated with the first-order FE to PE phase
transformation, resulting in (theoretically) an infinitely large p and C*% at the equilibrium
transition temperature Tc. The application of high enough E along the polarization direction results
in the smearing of the temperature dependence of p and C*S as shown in Figure 9 and 10 for all

four materials. This results in the disappearance of well-defined maxima in these properties at
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sufficiently large electric fields: the maxima in p and C*S shift to higher temperatures and are
reduced in magnitude with an increase in E. Furthermore, these quantities become progressively
less sensitive to temperature for larger fields. In the case of PT, however, owing to a much stronger
first-order FE-PE phase change as defined by the jump in the spontaneous polarization at Tc (see
Figure 8), relatively higher electric fields are required to achieve the same effect. At lower field
difference, all four materials show typical FE behavior such that there is an increase in the value
ATad With operating temperature, up to a point around their respective Tc. There is a decrease in
ATad beyond a maximum near the Tc with increasing temperature which is expected [63] since the
pyroelectric response for T>Tc for small electric fields is essentially given by the variation of the
electric field induced polarization in the PE phase. For significantly higher fields, the EC response
of PT and BT shows a maximum in ATag near Tc and a decrease for T>Tc. However, in the cases
of 0.90PMN-0.10PT and 0.65PMN-0.35PT, AE=1000 kV/cm is sufficiently large to obscure the
effect of the phase transition at Tc, at least for temperatures in which the material retains it FE
properties. Such a difference in behavior can be assigned, at least in part, to the presence of a
relaxor nature of the FE solid solutions, and the accompanying dispersion of the FE—PE transition
[64]. Application of a large enough electric field can also be expected to result in a partial
stabilization of the FE phase to slightly higher temperatures than Tc [65]. Also, as it can be seen
in Figure 13), both 0.90PMN-0.10PT and 0.65PMN-0.35PT have a relatively temperature
insensitive ATad Over a larger temperature range compared to PT and BT.

The large peak in EC response of the PMN-PT composition corresponding to the MPB is
similar to the previously calculated (and experimentally confirmed) peaks in the dielectric,
piezoelectric and elastic compliance at the MPB for lead zirconate—lead titanate (PZT) solid

solutions [66]. The enhancement in the properties are often attributed to the co—presence of two
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(or more) phases with differing polarization directions [67]. This could be attributed to the
disappearance of anisotropy contributions to the free energy and formation of nano—domains.

We note that the calculated values in this work are limited to intrinsic EC response.
Effective functional responses in ferroic materials are due to both their intrinsic (lattice) and
extrinsic nature which includes motion of domain walls, formation of phase boundaries, and local
(defect) dipoles. While the amount of extrinsic contributions to the effective EC response has not
been quantified, such data are indeed available for the dielectric response, and in part, also for the
piezoelectric response of the materials considered here. In general, relaxor—FEs such as PMN-PT
have been shown to exhibit enhanced extrinsic properties that can be as high as 30%—-80% of the
total functional response in BT and PZT ceramics [68]. This contribution could be significantly
larger in Relaxor—PbTiOz near MPB single crystals, evaluated to be ~300% [69]. We can,
therefore, expect that the overall EC response of these single crystals to be similarly augmented
by the extrinsic contributions, and through domain wall engineering, i.e. creation of specific
mobile (adaptive) domain architectures to further enhance entropy variations with an applied

electric field. This enhancement should be more pronounced at relatively low initial biases.

Materials and Methods
Details of Theoretical Methodology

We consider a monodomain single crystal FE in an unconstrained, unstressed state. We
analyze PT, BT, 0.90PMN-0.10PT, and 0.65PMN-0.35PT that undergo a cubic (Pm3m) PE to
tetragonal (P4mm) FE transition at Tc. The components of the polarization vector P for the PE and
the FE phases are P1=P>=P3=0 and P1=P>=0, P3=P#0, respectively. The volumetric (excess) free

energy due to polarization is given by:
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G(T,E,P)=G, + P’ +a,,P* + ,,,P°* —EP (15)

where Go is the free energy density of the (unpolarized) PE phase, and a1, a11, and a111 are dielectric
stiffness coefficients. a1 is given by the Curie—Weiss law such that ao=(T—Tc)/(20C)* where & is
the permittivity of space and C is the Curie—Weiss constant. In Equation (15), E=(0,0,E3=E) is the
applied electric field. All thermodynamic properties and stiffness coefficients used in the

computations are given in Table 1).

Table 1- Property coefficients: Property coefficients of BT, PT, 0.90PMN-0.10PT, and
0.65PMN-0.35PT. The data are compiled from Refs. [25, 49]

Parameter/Material BT PT 0.90PMN-0.10PT 0.65PMN-0.35PT
Tc(°C) 121 475 38 159
o1 (10°m/F) 3.76(T-Tc)  3.68(T-Tc) 1.81(T-Tc) 2.415 (T-Tc)
a11 (10°m°/C?F) 3.6T-630 —146-0.38T 61.6-0.038T 28.9-0.038T
a111 (10°m8/C*F) 6.6 0.257 0.257 0.257
S11 (10?m?/N) 8.3 7.7 0.018 0.31
S12 (10m?/N) -2.73 -2.33 -0.63 -0.11
S44 (10m?/N) 9.22 8.77 —0.56 0.245
Q11 (mM*/C?) 0.11 0.09 0.084 0.084
Q12 (M*/C?) -0.034 -0.025 -0.025 -0.025
Qus (M*/C?) 0.029 0.039 0.035 0.035
Hard Mode Ce 3.74 4 8(5%x10°9xT3— 8(4x1079xT3-3x106xT?
(10%J/gK) 3x108xT2+6%10° +8x104xT+0.3)
4xT+0.31)

For PMN-PT, we use Heitmann—Rossetti free energy potentials that were obtained using
a combined phenomenological and topological analysis [70]. The free energy potentials are
supplemented by experimental ‘‘hard-mode’” contributions to heat capacity determined
experimentally (see description below and Ref. [61]). The equilibrium polarization P° is then

determined via solving the equation of state 6G/oP =0.

The two most important factors in determining the adiabatic temperature change ATaq at a

given T with an applied electric field difference AE = (Es-Ea) are: the pyroelectric coefficient of
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the material, p, and the heat capacity at constant E, C*%. The proper definitions of these quantities

follow from the relevant Maxwell relations. At constant E, the excess entropy S, the excess

specific heat AC, and the pyroelectric coefficient p follow from:

s gy [ 0G°
Se (T,E)= [8T jE, (16)
0°G?
AC. (T, E):—T[ = jE, and a7
o°P° oS
p(T,E):( o7 jE :[G_EJT (18)

The adiabatic temperature change (AT aqd) as result of a change in the electric field strength AE=Ey-

Ea can then be calculated via:

E, 0
1 (0P
AT .(T,E)=-T|— dE 19
. (T,E) E{CE(aT]E (19)

For all materials studied in this investigation, we estimate the absolute value of specific heat, Cg(T,
E) by adding the computed zero—field values of the excess specific heat ACg(T, E) from Equation

(17) to the lattice or hard—mode contributions taken from the experimental values.

Experimental Details

A direct method for determining the EC effect is given in Refs. [32, 62, 71-73]. The (total)
heat capacity at constant electric field E (Cg) was determined using either a high—resolution
calorimeter described in Refs. [51, 71, 74] or a conventional Quantum Design Physical Properties

Measurement System (PPMS) technique. Quantitative and qualitative agreement between the
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calculated and measured data provided additional support for the robustness of our approach. For
the direct EC measurements, a high—resolution calorimeter with small modifications to the
experimental setup has been utilized to measure a sample temperature variation due to the EC
when an external field was applied. A step voltage form is applied to all the samples by a high—
voltage generator. The sample temperature was acquired by a small bead thermistor attached to
the sample electrode. The surrounding bath temperature was stabilized by a temperature controller
within 0.1 mK. In typical sequence the field was switched on to some level for 500 seconds and
then switched off. During this time and additional 500 seconds after the switching off the field the
relaxation of the sample’s temperature was monitored. This allows detailed analysis of the
amplitude of the EC temperature change induced by the electric field as described in details in Ref.

[32].

Electrocaloric Effect: Summary

In summary, we have calculated the EC temperature changes in BT, PT, 0.90PMN-0.10PT,
and 0.65PMN-0.35PT over a wide range of temperatures. Large EC responses close to or
exceeding 10°C were found over a very broad temperature range exceeding several hundred
degrees in case of BT, and two PMN-PT systems. In PT, a giant EC response of 28 °C at IMV/cm
is predicted. These adiabatic temperature changes correspond to significant entropy variations. For
example, AS=-22.16 and -7.29 Jkg'K?! for PT and 0.65PMN-0.35PT, respectively for
temperatures at which each material shows the maximum ATag (561 °C for PT and 253 °C for
0.65PMN-0.35PT). This is similar to some of the best EC responses experimentally observed at
similar fields in polymeric FEs. ATad(AE) shows little saturation at large fields indicating that in
these materials truly very large EC response is achievable [22]. Therefore, it may prove optimal

for application to operate these materials at large fields as demonstrated recently in thick films.
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Mechanocaloric Effect

Definitions and Importance

Solid-state caloric materials have been receiving a great deal of attention in the past decade
since the discovery of giant EC adiabatic temperature variations in thin films [31]. The goal is to
utilize them as an alternative to conventional cooling systems [3, 5, 22, 42, 75]. Advances in
understanding these types of materials could result in efficient means to realize solid-state power
interconversion devices that produce high temperature lifts in smaller volumes. These devices can
be utilized in a wide variety of applications such as localized cooling and refrigeration (i.e. food
processing, biomedical, personal cooling), on—chip cooling, residential and commercial heating,
ventilation and air conditioning systems, and temperature regulations of sensors [36]. In caloric
materials, external stimuli result in isothermal entropy variations, which ultimately lead to
adiabatic temperature changes (ATad). These stimuli include electric, magnetic or stress fields, and
as a result, the material exhibits an EC [5, 15], a magneto—caloric (MC) [2, 76], or an ¢C effect [6,
11], respectively. Furthermore, in multi—ferroic systems, a combination of appropriate conjugate
fields gives rise to a multicaloric response that is essentially the total adiabatic temperature

variation due to all entropy changes.

When compared to MC and purely ¢C materials (ferromagnets and ferroelastics,
respectively), FEs, which could utilize the combined EC and ¢C effects, offer a significantly easier
means to apply an external stimulus (electric vs. magnetic fields) and do not suffer from
mechanical fatigue as severely as shape memory alloys (SMAS) [77-79]. The interest in FES stems
from the fact that there are large entropy changes associated with the emergence of spontaneous
polarization and spontaneous self-strain below the FE-PE phase transformation temperature (Tc)

[80, 81]. There are several FE materials that have been studied for EC applications. Some examples
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include FE and anti—FE ceramics, polymers and copolymers, and in bulk, single—crystal, and thin
film forms [3, 15, 36-38, 82]. Furthermore, FE heterostructures consisting of FE and linear
dielectrics have been shown to exhibit enhancements in ATaq as a function of volume fraction of
the FE material. This is due to strong electrostatic coupling between the linear dielectric and the
FE [37, 80, 83]. A recent theoretical study suggests that the amplitudon and the phason modes of
polarization can be decoupled in complex layered oxides, which may create two independent
channels of entropy [84]. These correspond to the increase in the magnitude of the polarization
vector (amplitudon) and its rotation (phason) upon the application of an external electric field. We
note that there are also experimental issues in realizing the measurement of actual adiabatic
temperature changes. There have been methods developed to measure this directly in addition to
approaches that determine the adiabatic temperature changes from Maxwell equations by
determining temperature variations of the polarization and the dielectric constant. There is an
ongoing debate about the benefits on such measurements [85, 86]. As a final remark, we must also
point out that intrinsically, the adiabatic temperature change resulting from entropy variations with

applied electric field (i.e. the EC effect) is limited in its magnitude [85].

FE phase transformations in inorganic systems can be of first— or second—-order and such
phase transformations involve non—centrosymmetric displacements resulting in a spontaneous
polarization and strain. Thus, the ¢C effect can also be realized in FEs such as prototypical BT and
PT. For example, in PT, the self-strain associated with the cubic-tetragonal PE-FE phase
transformation is 1.62% just below Tc = 475 °C and 4.87% at room temperature (RT=25 °C). This
spontaneous strain is on the order of what has been observed in single crystal SMAs (~8% at RT
in Ni—Ti alloys) [87, 88]. This is the reason why several studies in recent years have concentrated

on maximizing the total caloric properties of FEs by combining EC and ¢C effects [6, 9, 24, 89,
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90]. Experimental studies report moderate combined (total) ATaq in bulk and thin film FEs. For
example, FE (Bao.ssCao.15)(Zro.1Tioo)Os ceramic exhibits an adiabatic temperature change of
ATag=1.55°C at T=67°C, hydrostatic pressure of 250 MPa and applied electric field (E) of 20
kV/icm [9]. Relaxor xPMN—(1-x)PT with composition of 0.68PMN-0.32PT displays a total

ATag=0.36°C at T=67°C, pressure of 28 MPa and E=15 kV/cm [8].

While these values of ATaqg are fairly modest, we note that the corresponding driving fields
to obtain these variations are small. Therefore, ATag Should be substantially larger for a
combination of relatively large electric fields and mechanical stresses. We present a systematic
theoretical analysis of intrinsic EC and oC properties of different FE and relaxor—FE materials that

could be used in a hypothetical refrigeration cycle shown in Figure 14.

Tension
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Figure 14— Schematic of an elasto—electrocaloric refrigeration cycle: Application of electric field
accompanied with mechanical tension on the material in an adiabatic system generates heat (1).
This heat transfers to an external source (2) and upon removal of the stress, the material cools
down (3). Removal of electric field and application of uniaxial compression further drops the
temperature (4) resulting in heat transfer between the system and surroundings (5). This
completes the cycle by taking the state of the system back to the initial stage (6).
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In this illustration, a combination of electric fields [38] and uniaxial stresses [24] are
employed to generate entropy changes, which lead to heat exchange with the system environment.
An adiabatic increase in the tensile stress is accompanied by the application of an electric field,
and thus, increases the temperature of the system. This results in a heat transfer between the system
and its surroundings. Upon the gradual removal of the stress field, the temperature drops. There is
an additional decrease in the temperature with the application of a compressive stress and the
removal of an electric field. This is followed by absorbing heat from the external source. At this
step, removal of compressive field again increases the temperature. This completes the cycle by
taking the system to its initial state. Specifically, we compute the combined intrinsic EC-6C
behavior of prototypical FEs BT and PT, and relaxor—-FE PMN-PT solid solutions. We choose two
specific compositions for PMN-PT: 0.90PMN-0.10PT and 0.65PMN-0.35PT. These represent a
relaxor and relaxor—FE solid solution, respectively. 0.90PMN-0.10PT is far from the MPB with a
maximum dielectric response at around 40°C. The maximum ATaq Shifts to higher temperatures
upon the application of an electric field [15]. 0.65PMN-0.35PT is near the MPB and displays
promising caloric responses [91]. It is noteworthy that large pyroelectric coefficient values (1070
pHCm2°C™1) have been observed in 0.72PMN-0.28PT and 0.67PMN-0.33PT [92]. The selection
of these four systems also allows us to compare caloric behavior of relaxor PMN-PT with

prototypical FEs BT and PT.

Theoretical Approach

In order to analyze EC—oC properties of FE perovskites we employ a Landau—Devonshire
approach. We consider a monodomain single—crystal FE with tetragonal symmetry (P4mm). The
FE is cubic (Pm3m) in its unpolarized PE state. The FE is sandwiched between two metallic

electrodes and there is a (external) uniaxial tensile stress that acts on the system along the axis of
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spontaneous polarization [see Figure 15(a)]. The excess free energy due to polarization in the FE

state is:

G(T,P,s,E)=G,+(a -0,S)P’+a P'+a, P +a, P -EP- %Sﬂs2 (20)

1111

where Go is the free energy density of the PE state and P is the polarization in the FE state, i.e.,
the polarization vector P=(P1, P2, P3)=(0, 0, P). E and o are the components of applied electric
field and uniaxial stress, respectively, and both are oriented parallel to the polarization direction
P. a1, a11, o111, and a1111 are the dielectric stiffness coefficients. Qi1 is the electrostrictive
coefficient and Si is the elastic compliance. a1 obeys the Curie-Weiss law such that a1 = (T-Tc) /

(260C) where &g is the permittivity of space and C is the Curie—Weiss constant.
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Figure 15— Electrical and mechanical boundary conditions considered in this study: (a) uniaxial
tension applied to a FE which results in an elastocaloric response; (b) a combination of
hydrostatic pressure and an electric field acting on a single-domain ferroelectric material
resulting in a combined elasto-electrocaloric response.
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In order to calculate the ATag due to external stimuli, we use a formulation proposed by
Pirc et al., [93] which stipulates that the entropy of a FE system under an external field ¢ can be

written as a sum of polarization dependent dipolar entropy (Sqip) and lattice entropy (Siatt):
S(¢’T) = Sdip (¢'T)+Slatt (T) (21)

Sdip IS @ strong function of external electric and/or stress fields since the equilibrium polarization
of the system changes with the application of these quantities. Variations in Siat with ¢ are
negligible [93]. In our approach, the system starts off at an initial state (¢, T1) and the cycle closes

at a final state (¢, T2). The entropy variation of the system is zero. This leads to:

AS = I:Sdip (¢2 T2 ) +Sp (Tz ):I _[Sdip (¢1'T1) + Sjan (Tl)] =0 (22)
and thus, the change in lattice entropy is obtained with:

Slatt (TZ ) - SIatt (Tl) = JZCI%(T)dT = Clatt (Tl) In [-II-_ZJ (23)

T 1

where Ciart is the (volumetric) lattice heat capacity and its absolute value is estimated by scaling
the zero—field values of specific heat of the PE-FE transition to the hard—mode contributions to
the specific heat taken from experimental data [94]. Via solving Equation (23) for T> gives a self—

consistent equation for ATag =T2-Ta:

latt

Tz :Tl exp|:_Ci|:Sdip (¢21T2 ) - Sdip (¢1’T1):|} (24)

where Sqgip=—T-(0(AG)/0T)4. Considering that only a1 and a1 are temperature dependent, Equation

(24) becomes:
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dey,

= (P2(¢2,T2)—P2(¢1,T1))ﬂ (25)

T,=T exp[%{%(Pz(@,Tz)— P2(¢1’T1))+

This is the key relation that allows us to compute and compare ATaqg for the four different FEs. The
relevant coefficients entered in Equations (20-25) are compiled from available literature and are
listed in Table 1). Also included in this table are the hard modes of Ciat as a function of

temperature.

Elastocaloric Response

Figure 16 presents the oC behavior [obtained from Equations (20-25) for E=0] of BT as
functions of temperature and tensile stress fields, which stabilize the tetragonal FE phase by

shifting the transition temperature Tc towards higher temperatures.
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Figure 16— Elastocaloric response in BT: (a) polarization variations of BT under various applied
uniaxial tensile fields (c=100-500MPa) and (c) temperatures (T=RT-200°C) resulting in
adiabatic temperature changes with values as high as ATag=1.8°C under 6=500 MPa (b) and
ATag=1.72°C under 6=500 MPa at T=150 °C (d).
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The application of ¢ to values as high as 500 MPa can shift Tc by as much as 140°C. ATad
associated with the applied tensile stress is shown in Figure 16(b). Stronger tensile stress fields
lead to higher values of maximum ATag; for =100, 200, 300, 400 and 500 MPa, ATadmax=1.2, 1.4,
1.6, 1.7, and 1.8°C, respectively. This happens at T = Tc (6=0) =125°C in all cases because the
initial (bias) stress is zero. Depending on the strength of the stress field, the temperature range at
which noticeable values of ATaqare observed varies. Comparing Figure 16(a) and (b), it is evident
that both the polarization and ATag abruptly drop at the same temperature. The shift in the Curie

point as a function of applied stress is given by:

AT, =T,

C(o‘¢0)

_Tc(a:o) =2£,CQ, 0 (26)

which can be obtained by setting a1-Q110 to zero [see Equation (20) and the definition of the a4].
Here Tc(0=0) is the bulk, unstrained Curie transition temperature. Figure 16(a) shows the variation
in Tc as a function of o. As expected, higher tensile stresses stabilize the FE phase. We note that
the transition is still of first—order since the material is not clamped [95, 96], i.e., unlike a1, o1 in
Equation (20) is not normalized with respect to . What is surprising is that the maximum of ATad
IS not near this new transition point. It is still around the bulk Tc. The reason for this is that the
initial stress for the compositions of ATag IS 6=0. This ensures that the maximum ATaq IS near
Tc=0). The magnitude of the applied stress then determines the broadness of the ATaq curve. For
example, at =100 MPa this range is around 20°C whereas for =500, it increases to a span of

~135°C.

Another way of showing the correlation between T and ¢ is by analyzing how polarization
changes as a function of ¢ at a given T. This is illustrated in Figure 16(c) which shows that an

external tensile stress in the direction of the easy polarization axis of BT increases the value of
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polarization at a given T. For T < Tc(s), there is a gradual, continuous increase in the equilibrium
polarization. However, for temperatures higher than Tc(+0), an abrupt shift takes place at different
magnitudes of . This is due to the stress—induced FE phase transformation. For example, for BT
at 200°C, an applied uniaxial tensile stress of 280 MPa will favor a FE state. The jump of 0.18 Cm-
2 at 200°C and 280 MPa is an indication of a strong first—order phase transition. This response is
reflected in the ATag behavior, which is shown in Figurel6(d). Tensile stresses in the FE state [T
< Tc(#0)] result in a continuous, but small increase in oC properties. A more significant variation
in ATag can be expected if T > Tc(s+0) Where the stress induced FE transformation results in more
extensive entropy variations. We note that the correlations between Ps, T and o are reversed for
compressive stresses (0<0) since these would suppress FE behavior and shift Tc to temperatures
lower than the unconstrained, unstressed Tc of BT. It is worth mentioning that the values of ATag
calculated here are in the same range as EC adiabatic temperature change of BT that are reported
in experimental studies [62, 97]. This indicates how combined ¢C and EC effects can enhance the

cooling potential of such material systems.

In Figure (17), we present ¢C behavior of PT, 0.90PMN-0.10PT, and 0.65PMN-0.35PT
using the methodology developed for BT. We plot ATag as a function of temperature at various
stress fields as well as ATaqg as a function of ¢ at different temperatures. Similar to BT, PT has a

strong first—order phase transition.
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Figure 17— Elastocalotic response of different FE systems: adiabatic temperature change of PT
(@) and (b), 0.90PMN-0.10PT (c) and (d), and 0.65PMN-0.35PT (e) and (f) as functions of
temperature and applied tensile stress. PT exhibits the highest response at T=484°C at 6=500
MPa with a value of ATag=1.72°C. PMN-PT compositions display high values of ATaq Over a
wider temperature range and closer to RT.

This results in sharp peaks in Figure 17(a) with large drops following the disappearance of
polarization beyond T > Tc(s+0). ATad Can reach as much as 12.7 °C upon the application of 6=500
MPa. For lower stress levels such as 6=100, 200, 300, and 400 MPa, ATa = 7.5, 9.3, 10.6, and
11.7°C, respectively. The temperature range with relatively high values of ATad Shows a similar

behavior and expands with increasing o. It goes from 14°C to 37, 60, 81, and 103 °C for ¢=100,
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200, 300, 400, and 500 MPa, respectively. The values of ATaq for PT are higher when compared
to BT under similar conditions. This is because PT has a stronger first—order phase transformation
than BT: generating a more substantial variation in entropy as PT transforms from an unpolarized
PE to the FE state. It is important to mention that maximum values of ATaq for PT occur at higher

working temperatures compared to BT.

In the case of PMN-PT, the second—order phase transition produces slight changes in the
overall appearance of ATaqg as functions of T and o. In both compositions of PMN-PT chosen for
this study, the ATaq responses are much broader and relatively less temperature sensitive compared
to BT and PT [Figures 16(b) and 17(a), respectively]. For 0.90PMN-0.10PT, the values of ATad,max
change from ~1.0 to 3.1°C as ¢ increases from 100 to 500 MPa. As for the temperature range with
relatively high ATag, the relaxor nature of FE phase transformation results in the widening of the
temperature range for ATad. For instance, values of ATag > 1°C are achievable for a temperature
range of —105°C < T < 243°C at =500 MPa. Figurel7(e) shows a similar behavior for 0.65PMN-
0.35PT, but with a more pronounced manner. For 0.65PMN-0.35PT, ATadmax=2.5, 4.0, 5.0, 6.0,
and 6.8°C for 6=100, 200, 300, 400, and 500 MPa, respectively. Moreover, for stress fields as low

as 6=200 MPa, ATaq > 1°C is achievable for a temperature range as wide as 21°C < T < 218°C.

Stress Mediated Electrocaloric Response (Hydrostatic Pressure)

As for the application of stress, the most facile approach is with hydrostatic pressure since
it allows for higher magnitudes of stresses in ceramics. The combined effect of hydrostatic pressure
and an applied electric field is explored using a similar approach [Figure 15(b)]. The free energy

in this case is:
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G, =G, + (g —2Q,,0, +2Q,,0, )P2 + allP4 + ocmP6 + Ozlmp8 —-EP+ [g S+ BSlzjo'f| (27)

where oH=01=02=03 is the hydrostatic pressure and on<0.
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Figure 18— Electrocaloric response under hydrostatic pressure: adiabatic temperature change of
BT (a), PT (b), 0.90PMN-0.10P (c), and 0.65PMN-0.35PT (d) as a function of temperature
under various magnitudes of hydrostatic pressure. In all cases, hydrostatic pressure shifts the

maxima to lower temperatures. This takes place at the cost of decreasing of the magnitude of the

maximum value. Electric field is set to be AE=Ep-Ea=100 kV/cm with initial field of Ea=0
kV/cm.

In Figurel8, we plot the combined «C—EC response for all four materials as functions of T
and on. The external electric field difference is set to be AE=Ep-Ea=100 kV/cm with an initial

(bias) field of Ea=0 kV/cm. As it can be seen, the application of hydrostatic pressure shifts the
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peaks of combined ¢C—EC responses toward lower temperatures due to the suppression of FE

transformation, for all four cases. This follows from the relation:

AT, =T

C(oy =0)

_Tc(aH —0) = 4¢,Coy (Qll _le) (28)
which can be obtained by setting a1-2Q1101+2Q1201=0.

For the case of BT, this decrease in Tc is ~100°C for o4 = 1000 MPa. As such, maximum
ATad is near RT but the magnitude of ATag is reduced by 11.3% (from 1.38 to 1.24°C). However,
the improvement in the total (or combined) intrinsic 6C—-EC response over just the EC adiabatic
temperature change is substantial: 1.24°C compared to 0.27°C at RT, respectively. Similar results
are observed for PT and the two PMN-PT compositions. The same strategy is not as effective in
the case of PT since its bulk Tc is relatively high. Despite that, ;cC—EC ATaq of PT is 0.26 °C at
RT and on = 1000 MPa compared to just the EC response which is 0.21°C. For both compositions
of PMIN-PT, relatively large shifts are observed and this results in high values of 6C—EC ATaq in
the vicinity of RT. For 0.65PMN-0.35PT, the RT 6C—EC ATaq is 2.4°C for o = 1000 MPa whereas

the EC ATagq IS just 0.71°C.

Discussion & Concluding Remarks

We have computed the combined intrinsic cC and EC properties of four different FE oxides
as functions of temperature, applied electric field and stress. Our results show that cC and EC
effects can be combined to generate unique proposed refrigeration cycles that employs an external
stress and an applied electric field to generate adiabatic temperature changes in FE materials.
Uniaxial tensile stresses along the easy axis of polarization in perovskite FEs can significantly
shift the PE-FE transition temperature to higher temperatures. This can be utilized to tailor the
combined o—EC response. Also, uniaxial tensile stresses broaden the temperature range at which
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relatively high adiabatic temperature changes can be achieved. Considering various investigated
systems, among the four materials examined (BT, PT, 0.9PMN-0.10PT, and 0.65PMN-0.35PT),
PT displays the highest cC adiabatic temperature change near its Tc (12.7°C at 6=500 MPa). When
compared to its pure EC response near Tc (~8°C at AE=100 kV/cm), it is 59% higher. Relaxor and
relaxor-FE compositions, 0.9PMN-0.10PT and 0.65PMN-0.35PT, exhibit relatively larger

adiabatic temperature changes in a wider temperature range and at temperatures closer to RT.

On the other hand, hydrostatic pressure can suppress the transformation to the FE phase.
Therefore, it decreases the maximum adiabatic temperature. Meanwhile, it shifts the maximum
adiabatic temperature change to lower temperatures that could improve the material performance
at RT. We note that, we have limited ourselves to the intrinsic 6C—EC response of FE materials.
In addition to the intrinsic part of the combined EC properties, these four materials may also exhibit
significant extrinsic contributions in their caloric responses. This is due to the presence of adaptive
polydomain structures, which consist of structural or elastic domains [98, 99]. The extrinsic
response is a result of reversible domain wall displacements in the presence of elastic and electric
fields [100]. The effect is substantial in hard ferroelectricity such as PZT, which has been
demonstrated both experimentally and theoretically [101, 102]. Furthermore, in relaxor-FEs, the
extrinsic contribution can be significant near the MPB [103]. This can be attributed to the
formation of nanodomains [104-109]. Recent theoretical studies suggest that there is an increase
in pyroelectric response of polydomain FE films [89, 110]. These findings are parallel to what is
known about extrinsic contribution to piezoelectric properties. In highly piezoelectric FE
materials, not only does the electric field affect ionic displacement [54], but also electrostriction
and reversible domain wall displacement, which should also be considered [55, 111]. Thus, we

conclude that such extrinsic contributions could add to the intrinsic response and would potentially
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result in relatively large entropy variations in FEs. We note, however, that defects such as
dislocations, vacancies, and space charges may smear the FE phase transformation and can result
in a degradation of EC properties [112, 113]. And finally, we would like to point out that for
optimum combined c—EC properties, it is perhaps best to concentrate on FEs with second—order
phase transformations to avoid hysteretic losses associated with domain nucleation and growth
during the polarization switching process. This current study is the first step on the determination
of a phase space comprised of materials chemistry, strain, temperature, and electric field to obtain

large caloric effects for practical applications.
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Flexocaloric Effect

Introduction of Flexoelectric Effect

The flexoelectric response is present in all insulating materials. It results in generation of
electric polarization as which is due to presence of inhomogeneous strains or “strain gradients”.
This phenomenon can occur in crystals with any of the typical symmetry systems. This is due to
the fact that strain gradients break inversion symmetry of centrosymmetric crystals as well [18,
114, 115]. Therefore, the flexoelectric effect can be defined as the change in the electric

polarization as a function of the strain variations at constant electric field E, i.e.,

oR
Huij _{8(8Uk,/ﬁxj )JEO (29)

where Pj is polarization vector, uw is the strain tensor, ouw/dX; is the strain gradient and pij is the
flexoelectric tensor [116]. It has been observed that in linear dielectrics, flexoelectric coefficients
are small compared to PEs and FEs. For example, in MgO and NaCl, u11 (in contracted notation)
is -111.7 and -62.8 pC/m, respectively [117]. Consequently, it would be difficult to obtain high
values of electrical polarization in this type of materials. On the other hand, flexoelectric
polarization in FEs can be substantial. This is because of the existing non—centrosymmetric
displacements that generate built—in polarization. Therefore, enhanced properties are expected
when there is a large strain gradient in a FE material. Physical properties can be altered with this
induced strain gradient. For example, Catalan et al. suggest significant decreases in the dielectric
constant for FE thin films that are subjected to inhomogeneous, in—plane strains [118]. As for

centrosymmetric dielectric materials, linear coupling between strain gradient and electric
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polarization can lead to large piezoelectric and pyroelectric responses [116, 119-121]. For
example, Biancoli et al. attribute observed pyroelectric and piezoelectric signals in PE barium
strontium titanate samples [119]. They mention that these samples had never been in their FE phase
to flexoelectricity. In another example, Chin et al. investigated the electro-thermal behavior of PE
barium strontium titanate thin films with huge strain gradient in the order of 10* m™ due to the
lattice mismatch with substrate. Under a heating rate of 0.75 °C/s, they report the generation of 86

nW/cm?® power density with an output voltage of 1.8 mV [121].

Despite the fact that epitaxial thin films can possess much larger magnitudes of strain
gradient compared to bulk materials [122], flexoelectric properties are mostly studied in bulk
materials, with not many potential applications [123-125]. In the case of FC response, a few
studies on FE thin films show promising results [16]. This is perhaps the main reason that there
has been extensive work on flexoelectric effects in FE materials [126, 127]. However, for FEs in
bulk form, it is difficult to apply inhomogeneous stresses (such as through 3— or 4—point bending
or via the tip of an atomic force microscope) that would result in appreciable strain gradients
without mechanical failure [121, 122, 128]. For example a maximum strain of 10 was achieved
in SrTiOs single crystal via oscillatory 3—point bending, resulting in polarizations in the order of

1-10 nC/m [129].

Flexoelectric Effect in Epitaxial Thin—-Films

Partially or fully relaxed epitaxial thin films may display strong strain variations across
significantly shorter distances. In epitaxial films, internal stresses arise from the lattice mismatch
between the film and the substrate. This equi—biaxial strain is homogeneously distributed

throughout the volume of the film [130]. It has been shown that if FE films, such strains can result
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in changes in the nature of the phase transformation from the PE to the FE state (from first- to
second-order), the temperature of the PE-FE transformation [49, 131], physical properties [25],
and may even result in the stabilization of phases that do not form in bulk form [132]. The internal
stresses in epitaxial films can be relaxed by forming an orthogonal network of misfit dislocations
at the film—substrate interface. The interplay between the relaxation of the epitaxial strains that
reduces the total energy of the system and the self-energies of the dislocations that have to be
generated, results in a critical thickness (h¢) for the formation of interfacial misfit dislocations
below which these misfit dislocations are not feasible. The degree of relaxation provided by this
network of dislocations depends on parameters such as the film thickness and the total misfit strain
energy and is completely reduced for film thicknesses h >> h.. While within the volume of the
film average in—plane strains are relieved, there exist strong strains due to the presence of the misfit
dislocations in the vicinity of the interface. The change of the strain state from the interface towards
the film surface would result in polarization variations via the flexoelectric effect which can be

substantial compared to bulk materials due to reduced dimensions in thin film [118, 133, 134].

Experimentally, strain gradients of about 10" m™ are measured around dislocations in
epitaxial (001) PbZros,Tig4sO3 films grown on (001) SrRuOs-buffered (001) SrTiOz substrates
[135]. Other defects may result in strain gradients as well; for example, epitaxial HOMnOs FEs
under tensile strain of around 5%, display strain variations as large as 10¢ m™ which are believed
to be partially due to the presence of oxygen vacancies [133]. We note that strain relaxation can
also occur as a result of different growth directions and chemical fluctuations. This has been
reported for (Lao.7Sro.3)MnO3 epitaxial thin films deposited on SrTiO3 substrates via pulsed laser

deposition [136].
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Flexocaloric Effect in Epitaxially Strained Thin Films

Can these strain gradients that exist in partially or fully relaxed epitaxial FEs, result in
appreciable adiabatic temperature variations? In other words, can the flexoelectric effect provide
a FC response? In this study, we show theoretically that the answers to both questions are yes; The
FC effect can be substantial and may provide temperature variations of the order of 1°C in
prototypical heteroepitaxial FE thin films. We demonstrate that this effect is another channel of
entropy variation that can supplement electro— and elastocaloric effects in FEs that can be utilized
in on—chip cooling/heating applications [13, 24, 31, 36]. A report of first—principles calculations
suggests an adiabatic temperature change of ATag=1.5 °C at 16 °C in BaosSrosTiOs under a strain

gradient of 1.5 pum ™ [16].

Misfit Dislocations and Flexocaloric Calculations

We present here a thermodynamic analysis of FC adiabatic temperature change in
prototypical epitaxial FE system BT thin films. We take into account strain relaxation through
formation of misfit dislocations. In heteroepitaxial films, the internal strain due to lattice mismatch
can be relaxed with formation of misfit dislocations [137]. As the misfit dislocations form and
accumulate in the film—substrate interface, crystal lattice of the material becomes more and more
distorted [16]. Coupling between the stress field of dislocation and the polarization leads to a

relaxation in epitaxial thin films [138]. The effective average misfit strain can be derived as [139]:
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U, =1-———"1 (30)

. . . . a,—a .
where u? is the pseudomorphic misfit strain [:M, as and ar are lattice constants of
a

S

substrate and film respectively], h is the film thickness, and h¢ is Matthews—Blakeslee critical
thickness for dislocation formation [140, 141]. Figure 19 is an illustration of strain throughout the
epitaxially grown films with different film thicknesses. For films with thicknesses smaller than the
critical thickness for formation of misfit dislocations (h<h¢) the film experiences a uniform strain
throughout its bulk (Figure 19(a)). If the film has thickness of higher than hc, misfit dislocations
form and help to relax the imposed strain from the substrate. This causes generation of a strain
gradient through the thickness of the film. However, for relatively thin films, the number of these
dislocations would not be sufficient to lead to a full relaxation (Figure 19(b)). On the other hand,
for sufficiently thick films (h>>hc), the number of generated misfit dislocations would be sufficient
to fully relax the film (Figure 19(c)). In each case, the magnitude of generated strain gradient is
different and the corresponding flexoelectric effect would be different. For the cases where h<h,
there will be no strain gradient and du/dz=0 throughout the film (Figure 19(d)). As for the case of
films with h=hy, the strain gradient would be substantial. In the case of h=hs however, the strain
gradient would be restricted and full relaxation of the film would limit the magnitude of strain

gradient and its corresponding flexoelectric effect (Figure 19(f)).
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Figure 19— Strain and strain gradient variations: Effective strain throughout film thickness for (a)
ultrathin film with thickness smaller than critical thickness for formation of misfit dislocations
(h<hc), (b) mediate film thicknesses and (c) relatively higher thiicknesses where the film fully

relaxes after a certain point. (c), (d), and (f) presents the strain gradient throughout the film with

thicknesses described in (a), (b), and (c).

Considering formation of misfit dislocations as the only mechanism responsible for

relaxation, as we go towards the film surface through the film thickness, the strain along the z

direction (orthogonal to the film surface) reads [142]:
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u(z,h,)=u, {cosh (%j—tanh(%f]sinh (éj}wt (31)

Here ¢ is an effective depth of penetration for dislocation derived strain. If we combine Equations

(30) and (31), for ¢, we obtain:

(32)

where Uave IS average strain in the film and obtain via u,, = U, +U, . Ut is the thermal strain which

is due to the mismatch between thermal expansion coefficients of film and substrate. Knowing the

strain variation through the thickness, the strain gradient then is calculated as [142]:

h h h
M _ Yol cosnl ] tanh[ 20 Jsinn [ 2 |21 (33)
oz h, 5 5 5

In Figure20 we show the strain variation as a function of film thickness for different magnitudes
of compressive misfit strain. In Figure 20(a) and (b) it can be observed that that as we increase the
film thickness, as a general trend for all misfit strains, the value of average strain and the strain
gradient decrease. Also, as shown in Figure 20(c) and (d), as we increase the value of compressive
misfit strain, regardless of the film thickness, the average stain and the strain gradient both

increase.
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Figure 20— Strain variations: (a) Effective misfit strain throughout film thickness and (b) strain
gradient as a function of film thickness at various compressive misfit strains. hc=5 nm is the
Matthews—Blakeslee critical film thickness for formation of misfit dislocations. (c) shows the
effective misfit strain and (d) shows strain gradient as a function of compressive misfit strain at
various film thickness. Thicker films possess smaller effective misfit strain and strain gradients.
Higher misfit stains imposes higher strain gradient and effective misfit strain.

In Figure 21, we take the case for epitaxial BT films epitaxially grown on top of strontium titanate
substrates. Ideally, this would give a lattice mismatch of around 2%. We chose three different
thicknesses of h=5, 10, and 20nm shown in Figure 21(a), (b), and (c), respectively. As it can be
observed, in terms of strain at the interface and also the strain gradient, the thinnest film shows the

highest response.

49



«/ (BT/ST) =-0.0223 u(zh)

(a) - -0.031

-0.024

. | -0.016

-0.009

Substrate

012 3 4 5 6 7 8 9 1011121314 151617 18 19 20
Film Thickness (nm)

Figure 21— Strain profile of BT/ST system: Strain variation of epitaxial BT on ST substrate with
misfit strain of u%y =-2.23% at film thicknesses of (a) 5, (b) 10, and (c) 20 nm. As the thickness
increases both strain at the film substrate interface and strain gradient decrease.

We consider a (001) monodomain epitaxial film on a thick (001) cubic substrate. We only
consider the FE-PE phase transition which simplifies the problem by taking into account only the
polarization component along z axis. Taking into account the equi—biaxial in—plane misfit strain
um and flexoelectric effect, the thermodynamic potential of the film G in a renormalized form reads
[143]:

G =, P? + ;P + 04, P + Py, d(;;—zjk (34)

and renormalized coefficients are given by
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a =a,—U ———= 35
S (3)
2
o, = oy, —2— (36)
11 11 Sll+512

where P is the polarization along the z axis, a1=(T-To)/2¢0C is the dielectric stiffness (To Curie—
Weiss temperature, C constant of a bulk FE, and &o the permittivity of free space), a11 and a111 are
higher order stiffness coefficients, Qjj are the electrostrictive coefficients, and Sjj are the elastic
compliances of the film in Voigt notation. yij« IS the flexoelectric couplings and dej/dz is the
gradient of jx component of the strain tensor along z. Kogan et al. provided a theoretical estimate
of the flexocoupling coefficient [144]. Kogan’s estimate considers point charges q in a simple
lattice with interatomic spacing a. A distortion of lattice by an atomic—scale strain results in a strain
gradient in the order 1/a. This follows by generation of polarization which would be of order of

(ea)/a®. This perturbation then changes the energy density by a factor of ~q%/(4zsoa)xa. This

energy change is equal to the flexoelectric term in Equation (34), P;/(z—x). Solving this equation

g

for y givesy =
gy

[18].

As for the calculation of caloric adiabatic temperature change (AT.,.i.), We use a

aloric

formulation proposed by Pirc et al. [93] We choose this method instead of the conventional indirect

calculation in which AT,

Caloric

is calculated via Maxwell relation derived expression [15, 21]:
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AT, :-j T (?T(j dy (37)

In Equation (37), X is an arbitrary extensive variable and Y is its conjugated field. In the Pirc et al.
method, a general form for entropy of a FE system under a stimuli field F can be written as a sum

of polarization dependent dipolar entropy (Sdip) and lattice entropy (Siatt):
S(F,T)=S4(F.T)+S(T) (38)

Since polarization of the system changes due to strain gradient, Sqip then becomes a field dependent
function. Whereas for Siat, changes with field is small and can be ignored. So, it can be safely
assumed that Siat is field independent [93]. In our FE configuration, system passes from an initial
state (Fi, Ti) to a final state (Fs, Tr). Since total entropy of the system must be zero and entropy is

essentially a function of initial and final states, the following relation holds:
AS =[Sy (Fo T,) + Siae (T2) |~ Saip (FusT) + S (1) ] = 0 (39)
Hence:
Siat (T2) = Sia (1) = [ Sap (F2 o) =S () (40)

The change in lattice entropy is obtained via:

S (1)~ S (1) = [ S D = c.ancrmn[Tl] (@)

T

where Ciat is the lattice heat capacity of the system per volume. The available experimental data

in the literature confirms that Ciat can safely be assumed to be a well-behaved weak function of
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temperature. [62] Solving Equation (39) for T gives a self—consistent equation to obtain final

adiabatic temperature change AT e =T, =T, :

aloric

Tz =T1 exp|:_Ci|:Sdip (FZ’TZ)_Sdip (Fl’Tl)]:| (42)

latt
Sdip then can be calculated using energy function (Equation (34)) and the relation

A . . . .
Sdip :—[a(a—_l_G)] . Since in our energy function, in most cases there are two temperature
F

dependent Landau coefficients, the final relation of the self—consistent equation reads:

1

T, =T, exp| —
? ' p|:zclatt[

day,

da
1 (Pz(Fz’Tz)_ Pz(Fl’Tl))+ dT

dT

(PZ(FZ,B)—PZ(Fl,Tl))ﬂ (43)

In Figure 22 we show the adiabatic temperature change of a 20nm BT film as a function of
compressive misfit strain at various temperatures. As it can be seen, as the magnitude of
compressive misfit strain increases, the maximum FC response shifts towards higher temperatures
and its magnitude increases. Regardless, the caloric response at temperatures close to RT improves

as the misfit strain increases.
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Figure 22— Adiabatic temperature change and misfit strain: (a) Contour plot of adiabatic
temperature change at various temperatures and different misfit strains, and (b) adiabatic
temperature change variations as a function of temperature at different misfit strains for a 20 nm
thick BT. A maximum of AT=1.81 °C is calculated at u’y =-2.5% at T=310 °C. As increases,
the magnitude of the ATmax increases and the temperature at which it occurs shifts to higher
temperatures. The inset in (b) exhibits the polarization variations as u’- changes.

Figure 23 presents the FC response of BT films on top of cubic strontium substrates. Here we will
lattice mismatches around 2%. While the highest response is atcheived in relatively high
temperatures, the smaller thicknesses are evindently promoting the FC response. It is observed in
Figure 23(b) that, as the thickness increases, the temperature at which the maximum caloric
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response happens shifts towards lower temperatures. However, the magnitude of this maxima
drops dramatically. Nevertheless, The FC response improves at temperatures that are in the vicinity

of RT.
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Figure 23— Adiabatic temperature change and film thickness: (a) Contour plot of adiabatic
temperature change at various temperatures and different film thicknesses, and (b) adiabatic
temperature change variations as a function of temperature at different film thicknesses for a BT

on ST substrate with u’ =-2.23%. Maximum values of AT occurs at higher temperature and

thinner films. As the film thickness increases, the magnitude of the ATmax decreases and the
temperature at which it occurs shifts to lower temperatures. The inset in (b) exhibits the
polarization variations as film thickness changes.
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Concluding Remarks

Our results show that in epitaxial thin films with compressive misfit strains, the FC effect can be
substantial and may provide temperature variations of the order of 1°C in prototypical
heteroepitaxial FE thin films. This effect therefore, may be considered as another channel of
entropy variation that can supplement electro— and elastocaloric effects in FEs that can be utilized
in on—chip cooling/heating applications. In terms of the optimization of the parameters, we predict
that as the high thicknesses suppress the FC responses, the compressive misfit strains promote this
effect possibly in high effects. We show a strong link between strain relaxation and strain gradients
in epitaxial films and its caloric response. Our results also suggest a promising perspective to find
solid-state systems with giant caloric responses to be used as alternatives for conventional

refrigeration technologies.
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CHAPTER 4: SUMMARY AND CONCLUTSION
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Multiple driving forces in solid—state materials can be utilized for entropy changes and
hence strong caloric responses can be realized. In multiferroic materials, adiabatic temperature
changes can be obtained by a combination of various application of electric, stress, and magnetic
fields. These external stimuli provide additional channels of entropy variations resulting in a

multi—caloric response.

In FE systems, caloric responses can be obtained with the application of electric and
mechanical fields. As a result, FE materials are emerging as an ideal material that may host giant
EC and/or mC responses close to RT. Here, we investigated the intrinsic EC and mC of
prototypical FE materials using Landau—Devonshire theory of phase transformations with

appropriate electrical and electro—-mechanical boundary conditions.

Electrocaloric Response in Ferroelectric Materials

EC materials have emerged as a viable technology for solid state heating/cooling and waste
heat recovery applications. We determined intrinsic EC entropy and temperature changes in
perovskite FEs using theoretical tools supported by experimentally measured heat capacities as a
function of the applied electric field and temperature. A quantitative analysis of the thermal,
pyroelectric and EC properties of representative ceramic FE systems was provided for BT and PT
that display a weak and a strong first—order phase transformation to the FE state, and relaxor—-FE
PMN-PT solid solutions. Our results indicate that the intrinsic adiabatic temperature changes in
relaxor—FEs are substantial. Temperature variations (related to reduced entropy) as high as 14 °C
can be achieved with applied fields on the order of 1 MV/cm at T~350 °C for (001) oriented
0.65PMN-0.35PT. Moreover, the EC response does not vary over a large temperature interval:
13+1 °C for 200<T<600 °C. In PT, the adiabatic temperature change is approximately 28 °C for

an applied field of 1 MV/cm, rivaling the best EC response observed in polymer FEs. This study
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provides the general methodology for theoretical analysis to both assess and guide the way in

discovering newer high performance EC materials.

Mechanocaloric Response in Ferroelectric Materials

As for the mC effect, the intrinsic cC and stress—mediated EC behavior of prototypical FE
materials was computed using Landau—Devonshire theory of phase transformations utilizing
appropriate electrical and electro—mechanical boundary conditions. Our results indicated that
relatively high combined elasto— and EC adiabatic temperature changes can be obtained in FEs.
Furthermore, external stresses allow the maximum electro—elastocaloric response to be tuned
towards room temperature. Our calculations also showed that relaxor FEs should exhibit large

adiabatic temperature variations in relatively broad temperature ranges.

Flexocaloric Response in Ferroelectric Materials

We also investigated the effect of inhomogeneous strain that potentially allows
manifestation of FC effect as another caloric effect that is a stress—driven component. This effect
was of especial interest because it could lead to high caloric responses above the Curie point FC
response of FE material systems was computed that arise from the generation of strain gradient
induced misfit dislocations. The FC response of FE material systems was computed due to
generation of strain gradient induced via misfit dislocations. Considering the electromechanical
coupling between the polarization and stress gradient, a nonlinear thermodynamic model was
employed that took into account the appropriate mechanical boundary conditions. These misfit
dislocations result in strong strain variations through the film thickness in epitaxially grown barium
titanate. As a result, adiabatic temperature changes over 1.81 °C could be realized in 20 nm thick

BT films. We showed a strong link between strain relaxation and strain gradients in epitaxial films
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and its caloric response. We note that certain FEs could take advantage of FC effect to be used to
produce cooling well even above their Curie temperature if they suitably employ the flexoelectric

effect.

These findings indicate that caloric responses in ferroic materials can be deterministically
controlled and enhanced by utilizing a variety of external stimuli. Our results suggest a promising
perspective to find solid-state systems with giant caloric responses to be used as alternatives for

conventional refrigeration technologies.
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