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Abstract 

The electrocaloric effect (ECE) of ferroelectric materials, which occurs significantly in a 

narrow temperature region near the first-order paraelectric/ferroelectric transition (FOPFT) Curie 

temperature, has great potential in solid-state refrigeration. Most ferroelectric materials, however, 

bear the second-order paraelectric/ferroelectric transition (SOPFT). In the present study, we 

demonstrate size-dependent pseudo-first-order phase transition (PFOPT), associated ultrahigh ECE 

and Curie temperature in ferroelectric nanoparticles with degradation layers by employing phase 

field modeling. The PFOPT behavior of the polarization component 3P  along the applied electric 

field direction 3x  versus temperature is similar to the classical FOPFT behavior. The results 

indicate that the ultrahigh ECE and PFOPT occur at temperatures below the Curie temperature of a 

given nanoparticle size. The adiabatic temperature change is 3.347 K in the simulated barium 

titanate nanoparticle of 81010   normalized size under 96.502 kV/cm applied electric field 

change. The concept of PFOPT should be general to be applied to all ferroelectric perovskite 

materials. Therefore, the current results provide a novel physical perspective for experiments and 

for lower power/higher efficient solid-state cooling devices.  
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1. Introduction 

The electrocaloric (EC) effect, which refers to the change in adiabatic temperature of a 

ferroelectric by varying an applied electric field, in ferroelectric materials has attracted widespread 

interests due to the prospect of a novel approach to realize solid-state cooling devices instead of the 

existing vapor-compression refrigeration.
1-5

 Although bulk ferroelectric (FE) ceramics at low 

electric fields produced only small changes in adiabatic temperature (ΔT<2 K) at temperatures near 

the Curie temperature Tc, an adiabatic temperature change (ATC) of ΔT=12 K was observed under 

applied 776 kV/cm at 226 °C in a 350 nm PbZr0.95Ti0.05O3 thin film prepared by a sol-gel method,
6
 

and an ATC of 5 K in a 260 nm thick relaxor ferroelectric thin film
7
 0.9PbMg1/3Nb2/3O3-0.1PbTiO3 

(PMN-PT) at 895 kV/cm and 75 °C. After that, the large EC effect has been observed in other 

ferroelectric and antiferroelectric systems, relaxor and polymer films.
8-13 

The ATC in ferroelectric 

thin films is greatly enhanced by varying electric field from zero to ultrahigh fields of hundreds 

kV/cm due to the enhanced breakdown strengths of the materials in thin films compared to their 

bulk counterparts, whereas the associated electrocaloric strength (ECS) ||/|| ET   is even lower 

than that of the bulk counterparts.
14-16

 The ECE of ferroelectrics intrinsically stems from the 

temperature dependence of polarization, an applied electric field can reversibly change the 

temperature of an electrocaloric material under adiabatic condition, and the effect becomes 

strongest near the FOPFT point. In principle, Landau-Devonshire theory describes the 

thermodynamic behaviors of ferroelectric materials including FOPFT and the free energy as a 
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function of polarization and the relationship between electric field and polarization at various 

temperatures.
17,18

 As a typical example, Fig. 1 plots the one-dimensional Landau-Devonshire free 

energy and electric field versus polarization at four characteristic temperatures during the phase 

transition process, i.e. Curie-Weiss temperature 0T , Curie temperature cT , ferroelectric limit 

temperature 1T  and limit temperature of electric field-induced phase transition 2T , where the 

BaTiO3 material properties are used
19

 and the dotted parts of the curves correspond to the unstable 

state. At the Curie-Weiss temperature 0T  shown in Fig. 1(a), the regular polarization versus 

electric field (P-E) hysteresis loop appears as the consequence of the double-wells-free energy 

profile. When the temperature increases to the Curie temperature cT , the three-wells-function of 

Landau-Devonshire free energy leads to the critical P-E hysteresis loop amid regular shape and a 

double-hysteresis loop, as shown in Fig. 1(b). At the ferroelectric limit temperature 1T  shown in 

Fig. 1(c), the double-hysteresis loop occurs with the unequal three-wells-free energy function. This 

double-hysteresis loop originates from a typical electric-field-induced phase transition from 

paraelectric phase to ferroelectric phase. At the limit temperature of field-induced phase transition 

2T , as shown in Fig. 1(d), the double-hysteresis loop disappears and a quasi-linear P-E curve 

emerges, indicating the crystal is paraelectric and cannot be transformed into ferroelectric phase 

within the range of applied electric field. 

The first-order phase transition Curie temperature is the natural hub to generate significant 

ATC and ECS, which has been proved by many experimental and theoretical studies.
16,20-24

 For 

example, Moya et al.
16

 presented direct measurements of ΔT in single crystal BaTiO3 near the Curie 

temperature cT  and observed the giant ECS ||/|| ET   of 0.22 K cm/kV. Li et al.
20

 also directly 

measured ECE in an irradiated poly(inylidenefluoride-trifluoroethylene) 65/35 mol. % copolymer. 

Their experimental results show that near the FOPFT temperature, the applied E =180 MV/m 
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causes an isothermal entropy change 
11

int KKgJ160 S and an ATC intT =35 K. By employing 

molecular dynamics with a first-principles-based shell model potential, Rose et al.
21 

found a giant 

ATC ΔT K25~  in lithium niobate (LiNbO3) under ΔE =75 MV/m through the FOPFT 

temperature and suggested that the operating temperature for refrigeration and energy scavenging 

applications should be above the FOPFT temperature to obtain a large electrocaloric response. 

Thermodynamic analysis indicates that giant EC effect ΔT 6.1~ K under ΔE =100 kV/cm observed 

in perovskite BaTiO3 bulk single crystal
22

 is attributed to the intrinsic monodomain thermodielectric 

properties when driven near the curie temperature by sufficiently high electric field. Using a phase 

field model, Wang et al.
23

 showed that the extrinsic mechanical contribution from the multidomain 

to monodomain transition significantly enhanced the EC response in PbTiO3 crystals around the 

Curie temperature. Recently, a giant EC strength of 0.48 K cm/kV was found in BaTiO3 single 

crystal under applied electric field ΔE =10 kV/cm near the FOPFT temperature.
24

 But, such large 

ECS was not stable after tenfold thermal and electrical cycles because the field-induced phase 

transition and domain switching resulted in numerous defects such as microcracks. Clearly, defects 

may play important roles in the electrocaloric effect, which has not been studied systematically so 

far. 

The depolarization field in low-dimensional ferroelectrics becomes stronger in comparison 

with that in the counterpart bulks and thus may alter the domain structure, phase transition 

temperature, switchability as well as electrocaloric properties. Extensive ECE studies
6-13

 have 

carried out on ferroelectric thin films because films survive under high electric field. The previous 

study indicates the thickness-dependent ECE.
25

 There are, however, rare reports in the literature 

about the ECE investigation on ferroelectric nanoparticles, although free-standing
26-28

 and epitaxial 

growth
29-32

 ferroelectric nanoparticles have been successfully fabricated in experiments and these 
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nanoparticles have the great application potential in fabricating nanoscale ECE cooling devices. 

Differing from two-dimensional ferroelectric thin films, the unique geometry of ferroelectric 

nanoparticles provides special interaction among the size, depolarization field, temperature, electric 

field and spontaneous polarization. The unique geometry of ferroelectric nanoparticles results in 

distinctive polarization structure, and hence the exceptional ECE behavior. In the present work, we 

conduct phase field simulations and take lead-free BaTiO3 nanoparticles as an example to illustrate 

the exceptional ECE behavior. Experimental observations and theoretical studies have proved the 

presence of a degradation layer between a metallic electrode and the ferroelectric material.
33-35

 The 

degradation layer is considered here, which other defects such as vacancies
36,37

 and dislocations
38-40

 

etc. are excluded from the present work.  

 

2. Methodology 

Polarization  321 ,, PPPP  is used as the order parameter in the 

Ginzburg-Landau-Devonshire theory based phase field simulations. The phase transition and 

domain evolution are a direct consequence of the minimization process of the total free energy over 

the whole system. The total free energy of ferroelectrics is obtained by integrating an electrical 

enthalpy density over the whole system,
41,42 
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   (i, j, k, l=1, 2, 3)  (1b) 

In Eq. (1b), the first four terms represent the Landau-Devonshire energy density, where i  is the 

dielectric stiffness, which is directly related to temperature by   0001 2/ CTT   , T and 0T  
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signify temperature and the Curie-Weiss temperature, respectively, 0C  is the Curie constant, and 

0  is the dielectric constant of vacuum. ij , ijk and ijkl  are higher order dielectric stiffnesses. 

The fifth term indicates the mechanical energy density, where ij  and ijklc  are the strains and 

elastic constants, respectively. The sixth term represents the coupling energy density between the 

polarization and elastic deformation, where ijklq  is the electrostrictive coefficient. The seventh 

term is the gradient energy density, where ijklg  is the gradient coefficient and jiP ,  denotes the 

spatial derivative of the i th component of the polarization vector, iP , with respect to the j th 

coordinate. The gradient energy density gives the energy penalty for spatially inhomogeneous 

polarization. The last two terms are the electric energy density due to the presence of electric field, 

in which 
r  is the background dielectric constant of the material and iE  is the electric field. With 

the electrical enthalpy density of Eq. (1), the stresses and electric displacements can be derived as 

ijij f   /  and ii EfD  /  respectively. Voigt notation is adopted here to express the 

electrostrictive coefficient ijklq , the gradient coefficient ijklg , and the elastic constants ijklc . Table 

1 shows the values
45

 of the normalized material coefficients of BaTiO3 employed in the simulations. 

In the phase field model, the polarization switching process is determined by the following 

time-dependent Ginzburg-Landau equation, 

   
 tP

F
L

t

tP

i

i

,

),(

x

x









                            (2) 

where L is the kinetic coefficient, the variation of 
 tP

F

i ,x


 on the right hand side of Eq. (2) 

represents the thermodynamic driving force for the spatial and temporal evolution of domain 

structures.  321 ,, xxxx  denotes the spatial vector and t is time. In addition to Eq. (2), the 

mechanical and electrical equilibrium equations of 0, jij  and 0, iiD  must be satisfied at the 
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same time for charge-free and body force-free ferroelectric materials. In the numerical calculations 

of Eq. (2), the finite element method with eight-node brick elements and seven degrees of freedom 

at each node is employed for the space discretization, and the backward Euler iteration method is 

adopted for the time integration.  

The electrocaloric effect is the temperature change of a crystal caused by an adiabatic change 

in an applied electric field. The isothermal entropy change S  and ATC T  as the applied 

electric field change from an initial value E  of to a final value of E  are calculated from,
1
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                             (4) 

where C  is the specific heat capacity per unit volume.  

Fig. 2 is a schematic drawing of the phase field model for a BaTiO3 nanoparticle. The top and 

bottom of the nanoparticle are covered by metal electrodes, cross which an alternating electric field 

is applied. To consider the material degradation at the electrode-ferroelectrics interface, two 

degradation layers also called deadlayer33-35 at the upper and lower interfaces between the 

ferroelectric and electrode are included in the present model, due to the existence of top and bottom 

dead layers, the ferroelectric nanoparticle is close to an open-circuit boundary condition. In the 

numerical treatment, degradation layers are set to be dielectric material without spontaneous 

polarization. Thus 0P  is used as the boundary condition along the interfaces between the 

electrode and the ferroelectric nanoparticle. The length and width of the nanoparticles are the same 

and maintained at 10nm in the present work and the height of the nanoparticles is allowed to change, 

ranging from 2 nm to 8 nm, to study the height dependent behavior. For convenience, dimensionless 
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material parameters with superscript * are used in the numerical calculations, while temperature, 

ATC and instant ECS are given in the real physical dimensions in order to compare with the 

reported experimental results. The electrical boundary condition along 1x  and 2x  directions are 

open circuit, and mechanical boundary conditions of all directions are traction-free. The initial state 

of spontaneous polarization in the simulated cell was achieved by applying zero electric potential on 

the two electrodes, and a uniform random distribution of initial dimensionless polarizations with the 

maximum magnitude less than 0.005 was used to trigger the polarization evolution, which led to a 

stable domain structure after 50000 adaptive step increments. Then, an alternating electric voltage 

)/π.(φφ *ex,* 12500052sin0   was applied across the electrodes, where   was integer to denote 

the time step. Under each applied electric field at a given time step  , the simulated ferroelectric 

nanoparticle was allowed to evolve once with a dimensionless time step of * 0.04t  . The average 

polarization along the electric field direction was taken as the macroscopic response of the 

simulated system. The values of  TP*

3  were extracted from the upper branches of P-E hysteresis 

loops in 0*

3 E . The maximum normalized electric field 0.1*

3 E , corresponding to the electric 

field 3E = 96.502 kV/cm, and following the previous work,6,22,35,43,44 the absolute value of the heat 

capacity 61005.3 C  J/Km is assumed as a constant in the present calculation. In the present 

phase field simulations, the Curie temperature was defined as the minimum temperature at which 

the spontaneous polarization P becomes zero, while the Pseudo first-order phase transition (PFOPT) 

point is defined as the minimum temperature at which the polarization 3P  becomes zero. Clearly, 

the PFOPT temperature is just based on the behavior of the component of polarization 3P  along the 

direction of applied electric field 3x , regardless of the other components of spontaneous 

polarization that may still have finite nonzero values. 
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3. Results and discussion 

3.1. Size-dependent PFOPT behavior of the BaTiO3 nanoparticles 

Fig. 3(a) gives the hysteresis loops for the nanoparticles with different heights at room 

temperature, indicating that coercive field and remnant polarization are reduced with the decrease of 

the nanoparticle height. Interestingly, once the height of the nanoparticle drops to 2 at temperature 

298 K, a double hysteresis loop appears which is usually observed around the Curie temperature of 

FOPFT point, and accompanied by large electrocaloric effect.
16,20-24

 Fig. 3(b) shows the hysteresis 

loops of the nanoparticles with different heights at 331 K, illustrating that both coercive field and 

remnant polarization shrink in with the height decrease. Furthermore, for heights 3* H  and 

4* H , the P-E curves exhibit the double hysteresis loop with low remnant polarizations of 

41041.7   and 0.097, respectively. Fig. 3(c) illustrates the remnant polarization 
r,*

3P  versus 

temperature, indicating that the remnant polarization of the 2* H  nanoparticle remains zero in 

the temperature range from 273 K to 313 K, during which the double hysteresis loops appear in the 

3* H  nanoparticle. The traditional FOPFT point occurs at the Curie temperature, at which the 

spontaneous polarization P jumps from a finite value in the ferroelectric phase to zero in the 

paraelectric phase. As shown in Fig. 3(c), the remnant polarization drops steeply in a certain 

temperature range as the temperature increases, similarly to the polarization versus temperature 

drop in the FOPFT process, thereby called PFOPT. The PFOPT occurs in a nanoparticle at a 

temperature below the Curie temperature of the nanoparticle. Caution must be used here because 

the Curie temperature of a nanoparticle varies with the particle height. Take the 4* H  

nanoparticle for example, the PFOPT point takes place around the temperature 333 K, while its 

Curie temperature still remains at 348 K. Among the temperature range from 333 K to 348 K, 3P  

disappears, but the polarizations 1P  and 2P  still have finite nonzero values. Fig. 3(d) illustrates 

Page 9 of 28 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



10 

 

the height dependence of the Curie and PFOPT temperatures of those nanoparticles. When the 

nanoparticle height increases, the difference between the Curie and PFOPT temperatures becomes 

smaller and both Curie and PFOPT temperatures increase and approach to the intrinsic Curie 

temperature 398 K of the BaTiO3 bulk counterpart, because the charge screening role from the 

degradation layers diminishes gradually.  

Fig. 4 gives the domain structures corresponding to the remnant polarizations indicated in Fig. 

3(b). Fig. 4 (a) shows a typical vortex structure on 
1x -

2x -plane for the 3* H  nanoparticle. The 

appearance of vortex structure, as a result of the dielectric shielding by degradation layers and the 

traction-free surfaces, significantly reduces the depolarization energy by arranging polarizations 

head-to-tail within the 1x -
2x -plane. The in-plane vortex structure explains why the remnant 

polarization 
,*

3

rP  is near zero when the temperature T is lower than the Curie temperature. When 

the height increases to 4, a double vortex structure forms on the lateral sides of the nanoparticle and 

thus gives a limited net remnant polarization 
r,*

3P =0.097 along 3x  direction. The relatively high 

remnant polarizations (c) and (d) shown in Fig. 3(b) stem from the almost perfect monodomain 

structure due to the gradual decrease of dielectric shielding ability by the degradation layers, as 

shown in Fig. 4 (c) and Fig. 4 (d).  

 

3.2. Hysteresis behavior and corresponding domain structure of a representative nanoparticle 

The performance of ferroelectricity in the 5* H  nanoparticle deteriorates as temperature 

increases from 298 K to 363 K, as shown in Fig. 5. An unusual double hysteresis loop starts to form 

at 353 K, which leads to the steep drops of both remnant polarization and coercive field to zero. 

Such a temperature-dependent behavior causes giant ATC, even at low electric field. Fig. 5(b) gives 
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the curves of polarization 
*

3P  versus temperature at various applied electric fields and the inset 

presents the corresponding  
E

*

3 / dTdP . The remnant polarization decreases rapidly from 0.557 to 

0.0211 as temperature 343 K increases by only 4 K to 347 K. The peak  
E

*

3 / dTdP  temperature 

rises from 345 K to 353 K, 361 K, and 371 K, respectively, as the applied electric field increases to 

*

3E =0.1, 
*

3E =0.2 and 
*

3E =0.3. However, the peak of  
E

*

3 / dTdP  becomes blurred when the 

applied electric field further increases to *

3E =0.4 and above. 

Figs. 6(a1)-(a4) show the domain structures of the 5* H  nanoparticle at temperature 323 K 

corresponding to the points (a1)-(a4) in Fig. 5(a). All polarizations in the nanoparticle are along one 

direction at the maximum applied electric field 
*

3E =1.0. When the applied electric field reduces to 

zero, as shown in Fig. 6(a2), the monodomain structure survives with the decrease in the 

polarization 3P  magnitude. Around the coercive field, as shown in Fig. 6(a3) at the applied electric 

field -0.279, the vortex structure forms in the nanoparticle. Further increasing the field absolute 

strength to -0.294, the polarization-downward monodomain structure appears, as shown in Fig. 

6(a4). The simulation result indicates that the domain switching from polarization-upward 

monodomain structure to vortex structure and then to polarization-downward monodomain structure 

happens within a relatively narrow range of electric field near the coercive field and the vortex 

structure is only an intermediate structure on the pathway during the domain switching. The 

intermediate structure changes with temperature. Figs. 6(b1)-(b4) present the domain structures at 

353 K corresponding to the points (b1)-(b4) in Fig. 5(a). Again Fig. 6(b1) is a single domain with 

all polarization along the applied electric direction under 
*

3E =1.0. The polarization in Fig. 6(b2) 

forms a vortex domain structure on the 1x - 2x -plane, without any net polarization left along the 3x  

direction. As the applied electric field decreases to -0.218, the vortex structure is unstable that 

polarizations rotate and switch in order to align themselves along the electric field direction for 
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energy minimization. When the negative electric field increases to -0.234, all polarizations are 

parallel to the applied electric field direction, resulting in a single domain structure. The in-plane 

vortex structure at remnant polarization shown in Fig. 6(b2) is induced by the depolarization effect 

of the degradation layers, while the in-plane vortex structure in Fig. 6(a3) at the applied electric 

field *

3E =-0.279 is caused by the external electric field-induced phase transition, which is a 

transitional configuration during the domain reversal. The rich intermediate polarization structure 

might indicate high entropy in the nanoparticle, which will bring a giant ECE.  

 

3.3. Size-dependent ATC and instant EC strength of the nanoparticles 

Figs. 7(a)-(d) give the ATC T  versus the initial temperature at various applied electric fields, 

respectively, for the *H =4, 5, 7, and 8 nanoparticles. Fig. 7(a) shows that the ATC for the *H =4 

nanoparticle reaches the first peak of ΔT =2.678 K under 
*

3E =1.0 at 331 K, which is 34 K lower 

than its Curie temperature 365 K. The result implies that the ATC peak can be tuned to a much 

lower temperature. With the temperature increases to its Curie temperature, the T  still remains a 

high value of 2.073 K under 0.1*

3 E . As expected, the ATC T  increase monotonically with 

the increasing of 
*

3E . The ATC T  in the 5* H  nanoparticle shown in Fig. 7(b) is similar to 

that in Fig. 7(a), with the first peak value of ΔT =2.933 K under 0.1*

3 E  at 346 K. Fig. 7(c) 

indicates the first peak of ΔT =3.294 K in the 7* H  nanoparticle at 363 K under 0.1*

3 E , 

while Fig. 7(d) illustrates the first peak of ΔT =3.347 K in the 8* H  nanoparticle at 373 K under 

0.1*

3 E . The results clearly imply that a higher value of the height yields a higher value T  at a 

higher temperature. The degradation layers generate the depolarization effect on the surfaces of the 

nanoparticles, which makes the generalized polarization along the 3x  direction smaller. The higher 

the height is, the weaker the depolarization effect and the higher the generalized polarization along 
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the 3x  direction will be. A higher generalized polarization along the 3x  direction has a larger 

capacity to change its magnitude by an applied electric field, which in turn can produce a higher 

change in adiabatic temperature. For comparison, the intrinsic ATC of T =3.891 K under 

0.1*

3 E  in BaTiO3 bulk single crystal is calculated by phase field simulation,
46

 which should be 

the saturation limit with the further increase of the nanoparticle height. Despite the ATC T  

induced by the PFOPT is slightly smaller than the intrinsic ATC T  at FOPFT, the lower 

temperature of PFOPT makes it competitive to the FOPFT. Besides, the PFOPT concept can be 

applied to the ferroelectric perovskite materials without the first-order paraelectric/ferroelectric 

transition and thus will greatly promote the application of ferroelectric nanoparticles in the next 

generation of solid-state cooling devices. Obviously, a great change in applied electric field 

achieves a large ATC T . But, too high applied electric field brings two potential problems. One is 

the high applied electric field will cause large energy consumption and the other is the possibility of 

dielectric breakdown of ferroelectric ceramic/thin film/capacitor will be much higher. Therefore, the 

present finding that a change in relatively low electric field can also achieve a large ATC T  has 

considerably reduced or completely avoided the two potential problems. Figs. 8(a)-(d) show the 

instant ECSs  
S

*

3/ dEdT  versus electric field at different temperatures for the nanoparticles of *H

=4, 6, 7, and 8, respectively. At temperature 298 K, the instant ECS  
S

*

3/ dEdT  in the 4* H  

nanoparticle is almost zero at an applied electric field 
*

3E  ranging from zero to 1.0, as shown in 

Fig. 8(a), while at temperature 330 K, a peak of  S*

3/ dEdT =0.743 K cm/kV occurs at 
*

3E = 

0.0157, as marked by point (a2). As temperature further increases to T =343 K and T =365 K, the 

peak values decreased to  
S

*

3/ dEdT =0.143 K cm/kV at point (a3) and  
S

*

3/ dEdT =0.0719 K 

cm/kV at point (a4), respectively, shifting to higher applied electric fields 
*

3E =0.156 and 0.264. 

This result indicates that most efficient ATC electric field (or temperature) can be tuned by 
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temperature (or electric field). The similar behavior of the instant ECS as described above for the 

*H =4 nanoparticle is also observed for the nanoparticles with *H =5, 7, and 8 with the first peaks 

(b2), (c2) and (d2) shifting to higher temperatures of 345 K, 362 K, and 367 K, respectively. The 

exciting simulation result will provide a clue to further ECE experiment.  

 

4. Conclusions 

In summary, the ECE in BaTiO3 nanoparticles with degradation layers has been theoretically 

investigated by phase field simulations. The simulation results exhibit the size dependent ultrahigh 

electrocaloric effect occurring at temperatures lower than the Curie temperature of the nanoparticle. 

The PFOPT is defined based on the behavior of the polarization component 3P  along the applied 

electric field direction 3x  versus temperature under the charge screening of the degradation layers 

and the traction-free boundary condition along the nanoparticle surfaces. The double P-E hysteresis 

loops are accompanied with the PFOPT, and large ATC and ultrahigh instant ECS are achieved by a 

change in the applied electric field near the PFOPT temperature. The double hysteresis loops are 

manifested by the domain switching from upward monodomain structure to vortex domain structure 

to downward monodomain structure. The vortex domain structure possesses more entropy in 

compared to the monodomain structure, thereby giving an electric field induced isothermal entropy 

change. The simulations show also the interplay among the electric field, temperature, nanoparticle 

height, and polarization. It is the interplay that varies the most efficient ATC and instant ECS to 

occur at different temperature, electric field, and nanoparticle height. The present findings imply 

that it is possible to accomplish engineering feasible ECE at relatively low electric field, thereby 

leading to a new strategy to tailor ferroelectric materials and to improve the electrocaloric 
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properties.   
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Table 1. Values of the normalized coefficients used in the phase field simulation
#
 

11  12  111  112  123  
1111  1112  1122  1123  

0.62287 1.1670 0.15932 -0.24009 -0.30791 0.32152 0.21049 0.13625 0.11378 

11q  12q  44q  11c  12c  44c  11G  12G  )( 4444

'GG  

302.96 8.3630 190.65 70943 38421 48624 0.6 0 0.3 

  
                                                             

#
 The coefficients 11  and 12  used in the phase field simulation are different from these used in the 

stress-free case
19

 like Fig. 1,
 
because the coefficients ij  in Eq. (1) combined the contribution from the 

component of elastic energy to 
22

ji PP . 
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Figure captions 

 

 

Fig. 1 Landau-Devonshire free energy and electric field versus polarization at four characteristic 

temperatures during the phase transition process, (a) Curie-Weiss temperature 0T , (b) Curie 

temperature cT , (c) ferroelectric limit temperature 1T , (d) limit temperature of electric 

field-induced phase transition 2T . The dotted parts of the curves correspond to the unstable state. 
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Fig. 2 A BaTiO3 ferroelectric nanoparticle with two degradation layers at the upper and lower 

interfaces.  
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Fig. 3 Hysteresis loops of the BaTiO3 nanoparticles with different height at (a) room temperature 

298 K and (b) 331 K, (c) the temperature and size dependence of remnant polarization 
r,*

3P , AS is 

the abbreviation of analytic solution, (d) the size dependence of Curie temperature Tc and PFOPT 

temperature. 

 

 

 

 

Page 22 of 28RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



23 

 

 
 

Fig. 4 Domain structures corresponding to the remnant polarizations of (a), (b), (c) and (d) in Fig. 

3(b) with different nanoparticle heights: (a) *H =3; (b) *H =4; (c) *H =6; (d) *H =8 at 

temperature 331 K, where the applied electric field is reduced from higher values to zero.  
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Fig. 5 (a) Hysteresis loops of the 5* H  nanoparticle at different temperatures; (b) the 

corresponding polarization 
*

3P  versus temperature, where the inset presents the corresponding 

 
E

*

3 / dTdP . 
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Fig. 6 Domain structures of the *H =5 nanoparticles at the temperatures 323 K with respect to the 

applied electric field 
*E3 : (a1) 1.0, (a2) 0, (a3) -0.279, (a4) -0.294; at the temperatures 353 K with 

respect to the applied electric field 
*

3E : (b1) 1.0, (b2) 0.0, (b3) -0.218, (b4) -0.234.  
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Fig. 7 ATC ΔT  as a function of temperature and applied electric field of the nanoparticle height: 

(a) 4* H  (b) 5* H  (c) 7* H  (d) 8* H . The dashed line corresponds to its Curie 

temperature. 
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Fig. 8 Instant EC strength S

* )(dT/dE3  as a function of temperature and applied electric field of the 

nanoparticle height: (a) 4* H  (b) 5* H  (c) 7* H  (d) 8* H . The labels (a1)-(a4), 

(b1)-(b4), (c1)-(c4) and (d1)-(d4) are shown to guide the understandings. 
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The proposed Pseudo-First-Order Phase Transition (PFOPT) in a ferroelectric nanoparticle occurs at 

a temperature lower than its paraelectric/ferroelectric transition Curie temperature and is associated 

with ultrahigh electrocaloric effect. The PFOPT concept can be applied to all ferroelectric 

perovskite materials with/without the first-order paraelectric/ferroelectric transition and thus will 

greatly promote the application of ferroelectric nanoparticles in the next generation of solid-state 

cooling devices. 
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