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Abstract

The electrocaloric (EC) effect offers promise as a means to realize solid-state refrigeration, which requires EC materials possessing a
pronounced pyroelectric effect over a broad temperature range. Pauli’s master equation is adopted to investigate the recently observed
phenomenon of enhanced EC effect above the Curie temperature in relaxor ferroelectrics. The proposed approach allows the EC coef-
ficient to be determined within the framework of classic Landau–Ginzburg–Devonshire thermodynamics and the Maxwell relation, tak-
ing into account both the depolarization effect and dielectric permittivity dispersion based on the concept of superparaelectricity and the
nanopolar region. We analyze three contributions of the EC effect: temperature-dependent dielectric dispersion, intrinsic pyroelectric
effect and enhanced dielectric stiffness. The maximum EC coefficient is determined through the derivatives of the three components with
respect to temperature. The proposed approach, in which the evolution of polarization correlation length is accounted for, cannot only
provide a microscopic explanation for the thermally driven enhancement of EC responses, but also improves upon the existing models
for estimating the EC effect in paraelectric phase of relaxors. Finally, some potential approaches for engineering the enhancement of EC
coefficient are also suggested.
� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The electrocaloric (EC) effect, which is the physical
inverse of the pyroelectric effect, refers to the adiabatic
temperature change induced by reversibly isoentropic
application of an electric field in polarizable materials. This
topic has received renewed research interests inspired by
the recently observed enormous EC responses in relaxor
ferroelectric single crystals [1] and polymers [2] due to their
ultrahigh breakdown fields. The strength of the EC effect is
characterized by the so-called EC coefficient, v, which is
defined as the ratio of the adiabatic temperature rise DT
to the corresponding increment of external electric field
DE. Owing to its intrinsic advantages in terms of energy
efficiency [3] and environmental friendliness [4], the EC
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effect observed in a large number of relaxor ferroelectrics
and ferroelectric polymers has been recognized as a prom-
ising alternative [2] to the existing Peltier-effect-based tech-
nologies used in solid-state cooling devices [3]. However,
apart from very limited direct measurements of the resul-
tant EC temperature change [5,6], the existing studies on
the temperature- and electric-field-dependent EC effect
have so far been limited to first-principles atomistic simula-
tions [7,8] or solely numerical predictions based on the
Maxwell relation [10–12] and phenomenological theories
[6,13–16]. In particular, the Maxwell relation correlates
the EC coefficient (v) and pyroelectric coefficient (c), as
follows:

v ¼ �T cE=CE ð1Þ
where T and E denote the absolute temperature and the
magnitude of the applied electric field, respectively, and
CE is the volumetric specific heat at constant E. Note that
rights reserved.
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this equation is valid under the condition of constant entro-
py. It can be inferred from Eq. (1) that, in order to qualify
as a feasible candidate for applications in commercial cool-
ing devices, EC materials should possess a pronounced
pyroelectric effect over a relatively broad temperature
range [3]. This is because both changes in isothermal entro-
py and adiabatic temperature are in practice required to
maintain significantly high levels of EC responses during
cyclic cooling so that the desired cooling power can be
produced.

The Landau–Ginzburg–Devonshire (LGD) theory has
also been widely employed to predict the average EC adia-
batic temperature change as follows:

DT ¼ �jTP 2=CE ð2Þ
where P is an order parameter in the form of electric
polarization, and j is often defined as a temperature-
independent dielectric stiffness [3,13], which is inversely
proportional to the Curie–Weiss constant [17]. Obviously,
LGD theory indicates that both the Curie temperature
TC, at which the EC effect accompanied by ferroelectric
phase transition [1,10] or dipolar ordering–disordering
transition [9,14] is strongest, and the dielectric stiffness
could affect DT, whereas only j was found to have signifi-
cant effect on the EC isothermal entropy change (DS) [3].
This distinction causes ferroelectric ceramics, which usually
possess higher TC and lower heat capacity [1,3,5], to dis-
play much smaller DS compared with ferroelectric poly-
mers [13,14], even though the DT data of ceramics as well
as polymers were observed to be comparable [5–9].

Despite the fact that the Maxwell relation given by Eq.
(1) and phenomenological thermodynamics could provide
almost satisfactory accuracy in most numerical predictions,
the actual mechanism underlying EC coupling is neither
well understood [1] nor systematically established [5]. Spe-
cifically, the phenomenological theory has been repeatedly
reported to deviate significantly from experimental obser-
vations in the vicinity of TC [15,6]. Ironically, the EC
responses of interest are normally found to peak at temper-
atures near TC [1,2,9–13]. Even for an identical system,
there are obvious discrepancies between the results calcu-
lated from the Maxwell relation and phenomenological
theory, which is probably caused by the fact that they
neglect both the depolarization effect [8] and thermal losses
induced by the inevitable electric hysteresis [10]. More
importantly, a number of essential issues concerning the
EC effect are yet to be addressed.

(i) Although experimental [5,6] and theoretical [7–9]
results have demonstrated desirable EC responses in
both ferroelectric and paraelectric phases, significant
enhancement of the EC coefficient has only been
reported in the paraelectric phase [5,7]. Hence, it is
important to know whether the desired EC coupling
shows gradual reduction [5] or remains nearly con-
stant [7,14] in a wide temperature range of T > TC.
(ii) In addition to the influence of mechanical boundary
conditions [16,18], it is also crucial to determine
how the electric boundary conditions [8] and size
effect [19] influence the intrinsic EC responses.

(iii) Although DT is frequently reported to depend on
both the increment and the initial value of applied
field [16,20], the universal dependence of EC coeffi-
cient on the external electric field remains unclear.

To address these concerns, theoretical investigations
beyond the above-discussed Maxwell relation and classic
phenomenological thermodynamics are required. It should
be emphasized that the “demon energy” employed in first-
principles-based atomistic simulations, which governs the
effective entropy change associated with a variation in the
electric field [7,8], excludes the influence of dielectric per-
mittivity, whose dispersion with temperature has been
found to have a strong influence on the calculated EC
entropy conversion [21]. Most recently, Valant et al. [5]
investigated the EC effect using a lattice model developed
based on the mean-field theory. However, this method only
yielded satisfactory results in the ferroelectric phase and,
due to the highly complex nonlinear free energy and
entropy equations, no analytical solution has been found
for the EC coefficient in the paraelectric phase. Unfortu-
nately, the physics of the complex EC effect above TC,
which is important for exploration of industrial applica-
tions, remains unclear.

In this paper, the above issues in dielectric materials are
addressed using LGD thermodynamics and Pauli’s master
(PM) equation, whose suitability in describing the polariza-
tion switching dynamics and temporal polarization fatigue
mechanisms has been experimentally confirmed for normal
ferroelectric single crystals [22]. In contrast to the existing
theoretical results that the peaks of EC responses only
occur near TC, the proposed theory highlights a broad
extension of the enormous EC effect above TC owing to
the gradual reduction of polarization correlation length
and dielectric permittivity in the relaxor paraelectric phase.
This may pave a new pathway to realizing EC-effect-based
refrigeration devices with wide cooling spans and high
cooling capacities. In order to investigate the effect of depo-
larization field and relaxor dielectric stiffness on EC prop-
erties, the free energy of LGD theory is modified in
Section 2 to account for the depolarization effect and
domain wall energy. In addition, the PM equation is also
applied to EC materials to derive the universal dependence
of thermal permittivity dispersion and temporal polariza-
tion evolution on the general activation parameters. Subse-
quently, the analytical results obtained are used to develop
the general formulas for the EC coefficient in Section 3. In
Section 4, direct comparisons are carried out between our
analytical results and existing theoretical and experimental
data to illustrate the general suitability of the proposed the-
ory. The main findings and important implications are
summarized in Section 5.
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2. Incorporation of LGD thermodynamics and Pauli’s master

equation

It is known that the EC properties associated with the
dynamic evolution of the order parameter are driven by
the thermodynamic forces derived from the total free
energy density (Ftotal) of an EC material. Thus, the Ftotal

profile in the framework of LGD thermodynamics is com-
monly used to model the complicated polarization evolu-
tion process. However, due to the great difficulty
encountered in obtaining an analytical solution of dynamic
polarization in terms of the determining parameters when
both the depolarization effect and dielectric permittivity
dispersion are accounted for, no such solution yet exists
[6,13–16]. The fact that existing models and solutions do
not consider the depolarization effect and the influence of
dielectric permittivity dispersion may have prevented the
establishment of a universal formula for the EC coefficient,
and may also be the cause of the apparent loss of their
validity on EC coupling in the paraelectric phase. In this
section, these two important effects are taken into account
based on the LGD-type Ftotal [23,24], i.e.:

F total ¼
a
2

P 2 þ b
4

P 4 þ g
2
ðrP Þ2 � PEext �

1

2
PEdep ð3Þ

where a = j(T � TC) and the T-independent b are the coef-
ficients of Landau energy expansion; g represents the gradi-
ent coefficient for the Ginzburg energy reflecting the
presence of polarization heterogeneities [25]; Eext and Edep

denote the component of the external electric field along
the polarization orientation and the magnitude of the resid-
ual depolarization field, respectively. The gradient effect
arising from the domain wall is included here for complete-
ness. In accordance with our recent work [26], the Ginzburg
energy can be approximated as 4gP2/3H2 based on the clas-
sical kink solution [27] for the variation of polarization
across a domain wall, where H denotes the wall width.

In order to correlate the depolarization effect with the
dielectric permittivity dispersion for analysis of the EC
properties, the following empirical formula is adopted
[17,24]:

Edep ¼ �ndðP � qcÞ=e ð4Þ
where e and qc represent the dielectric permittivity of back-
ground material [23] and the reference polarization due to
the compensation density of charges from residual defects
and electrodes [17], respectively; nd can be regarded as a
geometric depolarization factor dependent on the aspect
ratio of reverted polar domains [17] and EC film thickness
[28]; qc is closely related to the screening properties of the
EC film and electrode material. It can be postulated from
the Gauss’s equation [29], i.e. r � ðP � e0ruÞ ¼ qc, where
e0 is the vacuum dielectric constant, that in practical situa-
tions all the parameters on the right-hand side of Eq. (4)
are mutually coupled, and they are closely related to the
imposed electric boundary conditions [17] and the spatial
distribution of internal defects [30]. Since the focus of the
present work is the dynamic effect of electric poling and
temperature variation on EC responses, the influence of
charge compensation is assumed to be negligible (qc � 0).
In addition, Hippel [31] revealed that nd = 1/3 for spherical
domains. However, 1/nd is found to increase quadratically
with the length/diameter ratio of the cylindrical domain
[17]. Hence, it can be deduced that the depolarization field
in a flat ferroelectric domain is much larger than that of a
slender domain. It should be emphasized that the specific
size and shape of a domain are significantly affected by
the electrical and mechanical boundary conditions, e.g.
the interfacial misfit-strain, the intrinsic extrapolation
length for polarization and the thickness of the “depleted
ferroelectric layer” [32] appearing near the EC film surface
or film–electrode interfaces. Further, e is temperature
dependent due to thermodynamic considerations of intrin-
sic lattice vibrations [25] as well as extrinsic domain pat-
terns or thermal domain wall motion/pinning [28].

So far, a large number of the EC materials exhibit dif-
fuse phase transition and broad dielectric dispersion [33]
due to short-range fluctuations [34] of their relaxor [5] or
dipolar [14] structures. In general, unconstrained bulk
relaxor ferroelectrics possess intrinsic characteristics of a
discontinuous first-order transition (FOT), which can be
tuned to a continuous second-order transition (SOT) by
applying a large electric field [13] or imposing a perfect
interfacial misfit strain [16]. In the case of a thin EC film,
which is either sandwiched between top and bottom elec-
trodes or deposited on a nonpolar substrate, the main
effects of internal stress and substrate lateral clamping
include: (i) a simultaneous increase in the magnitude of
the dielectric permittivity and a decrease in the sensitivity
to temperature [35]; (ii) in increase in the inhomogeneity
of the material and its gradient energy; (iii) modification
of the energy coefficients in Eq. (3) or even alteration of
the sign of b [20], such that during heating the declining
rate of order parameter is reduced via transformation of
the phase transition order from FOT (b < 0) to SOT
(b > 0). It is expected that these effects essentially lead to
the results obtained by Akcay el al. [20], i.e. imposition
of appropriate interfacial clamping condition could reduce
the magnitude of EC cooling power and augment to some
extent its thermal stability. In the present study, the influ-
ences of interfacial/internal stress are neglected and only
the EC responses arising from electric poling and thermal
activation are considered.

Since in practice an ultrahigh applied electric field plays
a crucial role [6] in achieving extraordinary EC responses,
the phase transition in EC relaxor ferroelectrics is regarded
as a SOT. Subsequently, the paraelectric phase, which con-
sists of many elementary polar nanoregions (PNRs) [14,36]
in the absence of an electric field, is assumed to grow into a
ferroelectric monodomain (FMD) [20,36] once a critical
nucleus of volume V� is formed in the nonpolar matrix
under an applied field [11,22]. Based on the above consid-
erations, it seems reasonable to treat the whole EC film
as an ensemble of independent [37] or weakly coupled [5]
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PNRs in the absence of external fields, misfit strains and
thermal fluctuations, as assumed by Zhukov et al. [37] in
discussing their inhomogeneous polarization switching
mechanism.

According to Burns and Dacol [38], the average transi-
tion temperature of PNRs (TPNR) can be hundreds of
degrees higher than the bulk Curie temperature. This
would allow us to describe the polarization dependence
on the temperature and applied field in the paraelectric
phase (above bulk TC) over a broad temperature range.
In view of the weak-interaction nature of PNRs, we could
extract the EC coefficient of bulk relaxors based on the
transition of one representative PNR into its correspond-
ing FMD. Substituting Eq. (4) and the known Ginzburg
energy into the free energy density of the elementary
PNR/FMD given by Eq. (3) yields a modified quadratic
coefficient of the LGD energy expansion as follows:

a� ¼ jðT � T PNRÞ þ nd=eþ 8g=3H 2 ð5Þ
Since TPNR is always greater than the temperature of

interest, which can be higher than TC by tens of Kelvin,
at a specific temperature the spontaneous polarization for
the representative FMD is obtained by minimizing its
Eext-free total energy density as:

P FMD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

b
jðT PNR � T Þ � nd

e
� 8g

3H 2

� �s
ð6Þ

Eq. (6) indicates that the existence of an intrinsic depolar-
ization field and domain wall could considerably decrease
the FMD spontaneous polarization, thus giving rise to
localized EC responses of FMDs and PNRs. It should be
emphasized that, in the case of Eext = 0, two stable states
of order parameter, i.e. P" and P# for the polarization vec-
tor parallel and reversed-parallel to the applied electric
field, respectively, are occupied by the representative
FMD with equal occupational probability (OP" = OP#
and OP" + OP# = 1) at TPNR. This leads to the annihila-
tion of the net polarization magnitude (PEC) statistically
over the entire EC film among FMDs at temperatures high-
er than TPNR. However, PEC is positive for either Eext – 0
or cooling from TPNR because only one polarization state
(P") is allowed to dominate (OP" > OP#) in minimizing
the total energy. For every FMD in which the order
parameter is assumed to be uniformly distributed in the
polarization form of P" and P#, the minimum energy bar-
rier (Fb) required to activate the polarization switching be-
tween P" and P# is the total energy difference of these two
stable polarization states, i.e.:

F b ¼ 2V � � P FMD � Eext ð7Þ
Eq. (7) shows that Fb peaks at the largest V�, corresponding
to where lattice symmetry breaking can be observed [39],
and that the diffuseness of the relaxor phase transition
may originate from the widespread nature of the tempera-
ture effect on evolution of V�. This is consistent with the re-
sults of both mean-field theory and transmission electron
microscopy observation [25], which indicate that the dif-
fuseness of dielectric response in Pb(Mg,Nb)O3 crystals is
characterized by a continuous distribution of the localized
polarization correlation volume.

In general, the temporal evolution of OP" and OP# for
PNRs formed in the EC material is governed by the PM
equation [22,40], i.e.:

d OP "
� �

=dt ¼ f OP # � euB � OP "
� �

d OP #
� �

=dt ¼ f euB � OP " � OP #
� �

(
ð8Þ

where uB = Fb/kT and k is Boltzmann’s constant; f denotes
the intrinsic relaxation frequency at TPNR, which has been
found to have no significant role in determining the equilib-
rium (in the limit of time t!1) OP " ¼ 1=ð1þ e�uBÞ and
OP # ¼ 1=ð1þ euB ) [22]. Under the activation of either Eext

or T, by assuming that all the FMDs/PNRs in the EC film
possess identical maxima for their saturated polarization,
Psat, on the whole the statistical value of PEC subjected
to variation of uB can be deduced by weighting the local-
ized order parameter among the entire sample of FMDs/
PNRs with their equilibrium occupational probabilities,
i.e.:

P EC ¼ P sat
1� expð�uBÞ
1þ expð�uBÞ

ð9Þ

in which PEC should be along the direction of Eext. It is
important to note that uB, which directly integrates the
activations from Eext and external cooling, is closely related
to the governing parameter of “demon energy” employed
in the first-principles calculations that govern the variation
of entropy [7,8]. Eqs. (7) and (9) imply that, in addition to
T and Eext, the variation of V� is also expected to play an
equally vital role on the EC response accompanied by vari-
ations in polarization. Furthermore, we can utilize Eq. (9)
to extract dielectric dispersion in terms of temperature.
Since less than 10% reduction of bulk spontaneous polari-
zation is actually attributed to the effects of depolarization
[22] and domain walls [41], the temperature-driven dielec-
tric dispersion can be deduced based on the assumption
of temperature-independent domain wall width.
2.1. Case I. Dielectric response in ferroelectric phase
(T < TC)

In the temperature range below TC, in which the mate-
rial is in the ferroelectric state, the magnitude of saturated
polarization will deviate from Eq. (6) in the presence of
Eext. In this case, the approximation Psat = PFMD + DP =
PFMD + eEext is commonly adopted to estimate the average
dielectric effect with respect to Eext [17]. Most importantly,
the validity of Eq. (9) for EC materials requires the con-
straint e = oPEC/oEext be strictly satisfied over a wide uB

range, which gives rise to the temperature-induced incre-
mental ratio of EC film polarization as follows:
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DP
P FMD

¼ uB

1� uB þ e�uB
ð10aÞ

Since DP = eEext, Eq. (10a) indicates the thermal disper-
sion of dielectric properties of EC materials, which is cru-
cial for characterization of the EC responses through
tuning the magnitude of the depolarization field given by
Eq. (4).

2.2. Case II. Dielectric response in high-temperature

paraelectric phase (TC 6 T 6 TPNR)

In view of the fact that Psat � PFMD in the weakly inter-
active paraelectric phase, the application of Eext will merely
revert or redistribute the polarization direction of FMD/
PNR. By differentiating the PEC of EC film with respect
to Eext and solving e = oPEC/oEext, we obtain:

DP
P FMD

¼ 2uB

2þ e�uB þ euB
ð10bÞ

Our plots for the inverse functions of Eqs. (10a) and
(10b) vs. 1/uB (not shown here) show that the tempera-
ture-dependent 1/e curve is composed of two nearly
straight lines intersecting at a critical uB value which corre-
sponds to the Curie temperature. This result is in agree-
ment with Curie–Weiss law, in which e�1 is linearly
proportional to |T � TC| over a broad temperature range.
In addition, the e in the ferroelectric phase is found to
diverge at uB = 1.278, whereas that of the paraelectric
phase peaks at uB = 1.543. Since uB decreases with increas-
ing temperature, these findings seem to explain the well-
known size effect on TC, i.e. that the smaller the size of
nanoscale polar material, the lower is its Curie tempera-
ture. Thus, we can infer that Eqs. (10a) and (10b) are able
to reflect the dielectric permittivity diffusivity of the EC
material.

As the framework of this work lies within the concept of
the “superparaelectric” nature of commonly used EC mate-
rials [25] and the focus is on their EC responses above TC,
we limit our derivations and discussions to the case of e in
the paraelectric phase, which is given by Eq. (10b). Subse-
quently, a modified dielectric stiffness, j� = oa�/oT, taking
into account the effect of broad dielectric dispersion during
diffuse transition of relaxor, can be obtained:

j� � j ¼ k

4bV �P 2
FDM

ð2þ e�uB þ euB þ uBe�uB � uBeuBÞ ð11Þ

Eqs. (10) and (11) show that the dielectric stiffness is signif-
icantly enhanced at elevated temperatures due to the aug-
mented depolarization effect. Although in general the
depolarization effect appears to have insignificant influence
on the dynamics of ferroelectric domain reversal, the fol-
lowing points are worth noting. (i) Since the screening
length of electrodes or the thickness of the grain boundary
and the “depleted” ferroelectric layer is not smaller than
the critical PNR dimensions of interest, the depolarization
field given by Eq. (4) would provide an energy barrier and,
thus, substantially affect V�. (ii) In reality, the gradual
reduction of V� with increasing temperature will inevitably
decrease uB and increase k=2bV �P 2

FDM , which in turn raises
j� and the EC responses. This type of thermal reinforce-
ment is vital for understanding the large enhancement of
dielectric stiffness with an increase in temperature [14].

In order to describe more precisely the EC properties in
dielectric materials, especially at temperatures above TC,
Eqs. (10) and (11) must be able to describe accurately the
broad diffuse nature of the transition as well as the disper-
sion of dielectric permittivity dispersion over a wide range
of T and Eext. Thus, it is important to check the effective-
ness of Eqs. (10) and (11) before further discussion on
the theory of EC responses.

The suitability of Eq. (10) is examined using the recently
investigated lead-free SrBi2Ta2O9 (SBT) thin film [10].
Fig. 1a shows that the diffusivity of SBT dielectric permit-
tivity determined from Eq. (10b) is in perfect agreement
with the corresponding experimental data obtained by
Chen et al. [10] over a broad temperature range of at least
200 K. Fig. 1b shows both the mean-theory solution, in
which the net polarization of ferroelectric nanocomposite
decreases almost linearly with increasing temperature
[25], and the existing experimental results, in which the
curve of temperature-induced polarization exhibits an
upward convex deviation from the mean-theory result
[9,10]. The convex feature of the PFMD � V� curve is prob-
ably the consequence of an initial gradual growth followed
by subsequent faster reduction of V� during the process of
heating up. This is because the values of V� at temperatures
far from TC are much smaller due to a lower degree of lat-
tice symmetry breaking at these temperatures compared to
that near TC. It is also important to note that the identical
slope of the black solid line and the long pink dashed line
shown in Fig. 1b indicates a stable and small magnitude of
polarization correlation length at temperatures far from
TC, while the asymmetric variation of V� in the vicinity
of TC is similar to the distribution of local polarization cor-
relation volume calculated from the mean-field theory [25].
These distinct features are useful for explaining the asym-
metric nature of the relaxor’s diffuse transition [36,42]. It
is noteworthy that the as-shown V� evolution in Fig. 1b
is in remarkable agreement with the recent results obtained
by Glinchuk et al. [43] for variation of correlation radius in
thin ferroelectric films.

Eq. (11) extends the classic phenomenological theory in
which an assumption of time independence was used to
establish the solutions for dielectric stiffness [3,19]. How-
ever, this assumption has encountered some challenges
[14]. Apart from the unsatisfactory accuracy in simulating
temperature-dependent properties of typical relaxor ferro-
electrics, the predicted EC response based on the LGD the-
ory significantly underestimates DT in BaTiO3 multilayer
[6] and DS in P(VDF–TrFE–CFE) thin films [14]. In con-
trast, the calculated values of j� from Eq. (11) are in excel-
lent agreement with the temperature-driven dielectric
stiffness EC enhancement observed by Neese et al. [14],
as shown in Fig. 2. Therefore, it is encouraging to further



Fig. 1. (a) Comparison of the predicted dielectric permittivity of SrBi2Ta2O9 thin film from Eq. (10b) and experimental data [10]. (b) Theoretical
prediction of the asymmetric distribution of the normalized product of PFMD � V� in the same temperature range as that of (a). The black solid line in
parallel with the long pink dashed line indicates nearly the same linear reduction of spontaneous polarization, while the green dotted line and short-dashed
line illustrate the asymmetric dispersion of V� in the vicinity of TC. The Curie temperature is TC = 561 K, and Te,m and Tm are temperatures corresponding
to the peak of dielectric permittivity and the maximum derivative of PFMD � V� with respect to temperature, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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analyze the EC response based on the inferences obtained
from the PM equation.

3. Analytical investigation on EC responses

In view of the analytical expressions derived in the pre-
vious section, the electric responses of EC films in terms of
polarization induced by the activating effect of temperature
and applied electric field is bound to be governed by Eq.
(9), in which the saturated polarization is approximated
as PFMD given by Eq. (6), which is temperature governed.
Hence, we could insert cE = oPEC/oT into the Maxwell
relation given by Eq. (2) to obtain the EC coefficient:

ðvÞSCE ¼
2uBP FMD

2þ e�uB þ euB

� T
@P FMD

@T

� �
1� e�2uB þ 2uBe�uB

ð1þ e�uBÞ2
ð12Þ

where the subscripts S and E denote the condition of con-
stant entropy and constant Eext, respectively. The first term
on the right-hand side of Eq. (12) represents the contribution
from relaxor dielectric dispersion (compare Eqs. (10) and
Fig. 2. Comparison of predictions from Eq. (11) with the experimental
data for the temperature-dependent dielectric stiffness of P(VDF–TrFE–
CFE) thin film extracted from Ref. [14]. On decreasing uB, the diamonds
denote the measured stiffness in the temperature range of 30–60 �C and
90–110 �C at increments of 10 �C.
(12)), while the second term is mainly attributed to the strong
coupling between the intrinsic pyroelectric effect however,
the dielectric stiffness enhancement driven by either the in-
creased Eext or environmental heating. In view of the fact
that the dielectric dispersion and pyroelectric response are
normally material properties of a relaxor, the only feasible
approach to enhance the EC effect is to increase either the
electric polarization or the magnitude and sensitivity of
dielectric stiffness with respect to T and Eext. Note that the
temperature Tm, at which the maximum derivative of dielec-
tric permittivity with respect to temperature occurs, has been
shown both experimentally (see Fig. 1b) and theoretically
[44] to be higher than TC of the commonly used relaxors.
We can thus postulate that the measured temperature Topt

is slightly larger than TC, as commonly observed.
Furthermore, by combining Eqs. (6), (10) and (11), we

obtain:

@P FMD=@T ¼ �j�=ð2bP FMDÞ ð13Þ
Substituting Eq. (13) into Eq. (12) yields two formulas

for v, i.e. the EC coefficient at constant electric field,
v(uB)E, which changes with the variation of T, and that
at constant T, v(uB)T, which changes with Eext. Note that
uB includes both kinds of direct activation arising from Eext

and T, and is, therefore, a more general parameter. It can
be shown that v consists of three components, each of
which has a unique interpretation; and three superscripts,
I, II and III, are used to differentiate them in v(uB)T and
v(uB)E as follows:

vðuBÞECE ¼ P FMD � vIðuBÞE þ
2jEextV �

kb
vIIðuBÞE

þ ndEext

2b2P 2
FMD

vIIIðuBÞE ð14Þ

vðuBÞT CE ¼ P FMD � vIðuBÞT þ
jT

bP FMD
vIIðuBÞT

þ ndkT

4V �b2P 3
FMD

vIIIðuBÞT ð15Þ
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where

vIðuBÞE ¼ vIðuBÞT ¼ 2uB
2þe�uBþeuB

uBvIIðuBÞE ¼ vIIðuBÞT ¼ 1�e�2uBþ2uBe�uB

2ð1þe�uB Þ2

vIIIðuBÞE
vIIðuBÞE

¼ vIIIðuBÞT
vIIðuBÞT

¼ ð2þ e�uB þ euB þ uBe�uB � uBeuBÞ

8>>><
>>>:

ð16Þ

Eq. (14) shows that in the case of constant Eext and nd, the
heating-driven decrease in polarization (refer to Eq. (6)) en-
hances quadratically the proportion of vIII(uB)E and, simul-
taneously, reduces proportionally that of vI(uB)E. This is
consistent with the mechanisms recently conjectured by
Neese et al. [14] to explain the distinct temperature-driven
EC responses in terms of DS and DT in quenched and an-
nealed P(VDF–TrFE–CFE). In addition, Eq. (14) also in-
fers that a proportional increase in the EC coefficient is
produced by the increase in nd, which agrees with the pro-
portional decrease in v due to the improvement in the
screening parameter [8]. Fig. 3a shows that, compared to
a monotonously increasing vII(uB)E during heating, vI(uB)E

shows a significant increase over a narrow temperature
range followed by a slow decline, and that before vI(uB)E

reaches its peak, the rapid appearance and increase of
vIII(uB)E at higher temperature strongly enhances the over-
all EC coefficient (v)E. It should be emphasized that the EC
enhancement due to both vII(uB)E and vIII(uB)E only takes
place at relatively high temperatures. To the best of our
knowledge, this is the first direct analytical demonstration
of both the significant enhancement of EC effect in the
paraelectric phase and its broad effective temperature
range, as confirmed by the experimental observations
Fig. 3. Temperature-dependent variations (at constant applied field) of (a) the
with respect to temperature. The arrow in (b) indicates the optimum temperatu
net derivative is zero. (c) Eext-driven variation of the three component functi
increasing temperature, indicating that (vIII)T is only effective at higher temp
compared with that of (vIII)T. (d) Variations of the three v components and t
[5,6], first-principles simulations [7] and modified Ising
model [4]. In addition, these findings may help identify
some polarizable materials with TC lower than room tem-
perature (RT), enabling enhanced EC responses near RT,
which will be critical for solid-state refrigeration. A typical
example in this direction is the recently reported
(Ba0.5Sr0.5)TiO3 thin film [7]. It is most interesting that an
optimum temperature, Topt, for the maximum (v)E does ex-
ist, which is expected since all the derivatives of the three
terms in (v)E are mutually canceled out, as shown in
Fig. 3b.

The Eext-activated variations of vI(uB)T, vII(uB)T and
vIII(uB)T under fixed temperature is demonstrated in
Fig. 3c. It can be seen that while vI(uB)T and vII(uB)T exist
over the whole temperature range, vIII(uB)T only exists over
a short range at higher temperatures, as implied by Eq.
(15). Note that if an ultrahigh Eext is applied, there is a pos-
sibility that the enhancement of v near Topt may be
reduced, as probably implied in the work by Lisenkov
and Ponomareva [7] for Eext > 90 MV m�1. Hence, in addi-
tion to the primary limitation from the electric breakdown
strength of EC relaxors [1,20], the Eext employed to realize
EC coupling enhancement should not exceed the critical
value for maximizing vIII(uB)T, as shown in Fig. 3c.

In practice, both T and Eext are likely to change simul-
taneously due to nonuniform thermal conduction and
intrinsic relaxor inhomogeneity. The generality of uB and
Eqs. (12)–(16) should be examined in order to analyze
EC coupling in the presence of such complications. The
variations of the three components of v and their sum with
respect to uB are presented in Fig. 3d. It can be seen that
the competition between the slow decrease of relaxor
three component functions of the EC coefficient v and (b) their derivatives
re Topt, at which the sum of the three terms in (v)E is maximized since their
ons at constant temperature. The arrow in (c) points to the direction of
eratures and that (vI)T and (vII)T exist over a relatively larger range of T

heir sum, activated by changes of both T and Eext, with respect to uB.
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dielectric dispersion and the steep increase of dielectric stiff-
ness results in the existence of an optimum uB, which
occurs at Topt. It is noteworthy that such an optimal uB

could be easily tuned by controlling the grain size of ferro-
electric ceramics [19], since decreasing the grain size is an
effective method for enhancing dielectric permittivity [45].
The existence of an optimum uB suggests that T and Eext

can be controlled to yield better EC responses, and that
more accurate management of the internal heat transfer
in EC materials could be used to achieve the commercially
required EC responses and cooling power.

4. Results and discussion

Although the first study of the EC effect in Rochelle salt
[46] can be traced back to 1930s, direct measurements of
enormous EC response in relaxors were not available until
very recently [5,6]. To examine the versatility of the analyt-
ical formulas established in Section 3, the (Ba0.5Sr0.5)TiO3

(BST) alloy [7] is selected for theoretical study of the EC
effect at the room temperature, which will be compared
with the experimental results obtained for the
0.92Pb(Zn1/3Nb2/3O3)–0.08PbTiO3 (PZN-PT) thin film
[5]. Direct comparison of the existing DT data (see Refs.
[1–9,20]) shows a similar trend in the variation of DT over
a wide temperature range in various EC materials. Fig. 4
shows that the variation of EC coefficient with respect to
temperature obtained from theoretical predictions using
Eq. (14) is in excellent agreement with first-principles calcu-
lation for BST [7]. The slight deviation at 240 K is probably
due to our simplistic selection of temperature-independent
critical volume and constant proportions for the three com-
ponents of v. On one hand, on heating, the critical volume
should decrease continuously at temperatures between TC

and Tm, as demonstrated in Fig. 1b, which leads to an over-
estimation of v at lower temperatures such that the decreas-
ing trend of v at higher temperatures can be well described.
On the other hand, the mentioned proportions should be
temperature dependent, and our assumption of the reverse
Fig. 4. Variation of EC coefficient with respect to temperature predicted
by Eq. (14) and from first-principles calculations for (Ba0.5Sr0.5)TiO3 [7].
The upper and lower bound at each T are the maximum and minimum
values, respectively. The Curie and optimum temperature are taken to be
230 and 250 K, respectively.
will increase the extent of enhancement, and thus results in
prediction of a larger v.

The fitting results of Fig. 4 reveal that the factors asso-
ciated with vI(uB)E and vII(uB)E are of the same order for
the simulated (Ba0.5Sr0.5)TiO3 alloy, and thus yield an esti-
mation of its V� as being proportional to bkP FMD=jEext. In
view of the lack of the necessary data for (Ba0.5Sr0.5)TiO3,
the estimation of V� is made based on the corresponding
data of Ba2.2Sr0.8Ta2O9 [47], i.e. b = 3.75 � 109,
j = 2.03 � 105 and PFMD = 15.5 lC cm�2. By setting the
applied field Eext = 100 kV cm�1 [7], a critical domain vol-
ume of V� � 5.6 nm3 is determined, which corresponds to
the smallest in-plane length of 24.2 Å for a rectangular
domain of about six lattice units when its length/thickness
ratio is selected as 2.5 [48], and corresponds to a critical
out-of-plane length of 2.12 nm in the case of a conic
domain if the length/radius ratio is chosen to be 4/3 [49].
These results are in excellent agreement with the critical
thickness of about 2.4 nm for ferroelectricity in perovskite
(e.g. BaTiO3) ultrathin films [50], as well as the domain-
wall width of several lattices as measured by atomic force
microscopy [51].

Fig. 5 presents the variations of EC temperature change
and coefficient with respect to applied electric field obtained
from Eq. (15), first-principles calculations for BST thin film
at 200 and 285 K (extracted from Ref. [7]), and direct mea-
surement of v in PZN-PT crystal at 453 K (extracted from
Ref. [5]). It is obvious that a linear approximation of v at high
Eext is valid, as predicted by Eq. (15) (see Fig. 3c). The two v
curves for two different temperature ranges, one below and
the other above TC [7], are in excellent agreement with our
analytical results. When Eext is comparable with the intrinsic
coercive field (EC), linear approximation is no longer valid,
as shown in the nascent activation stage (left of the hollow
arrow in Fig. 5), and an exponentially activated increase
[52] will give a better representation. In this case, the original
Eext has to be modified as Eext�EC so that the
Fig. 5. Variations of EC temperature change and coefficient with respect
to applied electric field from Eq. (15), first-principles calculations for BST
thin film at 200 K and 285 K [7], and direct measurement of v in PZN-PT
(110) crystal at 453 K [5]. The solid lines are the predictions from Eq. (15).
The largest applied fields are 1.2 and 100 MV m�1 for PZN-PT crystal and
BST alloys, respectively. The hollow arrow indicates our predicted
coercive field of 0.215 MV m�1 for the PZN-PT crystal. The BST data
at 200 and 285 K are first-principles calculations for temperatures between
190 and 210 K as well as 270 and 300 K, respectively, obtained from Ref.
[7].
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nonequilibrium effect dominated by the dynamic motion of
ferroelectric domain walls [53] can be included in the pro-
posed theory. This type of modification provides a good
explanation for the slight rightward shift of our predicted
line with respect to the origin of the coordinate system in
Fig. 5. It is important to note that our result of
EC = 0.215 MV m�1 lies in the measured range of 0.2–
0.3 MV m�1 for PZN-PT single crystals [5].

The results of the present study, which are obtained using
a combination of PM equation, classic LGD thermodynam-
ics and the appropriate Maxwell relation, present the dielec-
tric and EC properties of stress-free polarizable materials
under electric poling and temperature change. The proposed
approach offers an excellent interpretation, by incorporating
the microscopic thermal evolution of correlation length, of
the recently observed enhancement in EC responses, and
seems capable of remedying the apparent loss of validity,
especially in the temperature range near and above Curie
point, of the existing widely employed theories, such as the
classic phenomenological theory and the recently proposed
lattice model based on the mean-field theory. It is found that
by applying a sufficiently high electric field, the EC material
with larger dielectric stiffness and smaller correlation length
could extend its enormous EC effect above the Curie temper-
ature. Furthermore, the above-mentioned enhancement of
the EC effect above TC is essentially attributed to the thermal
reduction of dielectric permittivity and correlation length.
This finding may provide a new and effective way to tune
the extent of enhancement, such as by engineering the first
derivative of dielectric permittivity with respect to tempera-
ture via controlling the grain size of relaxor ceramics [19,54],
by fabricating ultrathin ferroelectric films [35] and initializ-
ing metal–insulator transition [44,54], and by manipulating
the shape and volume of the initially formed PNRs via apply-
ing a nanoscale electric field using scanning probe micros-
copy tip-voltage [49] and nanoconfining EC thin-films
[55,56].

Finally, it should be pointed out that in order to better
understand the nature of the EC effect, the following
important issues require further consideration.

(i) In the present study, only the equilibrium solution of
PM equations is adopted to deduce the dielectric
responses and order parameter evolution in EC
materials, however, the dependence of permittivity/
depolarization-field on the frequency-related dynamic
effects and ultrafast domain wall motion [57] could be
crucial.

(ii) The complicated dynamics of order parameter in
three-dimensional EC devices is influenced by spa-
tially localized charges and defects as well as by elec-
trode material [30,58].

(iii) The effects of extrapolation length and misfit strain,
which are neglected in the presently formulated total
energy [17], may play a predominant role in determin-
ing the depolarization factor and in turn the EC
responses of polar nanofilms.
5. Conclusion

In summary, Pauli’s master equation has been used to
deduce the general dependence of electric polarization on
temperature and electric field in relaxor ferroelectric single
crystals and polymers, and to study relaxor diffuse phase
transition as well as temperature-dependent dielectric stiff-
ness. Both the depolarization effect and dielectric permittiv-
ity dispersion have been considered within the framework
of the classic LGD thermodynamics and the Maxwell rela-
tion in determining the EC coefficient. It has been found
that the overall EC coefficient consists of three compo-
nents: temperature-dependent dielectric dispersion, intrin-
sic pyroelectric effect, and the enhancement of bulk
dielectric stiffness driven by the applied electric field or
environmental heating. Moreover, the proportions of these
components are strongly dependent on the dynamic evolu-
tion of electric polarization and its correlation length,
which provides a microscopic explanation for the thermally
driven EC enhancement and distinct electrocaloric proper-
ties of relaxor and polymer. Therefore, the EC effect can be
attributed to either distinct dominant contributions at dif-
ferent activation levels or different electrocaloric materials.
The proposed approach improves upon existing theories at
temperatures near to or far above the Curie temperature.
Finally, our analysis suggests a way to utilize the dielectric
permittivity and correlation volume of EC materials as a
tool to tune the enhancement of the EC coefficient.
Acknowledgements

Research Grants Council of the Hong Kong Special
Administrative Region, under Project No. HKU
716508E, is acknowledged. We would like to thank Profes-
sor Huajian Gao at Brown university for his thought-
provoking comments and discussion.
References

[1] Mischenko AS, Zhang Q, Scott JF, Whatmore RW, Mathur ND.
Science 2006;11:1270.

[2] Neese B, Chu BJ, Lu SG, Wang Y, Furman E, Zhang QM. Science
2008;321:821.

[3] Lu SG, Zhang QM. Adv Mater 2009;21:1983.
[4] Cao HX, Li ZY. J Appl Phys 2009;106:094104.
[5] Valant M, Dunne LJ, Axelsson AK, Alford NM, Manos G, Peräntie
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