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relaxor ferroelectrics 
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Abstract  

The electrocaloric (EC) effect is promising in realizing solid state refrigeration, which 

requires EC materials possessing 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 Curie temperature in relaxor ferroelectrics. 

The proposed approach allows the EC coefficient to be determined within the framework 

of classic Landau-Ginzburg-Devonshire thermodynamics and Maxwell relation, taking 

into accounts both depolarization and dielectric permittivity dispersion based on the 

concept of superparaelectricity and 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, not only can 

provide a microscopic explanation for the thermal-driven enhancement of EC responses, 

it 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.  
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1. Introduction 

The electrocaloric effect (EC), which is the physical inverse of the pyroelectric effect, 

refers to the adiabatic temperature change induced by reversibly isoentropical 

applications of an electric field in polarizable materials. This topic has received renewed 

research interests inspired by the recently observed enormous electrocaloric responses in 

thin-film 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, χ, which is defined as the ratio of the adiabatic temperature rise ∆T to the 

corresponding increment of external electric field ∆E. Owing to its intrinsic advantages in 

energy efficiency [3] and environmental friendliness [4], the EC effect observed in a 

large number of relaxor ferroelectrics and ferroelectric polymers has been recognized as a 

promising alternative [2] to the existing Peltier-effect-based technologies used in solid-

state cooling devices [3]. However, apart from very limited direct measurements of the 

resultant EC temperature [5,6], the existing studies on the temperature- and electric-field-

dependent EC effect have so far been limited to first-principles atomistic simulations [7,8] 

or solely numerical predictions based on the Maxwell relation [10-12] and 

phenomenological theories [13-17]. In particular, the Maxwell relation correlates the EC 

coefficient ( χ ) and pyroelectric coefficient ( γ  ), i.e., 

 χ=−TγE/CE                                                       (1) 

where T and E denotes absolute temperature and magnitude of the applied electric field, 

respectively; and CE is the volumetric specific heat at constant E. Note that the validity of 

this equation is valid under the condition of constant entropy. It can be inferred from Eq. 

(1) that, in order to qualify as a feasible candidate for applications in commercial cooling 

devices, EC materials should possess pronounced pyroelectric effect over a relatively 

broad temperature range [3]. This is because both changes in isothermal entropy and 

adiabatic temperature are practically required to maintain significantly high level 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 averaged EC adiabatic temperature change as follow: 

∆T=−κTP
2
/CE                                                      (2)  
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where P is an order parameter in the form of electric polarization, and κ is often defined 

as a temperature-independent dielectric stiffness [3,13], which is inversely proportional to 

the Curie-Weiss constant [18]. 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 ∆T, whereas only κ was found to have significant effect on the EC 

isothermal entropy change (∆S) [3]. This distinction causes ferroelectric ceramics, which 

usually possess higher TC and lower heat capacity [1,3,5], to display much smaller ∆S 

compared with ferroelectric polymers [13,14], even though the ∆T 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 the phenomenological 

thermodynamics could provide almost satisfactory accuracy in most numerical 

predictions, the actual mechanism underlying the EC coupling is neither well understood 

[1] nor systematically established [5]. Specifically, the phenomenological theory has been 

repeatedly reported to deviate significantly from experimental observations in the vicinity 

of TC [15,16]. Ironically, the EC responses of interest are normally found to peak at 

temperatures near TC [1,2,9-13]. Even for an identical system, there are obvious 

discrepancies between the results calculated from the Maxwell relation and the 

phenomenological theory, which is likely caused by their negligence of the depolarization 

effect [8] and thermal loss 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 EC 

responses in both ferroelectric and paraelectric phases, significant enhancement of the EC 

coefficient was only 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 

constant [7,14] in a wide temperature range of T>TC; ii) In addition to the influence of 

mechanical boundary conditions [17,19],
 
 it is also crucial to determine how the electric 

boundary conditions
 
[8] and size effect

 
[20] influence the intrinsic EC responses; iii) 

although ∆T is frequently reported to depend on both the increment and the initial value 

of applied field [17,21], the universal dependence of EC coefficient on external electric 

field  remains unclear.  To address these concerns, theoretical investigations beyond the 
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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 permittivity, 

whose dispersion with temperature has been found to have a strong influence on the 

calculated EC entropy conversion [22]. Most recently, Valent 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. Unfortunately, the physics of the 

complex EC effect above Tc, which is important for exploration of industrial applications, 

remains unclear. 

In this paper, the above issues in dielectric materials are addressed using the LGD 

thermodynamics and Pauli’s master (PM) equation, whose suitability in describing the 

polarization switching dynamics and temporal polarization fatigue mechanisms has been 

experimentally confirmed for normal ferroelectric single crystals [23]. 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 

relaxor paraelectric phase. This may pave a new pathway to realize the EC-effect-based 

refrigeration devices of wide cooling span and high cooling capacity. In order to 

investigate the effect of depolarization field and relaxor dielectric stiffness on EC 

properties, the free energy of LGD theory is modified in Sec. 2 to account for the 

depolarization effect and domain wall energy. Besides, the PM equation is also applied 

upon EC materials to derive the universal dependence of thermal permittivity dispersion 

and temporal polarization evolution on the general activation parameters. Subsequently, 

the analytical results obtained are used to develop the general formulas for the EC 

coefficient in Sec. 3. In Sec. 4, direct comparisons are carried out between our analytical 

results and the existing theoretical and experimental data to illustrate the general 

suitability of the proposed theory. The main findings and important implications are 

summarized in Sec. 5. 
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2. Incorporation of LGD thermodynamics and Pauli’s Master equation  

It is a known fact that the EC properties associated with the dynamical evolution of 

order parameter is 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 commonly used to model the complicated polarization evolution 

process. However, due to the great difficulty encountered in obtaining an analytical 

solution of dynamical polarization in terms of the deciding parameters when both the 

depolarization effect and dielectric permittivity dispersion are accounted for, to-date, 

such solution is still non-existence [13-17]. The lack of consideration of depolarization 

effect and dielectric permittivity dispersion influence in the existing models and solutions 

may have prevented the establishment of a universal formula for the EC coefficient, and 

may also be the cause of 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 [24,25], i.e.,  

2 4 2
total ext dep

1
F P P ( P) P P

2 4 2 2

g
E E

 
                                (3) 

where  C=κ T T 
 
and the T-independent β are the coefficients of Landau energy 

expansion; g represents the gradient coefficient for the Ginzburg energy reflecting the 

presence of polarization heterogeneities [26]; Eext and Edep denote the component of 

external electric field along the polarization orientation and the magnitude of residual 

depolarization field, respectively. The gradient effect arising from the domain wall is 

included here for completeness. In accordance with our recent work [27], the Ginzburg 

energy can be approximated as 4gP
2
/3H

 2
 based on the classical kink solution [28] for the 

variation of polarization across a domain wall, where H denotes the wall width. 

 In order to correlate the depolarization effect with dielectric permittivity dispersion 

for analysis of the EC properties, the following empirical formula is adopted [18, 25]: 

  Edep= -nd (P-qc) / ε                                            (4) 

where ε and qc represent the dielectric permittivity of background material [24] and the 

reference polarization due to the compensation density of charges from residual defects 

and electrodes [18], respectively; nd can be regarded as a geometric depolarization factor 
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dependent on the aspect ratio of reverted ferroelectric domains [18] and EC film 

thickness [29]; qc is closely related to the screening properties of the EC film and 

electrode material. It can be postulated from the Gauss’s equation [30], i.e.,  

 0• P ε cq    where ε0 is the vacuum dielectric constant, that in practical situations 

all the parameters on the RHS of Eq. (4) are mutually coupled, and they are closely 

related to the imposed electric boundary conditions [18] and the spatial distribution of 

internal defects [31]. Since the focal concern 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 [32] revealed that 

nd=1/3 for spherical domain. However, 1/nd is found to increase quadratically with the 

length to diameter ratio of cylindrical domain [18]. 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 “depleted ferroelectric layer” [33] appearing near the EC film surface or 

film-electrode interfaces. Further, ε is temperature-dependent from thermodynamic 

considerations of intrinsic lattice vibrations [26] as well as extrinsic domain pattern or 

thermal domain wall motion/pinning [29].   

So far, a large number of the electrocaloric materials exhibit diffuse phase transition 

and broad dielectric dispersion [34] due to short-range fluctuations [35] of their relaxor [5] 

or dipolar [14] structures. In general, unconstrained bulk relaxor ferroelectrics possess 

intrinsic characteristic 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 [17]. In the case of a thin EC film, which is 

either sandwiched between top and bottom electrodes or deposited on a nonpolar 

substrate, the main impacts of internal stress and substrate lateral clamping include: i) 

simultaneous increase of the magnitude of dielectric permittivity and decrease of 

sensitivity to temperature [36]; ii) increase of the inhomogeneity of the material and its 

gradient energy; iii) modification of the energy coefficients in Eq. (3) or even alteration 
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of the sign of β [21], such that during heating the declining rate of order parameter is 

reduced through transformation of the phase transition order from FOT (β<0) to SOT 

(β>0). It is expected that these impacts essentially lead to the results obtained by Akcay 

el al. [21], 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 influences 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 [16] in 

achieving extraordinary EC responses, the phase transition in EC relaxor ferroelectrics is 

regarded as a SOT. Subsequently, the paraelectric phase, which consists of many 

elementary polar nanoregions (PNRs) [14,37] in the absence of an electric field, is 

assumed to grow into a ferroelectric monodomain (FMD) [21,37] once a critical nucleus 

of volume V
*
 is formed in the nonpolar matrix under an applied field [11,23]. Based on 

the above considerations, it seems reasonable to treat the whole EC film as an ensemble 

of independent [38] or weakly coupled [5] PNRs in the absence of external fields, misfit 

strains, and thermal fluctuations, as assumed by Zhukov et al. [38] in discussing their 

inhomogeneous polarization switching mechanism.  

According to Burns and Dacol [39], the average transition temperature of PNRs (TPNR) 

could be higher than the bulk Curie temperature by hundreds of Ks. 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 corresponding 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 

follow: 

 * 2
PNR d=κ T T /ε+8g/3Hn                                            (5) 

Since TPNR is always greater than the temperature of interest, which can be higher than TC 

by tens of Ks, at a specific temperature the spontaneous polarization for the 

representative FMD is obtained by minimizing its Eext-free total energy density as: 
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d
FMD PNR 2

1 8g
P κ(T T)

ε 3

n

H

 
    

 
                                         (6) 

Eq. (6) indicates that the existence of intrinsic depolarization field and domain wall could 

considerably decrease the FMD spontaneous polarization and, thus, giving rises to the 

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 vector 

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 annihilation of the net polarization magnitude (PEC) statistically 

in the whole EC-film among FMDs at temperatures higher than TPNR. On the contrary, 

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 barrier (Fb) required to activate the polarization 

switching between P↑ and P↓ is the total energy difference of these two stable polarization 

states, i.e., 

Fb=2V
*
×PFMD×Eext                                                    (7) 

Eq. (7) shows that Fb peaks at the largest V
*
, corresponding to where lattice symmetry 

breaking can be observed [40], and that the diffuseness of relaxor phase transition may be 

originated from the wide-spreading nature of the temperature effect on evolution of V
*
. 

This is consistent with both the results of the mean-field theory and TEM observation [26] 

that the diffuseness of dielectric response in Pb(Mg,Nb) crystals is characterized by a 

continuous distribution of the localized polarization correlation volume.  

In general, the temporal evolution of OP↑ and OP↓ for the EC material is governed by 

PM equation [23, 41], i.e., 

d(OP )/d (OP OP )

d(OP )/d ( OP OP )

B

B

u

u

t f e

t f e

  

  

   


  

                                    (8) 

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 



 9 

equilibrium (in the limit of time t →∞) OP↑=1/(1+ Bu
e


) and OP↓=1/(1+ Bu
e ) [23]. Under 

the activation of either Eext or T, by assuming that all the FMDs in the EC film possess an 

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 localized order 

parameter among the entire sample of FMDs with their equilibrium occupational 

probabilities, i.e.,  

EC sat

1 exp( )
P P

1 exp( )

B

B

u

u

 


 
                                                  (9) 

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 for 

dominantly control 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 variations in polarization. Furthermore, we can utilize Eq. (9) 

to extract dielectric dispersion in terms of temperature. Since less than ten percent 

reduction of bulk spontaneous polarization is actually attributed to the effects of 

depolarization [23] and domain walls [42], the temperature-driven dielectric dispersion 

can be deduced based on the assumption of temperature-independent domain wall width. 

[i] Phase switching in ferroelectric phase (T<TC) 

In the temperature range below TC, in which the material is in ferroelectric state, the 

magnitude of saturated polarization will deviate from Eq. (6) in the presence of Eext. In 

this case, the approximation of Psat=PFMD+∆P=PFMD+εEext is commonly adopted to 

estimate the average dielectric effect with respect to Eext [18]. Most importantly, the 

validity of Eq. (9) for EC materials requires the constraint ε=∂PEC/∂Eext be strictly 

satisfied over a wide uB range, which gives rise to the temperature-induced incremental 

ratio of EC-film polarization as follow: 

FMD

P

P 1 B

B
u

B

u

u e





 
                                    (10.1) 
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Since ∆P= εEext, Eq. (10.1) indicates the thermal dispersion of dielectric properties of EC 

materials, which is crucial for characterization of the EC responses through tuning the 

magnitude of depolarization field given by Eq. (4). 

[ii] Phase transition in paraelectric phase (TC≤T≤TPNR) 

In view of the fact that Psat≈ PFMD in the weakly interactive paraelectric phase, the 

application of Eext will merely revert the polarization direction of FMD. By 

differentiating the PEC of EC film with respect to Eext and solving ε=∂ PEC/∂Eext, we 

obtain: 

FMD

2P

P 2 B B

B
u u

u

e e





 
                                               (10.2) 

Our plots for the inverse functions of Eqs. (10.1) and (10.2) versus 1/uB (not shown here) 

show that the temperature-dependent 1/ε curve is composed of two nearly straight lines 

intersecting at a critical uB value which is corresponding to Curie temperature. This result 

is in agreement with Curie-Weiss law, in which ε
-1

 is linearly proportional to (T-TC) over 

a broad temperature range. Besides, the ε in ferroelectric phase is found to diverge at 

uB=1.278 whereas that of paraelectric phase peaks at uB=1.543. Since uB is decreased 

with increasing temperature, these findings seem to explain the well-known size effect on 

TC that the smaller the size of nanoscale polar material, the lower its Curie temperature is. 

Thus, we can infer that Eqs. (10.1) and (10.2) are able to reflect the dielectric permittivity 

diffuseness of the EC material. 

As the framework of this work lies within the concept of “superparaelectric” nature of 

commonly-used EC materials [26] and the focal concern is their EC responses above TC, 

we would limit our derivations and discussions to the case of ε in the paraelectric phase, 

which is given by Eq. (10.2).  Subsequently, a modified dielectric stiffness, κ*
=∂α*

/∂T, 

taking into account the effect of broad dielectric dispersion during diffuse transition of 

relaxor, can be obtained:  

*

* 2
FDM

κ - κ (2 e e e e )
4 V P

B B B Bu u u u
B B

k
u u



 
                              (11) 
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Eqs (10) and (11) show that the dielectric stiffness is significantly enhanced at elevated 

temperatures due to the augmented depolarization effect. Although in general the 

depolarization effect appears to have insignificant influence on the dynamics of 

ferroelectric domain reversal, the following points are worth noting: (i) Since the 

screening length of electrodes or the thickness of grain boundary and “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 * 2
FDM/2 V Pk  , which in turn raises 

κ*
 and the EC responses. This type of thermal reinforcement is vital for understanding the 

large enhancement of dielectric stiffness in the course of temperature rise [14].  

For achieving more precise description of the EC properties in dielectric materials, 

especially at temperatures above TC, Eqs. (10) and (11) must be able to accurately 

describe the broad, diffuse nature of transition as well as dielectric permittivity dispersion 

in a wide range of T and Eext. Thus, it is important to check the effectiveness of Eqs. (10) 

and (11) before further discussions 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 diffuseness of SBT dielectric 

permittivity determined from Eq. (10.2) 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 [26], 

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 likely 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 

lesser degree of lattice 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 
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correlation length at temperatures far deviated from TC, while the asymmetric variation of 

V
*
 in the vicinity of TC is similar to the distribution of local polarization correlation 

volume calculated from the mean-field theory [26]. These distinct features are useful for 

explaining the asymmetric nature of relaxor’s diffuse transition [37, 43]. It is noteworthy 

that the as-shown V
*
 evolution in Fig. 1b is in remarkable consistency with the recent 

results obtained by Alinchuk et al. [44] for variation of correlation radius in thin 

ferroelectric films. 

 Eq. (11) extends the classic phenomenological theory in which a time-independence 

assumption was used in establishing the solutions for dielectric stiffness [3,20]. However, 

this assumption has encountered some challenges [14]. Apart from the unsatisfactory 

accuracy in simulating temperature-dependent properties of typical relaxor ferroelectrics, 

the predicted EC response based on the LGD theory significantly underestimates ∆T in 

BaTiO3 multilayer [6] and ∆S in P(VDF-TrFE-CFE) thin film [14]. In contrast, the 

calculated values of κ*
 from Eq. (11) are in excellent agreement with the temperature-

driven dielectric stiffness enhancement observed by Neese et al. [14], as shown in Fig. 2. 

Therefore, it is encouraging to further analyze the EC response based on the inferences 

obtained from PM equation. 

3. Analytical investigation on EC Responses  

In view of the analytical expressions derived in the previous 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 γE=∂PEC/∂T into the Maxwell relation give by Eq. (2) 

to obtain the EC coefficient, 

 

2
FMD FMD

S E 2

2 P P 1 e 2 e
(χ) T

T2 e e (1 e )

B B

B B B

u u
B B

u u u

u u
C

 

 

   
   

   
                        (12) 

where the subscripts S and E denote the condition of constant entropy and constant Eext, 

respectively. The first term on the right side of Eq. (12) represents the contribution from 

relaxor dielectric dispersion [compare Eqs. (10) and (12)] while the second term is 
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mainly attributed to the strong coupling between the intrinsic pyroelectric effect and the 

dielectric stiffness enhancement driven by either the increased 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 T
m

, at which the 

maximum derivative of dielectric permittivity with respect to temperature occurs, has 

been shown both experimentally [refer to Fig. 1b] and theoretically [45] to be higher than 

TC of the commonly used relaxors. We can thus postulate that the measured temperature 

T
opt

 is slightly larger than TC, as commonly observed.  

Furthermore, by combining Eqs. (6) and (10)-(11), we obtain 

*
FMD FMDP / T κ /(2 P )                                                       (13) 

Substituting Eq. (13) into Eq. (12) yields two formulas of χ, i.e., the EC coefficient at 

constant electric field, χ(uB)E, which changes with the variation of T, and that at constant 

T, χ(uB)T, which changes with Eext. Note that uB includes both kinds of direct activations 

arising from Eext and T, and is, therefore, a more general parameter. It can be shown that 

χ consists of three components, each of which has a unique interpretation; and three 

superscripts, I, II and III, are used to differentiate them in χ(uB)T and χ(uB)E as follow: 

*
I II IIIext d ext

B E E FMD B E B E B E2 2
FMD

2κE V E
χ( ) P χ ( ) χ ( ) χ ( )

2 P

n
u C u u u

k 
             (14)                       

I II IIId
B T E FMD B T B T B T* 2 3

FMD FMD

TκT
χ( ) P χ ( ) χ ( ) χ ( )

P 4V P

n k
u C u u u

 
              (15) 
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Eq. (14) shows that in the case of constant Eext and nd, the heating-driven decrease of 

polarization [refer to Eq. (6)] enhances quadratically the proportion of χ
III

(uB)E and, 

simultaneously, reduces proportionally that of χ
I
(uB)E. This is consistent with the 

recently conjectured mechanisms by Neese et al. [14] to explain the distinct temperature-

driven EC responses in terms of ∆S and ∆T in quenched and annealed P(VDF-TrFE-

CFE). Besides, Eq. (14) also infers that a proportional increase in the EC coefficient is 

produced by the increase of nd, which agrees with the proportional decrease of χ due to 

the improvement of screening parameter [8]. Fig. 3a shows that, compared to a 

monotonously increasing χ
II
(uB)E during heating, χ

I
(uB)E shows a significant increase 

over a narrow temperature range followed by a slow decline, and that before χ
I
(uB)E 

reaches its peak, the rapid appearance and increase of χ
III

(uB)E at higher temperature 

intensively enhance the overall EC coefficient (χ)E. It should be emphasized that the 

enhancement due to both χ
II
(uB)E and χ

III
(uB)E only take 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 

[5,16], first-principles simulations [7] and modified Ising model [4]. In addition, these 

findings may help identify some polarizable materials with TC lower than the room-

temperature (RT) so as to achieve the 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, 

T
opt

, for the maximum (χ)E does exist, which is expected since all the derivatives of the 

three terms in (χ)E are mutually cancelled out, as shown in Fig. 3b.  

The Eext-activated variations of χ
I
(uB)T, χ

II
(uB)T and χ

III
(uB)T under fixed temperature 

is demonstrated in Fig. 3c. It can be seen that while χ
I
(uB)T and χ

II
(uB)T exist in the 

whole temperature range, χ
III

(uB)T only exists in a short range at higher temperatures, as 

implied by Eq. (15). Note that if an ultrahigh Eext is applied, there is a possibility that the 

enhancement of χ near T
opt

 may be reduced, as probably implied in the work by Lisenkov 
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and Ponomareva [7] for Eext>90 MV/m. Hence, in addition to the primary limitation from 

the electric breakdown strength of EC relaxors [1,21], the Eext employed to realize EC 

coupling enhancement should not exceed the critical value for maximizing  χ
III

(uB)T, as 

shown in Fig. 3c. 

In practice, both T and Eext are likely to change simultaneously due to non-uniform 

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 χ 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 dielectric dispersion and the steep increase of dielectric stiffness results in the 

existence of an optimum uB, which occurs at T
opt

. It is noteworthy that such an optimal 

uB could be easily tuned by controlling the grain size of ferroelectric ceramics [20], since 

an effective method for dielectric permittivity enhancement is decreasing the grain size 

[46]. 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 EC effect in Rochelle salt [47] can be traced back to 1930s, 

direct measurements of enormous EC response in relaxors were not available till very 

recently [5,6]. To examine the versatility of the analytical formulas established in Sec. 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 ∆T data (refer to [1-9,21]) shows a similar trend in the variation of ∆T 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 calculation for BST [7]. The slight 
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deviation at 240 K was probably due to our simplistic selection of temperature-

independent critical volume and constant proportions for the three components of χ. On 

one hand, on heating the critical volume should decrease continuously at temperatures 

between TC and T
m

, as demonstrated in Fig. 1b, which leads to an overestimation of χ at 

lower temperatures such that the decreasing trend of χ at higher temperatures can be well 

described. On the other hand, the mentioned proportions should be temperature-

dependent, and our opposite assumption of the reverse will increase the enhancement 

extent and, thus, results in a larger χ prediction.  

The fitting results of Fig. 4 reveal that the factors associated with χ
I
(uB)E and χ

II
(uB)E 

are of the same order for the simulated (Ba0.5Sr0.5)TiO3 alloy, and thus yield an estimation 

of its V
*
 as being proportional to FMDP /κ extk E . In view of the lack of the required data 

for (Ba0.5Sr0.5)TiO3, the estimation of V
*
 is made based on the corresponding data of 

Ba2.2Sr0.8Ta2O9 [48], i.e., β=3.75×10
9
, κ=2.03×10

5
 and PFMD=15.5 μC/cm

2
. By setting the 

applied field Eext=100 kV/cm [7], a critical domain volume of V
*
≈ 5.6 nm

3
 is determined, 

which is corresponding to the smallest in-plane length of 24.2 Å for a rectangular domain 

of about 6 lattice units when its length/thickness ratio is selected as 2.5 [49], and is 

corresponding to the 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 [50]. These results are in excellent agreement 

with the critical thickness of about 2.4 nm for ferroelectricity in perovskite (e.g., BaTiO3) 

ultrathin films [51], as well as the AFM measured domain-wall width of several lattices 

[52]. 

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 K and 285 K (extracted from Ref. [7]), and direct measurement of χ in PZN-

PT crystal at 453 K (extracted from Ref. [5]). It is obvious that a linear approximation of 

χ at high Eext is valid, as predicted by Eq. (15) [refer to Fig. 3c]. The two χ 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 vicinity of the hollow arrow in Fig. 5), and an exponentially activated increase 
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[53] will give a better representation. In this case, the original Eext has to be modified as 

Eext−EC so that the nonequilibrium effect dominated by the dynamical motion of 

ferroelectric domain walls [54] can be included in the proposed theory. And such a 

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 lies in the measured range of 0.2-0.3 MV/m for PZN-

PT single crystals [5].  

The results of the present study, which are obtained using a combination of PM 

equation, the classic LGD thermodynamics and the appropriate Maxwell relation, present 

the dielectric and EC properties of stress-free polarizable materials under electric poling 

and temperature change. The proposed approach is able to make excellent interpretation, 

via incorporating microscopic thermal evolution of correlation length, on the recently 

observed enhancement in EC responses, and it seems capable of remedying the apparent 

loss of validity, especially in a 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 Curie 

temperature. Furthermore, the above-mentioned enhancement of EC effect above TC is 

essentially attributed to the thermal reduction of dielectric permittivity and correlation 

length. This finding may provide a new way to effectively tune the extent of 

enhancement, such as by engineering the first derivative of dielectric permittivity with 

respect to temperature via controlling the grain size of relaxor ceramics [20,55], by 

fabricating ultrathin ferroelectric films [36] and initializing metal-insulator transition 

[45,55], and by manipulating the shape and volume of the initially formed PNRs via 

applying nanoscale electric field using SPM tip-voltage [50] and nanoconfining EC thin-

films [56,57]. 

Finally, it should be pointed out that  in order to better understand the nature of EC 

effect, the following important issues would require further considerations: i) in the 

present study only the equilibrium solution of PM equations is adopted in this work to 

deduce the dielectric responses and order parameter evolution in EC materials, the 
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dependence of permittivity/depolarization-field on the frequency-related dynamic effects 

and ultrafast domain wall motion [58] could be crucial; ii) the complicated dynamics of 

order parameter in three dimensional EC devices is influenced by spatially localized 

charges and defects as well as electrode materials [31,59]; iii) the effects of extrapolation 

length and misfit strain, which are neglected in the presently formulated total energy [18], 

may play a preponderant role in determining  the depolarization  factor and in turn the EC 

responses of polar nano-films.  

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 stiffness. Both the depolarization effect and dielectric 

permittivity dispersion have been considered within the framework of the classic LGD 

thermodynamics and Maxwell relation in determining the electrocaloric coefficient. It has 

been found that the overall electrocaloric coefficient consists of three components, i.e. 

temperature-dependent dielectric dispersion, intrinsic 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 evolution of electric polarization and its correlation length, 

which provides a microscopic explanation for the thermal-driven EC enhancement and 

distinct electrocaloric properties of relaxor and polymer. Therefore, the electrocaloric 

effect can be attributed to either distinct dominant contributions at different activation 

levels or different electrocaloric materials. The proposed approach improves upon the 

existing theories at temperatures near or far above Curie temperature. Finally, our 

analysis suggests a way to utilize the dielectric permittivity and correlation volume of 

electrocaloric materials as a tool to tune the enhancement of the electrocaloric coefficient. 
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Figure Captions 

1. Fig. 1. (a) Comparison of the predicted dielectric permittivity of SrBi2Ta2O9 thin film 

from Eq. (10.2) 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 Tε,m and T

m
 are 

temperatures corresponding to the peak of dielectric permittivity and the maximum 

derivative of PFMD×V
*
 with respect to temperature, respectively. 

2. Fig. 2. Comparison of predictions from Eq. (11) with the experimental data for 

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°C-60°C and 90°C-110°C at an increment of 10°C. 

3. Fig. 3. Temperature-dependent variations (at constant applied field) of (a) the three 

component functions of the EC coefficient χ and (b) their derivatives with respect to 

temperature. The arrow in (b) indicates the optimum temperature T
opt

, at which the 

sum of the three terms in (χ)E is maximized since their net derivative is zero. (c) Eext-

driven variation of the three component functions at constant temperature. The arrow 

in (c) points to the direction of increasing temperature, indicating that (χ
III

)T is only 

effective at higher temperature and that (χ
I
)T and (χ

II
)T exist in a relatively larger 

range of T compared with that of (χ
III

)T. (d) Variations of the three χ components and 

their sum, activated by changes of both T and Eext, with respect to uB. 

4. 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 K and 250 K, respectively. 

5. 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 
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and 285 K [7], and direct measurement of χ 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 

MV/m and 100 MV/m for PZN-PT crystal and BST alloys, respectively. The hollow 

arrow indicates our predicted coercive field of 0.215 MV/m for the PZN-PT crystal. 

The BST data at 200 K and 285 K are first principle calculations for temperatures 

between 190 K and 210 K as well as 270 K and 300K, respectively, obtained from 

Ref. [7].  
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