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The electrocaloric properties of polydomain epitaxial Pb(Zr1-x,Tix)O3 thin films are investigated

using a Ginzburg-Landau-Devonshire thermodynamic model as a function of strain, temperature,

and composition for 0.65� x� 1. Polarization transitions driven by epitaxial strain and extrinsic

contributions from domain wall displacements are found to dramatically impact the electrocaloric

response. Careful choice of epitaxial misfit strain and composition allows one to harness the

intrinsic and extrinsic contributions to obtain large adiabatic temperature changes much below the

Curie temperature of the material. VC 2011 American Institute of Physics. [doi:10.1063/1.3614453]

Ferroelectric materials such as PbZr1�xTixO3 (PZT)

have been the subject of intense study in the past decade due

to their potential for use in a wide array of applications. One

such application is solid state cooling with a ferroelectric

material which is made possible via the electrocaloric effect

which has attracted renewed interest since the observation of

large electrocaloric effects in thin films of PbZr0.95Ti0.05O3

(Ref. 1) and 0.9PbMg1/3Nb2/3O3-PbTiO3.2 The electrocaloric

effect refers to the change in temperature of a ferroelectric

under adiabatic conditions in response to a change in the

applied electric field. Since the spontaneous polarization in a

ferroelectric is temperature dependent, an electric field that

influences ferroelectric ordering can cause a change in tem-

perature by raising or lowering the entropy associated with

the order parameter. Although early studies focused on bulk

or single crystal materials where large voltages (>500 V)

were required to achieve temperature changes of 1-2K,3

recent studies of thin film ferroelectrics suggest that superior

electrocaloric performance can be achieved by the applica-

tion of small voltages and by taking advantage of enhanced

breakdown strength in modern films.

As modern electronics trend towards smaller and smaller

feature sizes, one major challenge will be effectively cooling

these high performance materials. Ideally one would turn to

low-power, fully integrated, high-performance cooling media.

Modern electrocaloric thin films that can operate with rela-

tively low applied voltages and require little power are excit-

ing candidates for such applications. Such devices based on

ferroelectrics would rely on thin films (typically >200 nm

thick). Thus it is important to understand the electrocaloric

response in such materials and to identify new pathways to

improve their performance. Recently there has been increas-

ing attention on ferroelectric thin film heterostructures in

which the properties can be tuned through epitaxial strain,

composition, temperature, electric field, and more.4 Theoreti-

cal studies have investigated the effects of strain5,6 and elec-

tric field7,8 on electrocaloric properties of monodomain

ferroelectric films and suggest that tensile strained, Ti-rich

PZT films should possess excellent electrocaloric properties.

Such monodomain states, however, are stable only in ultrathin

films,9,10 and the thicker films that are technologically impor-

tant possess a polydomain structure11–13 with polarized

domains separated by planar domain walls. It is known that

the presence of domain walls can significantly affect the

dielectric and piezoelectric properties.14,15 Thus, it is impor-

tant to understand the effect of domain structures on the elec-

trocaloric properties since the presence of large electric fields

during this process can further enhance domain wall mobility.

In this paper, we use a Ginzburg-Landau-Devonshire (GLD)

theory of polydomain structures and extend it to finite electric

fields to study the electrocaloric properties of Ti-rich PZT thin

films as a function of electric field, temperature, composition,

and epitaxial thin film strain.

We use the Gibbs free energy density ( ~F) for a 001-ori-

ented epitaxial ferroelectric thin film on a cubic paraelectric

substrate to obtain the electrocaloric properties. In the crys-

tallographic reference frame (x1, x2, x3) of the paraelectric

phase, ~F can be written in terms of the polarization Pi, elec-

tric fields Ei, and stresses ri as15
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The primary stiffness coefficient (a1) is given by the Curie-

Weiss law as a1 ¼ T�Tc

2e0C : aij and aijk are the higher order stiff-

ness coefficients, sij are the elements of the elastic compli-

ance tensor at constant polarization, C is the Curie constant,

and Tc is the ferroelectric Curie temperature. The phenome-

nological coefficients for the PZT system were obtained

from Refs. 16 and 17. The free energy is supplemented by

the relevant mechanical boundary conditions for the mono/

polydomain phases15 and is minimized to obtain thea)Electronic mail: lwmartin@illinois.edu.
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equilibrium mono/polydomain structure as a function of mis-

fit strain, composition, temperature, and electric field.

For Ti-rich PZT (0.65� x� 1) thin films at 300 K and

for the range of electric fields investigated here (10 kV/

cm<E< 1000 kV/cm), the equilibrium domain structure

can possess any of three different phases as a function of

strain and composition: one monodomain (c phase) and two

polydomain (c/a/c/a and a1/a2/a1/a2) phases.14 The monodo-

main c phase is stable at compressive strains as in monodo-

main films.18 However, near zero strain, the r phase obtained

in monodomain GLD models18 is replaced by the polydo-

main c/a/c/a phase with 90� domain walls separating the var-

ious domains. At large tensile strains, the out-of-plane

polarization vanishes, and the polydomain a1/a2/a1/a2 phase

results at equilibrium. We note that within the composition

range of interest (0.65� x� 1) the PZT undergoes a proper

ferroelectric transition from tetragonal to cubic phases at

the Tc.

The electrocaloric and pyroelectric coefficients of a fer-

roelectric material are related by a Maxwell’s relations as

@S

@E

� �
T

¼ @P

@T

� �
E

: (2)

The electrocaloric change in temperature upon application of

an electric field can thus be calculated as5–8

DT ¼ �T

ðEb

Ea

1

CEðT;EÞ
@P
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� �
E

dE; (3)

where CEðT;EÞ is the heat capacity per unit volume at con-

stant electric field, @P
@T

� �
E

is the pyroelectric coefficient of the

ferroelectric, and DE¼Eb–Ea (Ea¼ 10 kV/cm throughout

this paper) is the range of the applied electric field. In the

temperature range of interest (300-550 K), the absolute value

of the heat capacity is approximately constant with composi-

tion for Ti-rich films at 2.7� 106 J/m3K.8 Since the peak in

the heat capacity associated with the polarization transition

is �10% of the background,1,8 we neglect the contribution of

the polarization to the heat capacity in our calculations.

Among the three stable phases, the c phase and the c/a/

c/a phase possess a finite electrocaloric temperature change

for applied fields along [001]. The a1/a2/a1/a2 phase has a

vanishing electrocaloric response due to zero polarization in

the same direction. In contrast to monodomain 1D GLD

models which suggest an increasing electrocaloric perform-

ance with increasing tensile strain due to a reduced ferroelec-

tric transition temperature, in a polydomain system the

transition to an in-plane polarized state completely negates

the effect of any electric field in the out-of-plane direction

for films with large tensile strains. Thereby reducing the

electric field induced temperature change to zero.

For the monodomain c phase, the electrocaloric coeffi-

cient is calculated from Eq. (2) as
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where a�33 ¼ a11 þ Q2
12
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, a�3 ¼ a1 � 2SmQ12

s11þs12
, and Sm is the mis-

fit strain. For the c/a/c/a domain structure, the average out-

of-plane polarization is hP3i ¼ /
0
P
0
3, where /

0
is the fraction

of c domains. Thus, the electrocaloric coefficient can be cal-

culated as @S
@E
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¼ /

0 dP
0
3

dT þ P
0
3

d/
0

dT . The first term represents

the intrinsic electrocaloric response due to a temperature de-

pendent change in the magnitude of the polarization within

the domains. Since the equilibrium c domain population /
0

depends on temperature, we also have an extrinsic contribu-

tion19 to the primary electrocaloric coefficient as shown in

the second term. The polydomain thermodynamic theory

enables us to calculate the intrinsic and extrinsic contribu-

tions as a function of the applied electric field. For the c/a/c/

a phase, the equilibrium domain fraction /
0

at finite electric

fields is obtained as

/
0 ¼ 1�ðs11� s12ÞðSm�Q12P2

3Þ
s11ðQ11�Q12ÞP2

3

þ E3ðs2
11� s2

12Þ
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3
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where Qij are the electrostrictive coefficients. Thus, the ex-

trinsic contribution to the electrocaloric effect can be calcu-

lated as d/
0
=dT. Using such a GLD model, we have

investigated the adiabatic temperature change for a

PbZr0.2Ti0.8O3 film with DE¼ 100 kV/cm (2 V drop across a

200 nm thick film) at 300K [Fig. 1]. As shown in the figure,

when excluding the effect of domain walls, the intrinsic elec-

trocaloric effect is maximized at mild compressive strains

corresponding to the monodomain (c) to polydomain (c/a/c/

a) transition. Including the effects of temperature and field

on the motion of domain walls in the models shifts the maxi-

mum response to a critical tensile strain that corresponds to

the disappearance of the out-of-plane polarization (i.e., the

boundary between c/a/c/a and a1/a2/a1/a2 phases). The

motion of the domain walls alters the fraction of the 001-ori-

ented domains in the c/a/c/a phase and, in turn, the electro-

caloric coefficient (Eq. (5)). Such extrinsic effects are

observed to significantly alter the total electrocaloric

response, and, in general, the extrinsic contribution adds to

and subtracts from the intrinsic electrocaloric effect at mild

tensile and compressive strains, respectively. The actual

magnitude and sign of the extrinsic effect are a result of

interplay between the strain and electric field dependent

terms in Eq. (5).

FIG. 1. (Color online) Dependence of the electrocaloric temperature change

(DT) with epitaxial strain for PbZr0.2Ti0.8O3 thin films with DE¼ 100 kV/

cm at 300 K. The solid line indicates the total DT (intrinsic þ extrinsic)

while the dotted line shows DT assuming zero extrinsic contribution.
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Upon a complete optimization of the electrocaloric

response including the effect of the domain walls for

0.65� x� 1, a complete picture of the electrocaloric proper-

ties emerges [Fig. 2]. The electrocaloric temperature change

is seen to be high along the two polarization phase transitions

due to the large pyroelectric coefficients corresponding to

these transitions. The maximum electrocaloric effect is

obtained along the phase boundary between the c/a/c/a and

a1/a2/a1/a2 phases at small tensile strains. The maximum DT
for DE¼ 100 kV/cm at 300 K is DT¼ 0.36 K at x¼ 0.73.

With high electric fields corresponding to DE¼ 1000 kV/cm

(20 V drop across a 200 nm thick film), adiabatic tempera-

ture changes as large as DT¼ 2.9 K can be obtained at 300 K

in PZT films with x¼ 0.73 and Sm¼ 0.3%. This is can be fur-

ther improved by moving slightly closer to the ferroelectric

transition temperature of PZT. At a temperature of 500 K, a

temperature change of �6 K can be obtained in a

PbZr0.27Ti0.73O3 thin film at an applied field of �1000 kV/

cm [Fig. 3]. This temperature is still significantly less than

the Curie temperature of this composition of PZT at this

electric field; therefore, the ferroelectric breakdown strength

should be high and such temperature changes feasible. Thus,

large electrocaloric responses can be obtained at tempera-

tures much below the Curie temperature by harnessing ex-

trinsic contributions to the electrocaloric effect.

We note that these calculations assume that the domain

walls are free to move without any energy barriers. In reality

lattice imperfections or defects can pin domain walls, hinder

their movement, and reduce the extrinsic contribution.20,21

The extrinsic contribution to electrocaloric response will be

zero in the case of completely pinned domain walls, and our

calculation, in effect, places an upper bound on the extrinsic

contribution to the electrocaloric properties. Recent experi-

mental results have demonstrated that while it is challenging

to fabricate defect-free ferroelectric films, advances in thin

film growth techniques can yield low defect density films, a

few hundred nanometers in thickness, that exhibit significant

extrinsic contributions to the dielectric response.22 In effect,

this model shows the power of extrinsic contributions in

enhancing electrocaloric response and provides further moti-

vation to improve existing thin film growth processes.

Large electrocaloric effects have been observed in ferro-

electric thin films, but operating such system in close prox-

imity to the Curie temperature under the large applied

electric fields necessary for such effects is technically diffi-

cult in films. Thus alternative routes to achieve high per-

formance materials are needed. Recent work has

demonstrated the importance of strain (due to thermal expan-

sion mismatch between the film and substrate) to tune the

temperature of maximum electrocaloric response in poly-

crystalline samples of various ferroelectric materials.23 By

adjusting the growth temperature, they show that the thermal

stresses can be tuned to give large electrocaloric response

near room temperature. Our study shows another pathway, in

which by leveraging extrinsic factors such as domain wall

displacement in ferroelectric thin films one can significantly

alter the intrinsic response and obtain large electrocaloric

responses in strain engineered epitaxial thin films at T� Tc.

This should provide experimentalists with a new mechanism

to engineer ferroelectric thin films with the excellent electro-

caloric properties at any desired temperature.
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FIG. 2. (Color online) Electrocaloric temperature change as a function of

strain and composition for the PbZr1-xTixO3 thin film system for

0.65� x� 1.0 at 300 K for the various equilibrium polydomain states with

DE¼ 100 kV/cm.

FIG. 3. (Color online) Dependence of the electrocaloric temperature change

(DT) with temperature for PbZr0.27Ti0.73O3 thin films with misfit strain

(Sm)¼ 0.3% and Ea¼ 10 kV/cm for various values of DE.
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