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  1   .  Introduction 

 Electrocaloric effect (ECE), an electric fi eld induced temperature 
and/or entropy change of an insulating material, has attracted 
a great deal of attention after the recent fi ndings of large ECE 
in ceramic thin fi lms, polymers, and a dielectric fl uid. [  1–10  ]  Sev-
eral recent works have also demonstrated potential of realizing 
high performance cooling devices exploiting large ECE in new 
electrocaloric (EC) materials. [  11–14  ]  In these newly developed 
EC materials, the giant ECE, i.e., large adiabatic temperature 

change  Δ T and isothermal entropy change 
 Δ S, were obtained under high applied 
electrical fi elds. For example, a | Δ T|  =  35 K 
and  Δ S  =  160 Jkg −1 K −1  were induced in a 
high energy electron irradiated P(VDF-
TrFE) relaxor polymer under an elec-
tric fi eld change  Δ E of 180 MVm −1 . [  15  ]  
Analogously, in ferroelectric BaTiO 3  
(BT) thick fi lms, a | Δ T|   =   7.1 K and  Δ S  =  
10.1 Jkg −1 K −1  were generated under the 
application of high electric fi elds change 
 Δ E  =  80 MVm −1 . [  16  ]  

 As one starts to address these EC mate-
rials for practical cooling devices applica-

tions, additional parameters should be considered besides a 
large  Δ T and  Δ S to measure the performance of EC materials. 
For instance, in order for cooling devices to be operated at low 
voltage such as <200 volts which is the normal voltage range for 
most cooling devices, an EC material with a large ECE induced 
under small electric fi elds is also important. In addition, a wide 
operational temperature range near room temperature is highly 
desired in order to develop high performance and practical EC 
cooling devices. [  11–14  ]  Therefore, one critical question is how to 
design and develop dielectric materials which are capable of 
generating giant ECE over a broad operation temperature with 
relatively low applied electric fi eld change  Δ E. 

 As a lead-free ferroelectric material which is environmentally 
friendly and is in fact the most widely used ferroelectric mate-
rial, ECE in BT has been studied quite extensively in the past 
several years by many groups and in various forms including 
thin fi lms, bulk ceramics (including thick fi lms multilayer 
ceramic capacitors (MLCC)), and single crystals. [  16–22  ]  Large  Δ T 
and  Δ S have been reported in BT ceramics at temperatures near 
the ferroelectric-paraelectric (FE-PE) transition. [  16  ]  It is noted 
that for BT, besides the high temperature FE-PE transition (the 
transition temperature T FE-PE   >  100  ° C) between the tetragonal 
ferroelectric (Tet) and cubic paraelectric phase, also exhibits an 
orthorhombic (O) and a rhombohedral (Rhom) phases as illus-
trated in  Figure    1  (a). [  23  ]  As ECE is directly related to the entropy 
change of an insulation dielectric under the change of the 
applied electric fi eld, a dielectric with a polar phase which con-
tains a large number of polar-states with similar energy levels 
can be induced under a reasonable electric fi eld from a non-
polar phase (i.e., below the dielectric breakdown fi eld of the 
dielectric) has the potential of achieving giant  Δ T and  Δ S. [  24,25  ]  
Moreover, a giant ECE can be induced under a low electric fi eld 
 Δ E if the energy barriers for switching between the polar-states 
are vanishingly small. For pure BT at the FE-PE transition, the 
FE tetragonal phase (Tet) has six equivalent polar-states and 
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available polar states (twenty-six states) that leads to a signifi -
cant increase in the entropy of the non-polar phase, [  25  ]  leading 
to giant  Δ T and  Δ S. Moreover, the near zero energy barriers 
near ICP imply a low fi eld for inducing switching between 
these different states and hence a giant ECE can be induced 
under low electric fi elds. [  25,26  ]   

 It is well known and has been extensively studied that the 
temperature of the three phase transitions in BT can be easily 
moved by chemical modifi cations in the BT. [  23  ]  As presented 
in Figure  1 (a), by working with a solid solution of Ba(Zr x Ti 1–x )
O 3 , these three transitions will merge into an ICP at x  ∼  0.15, 
near which the four phases can coexist near room tempera-
ture. [  23,27  ]  Moreover, an early study has shown that BZT at 
compositions x  >  0.2 exhibits ferroelectric relaxor response, [  27  ]  
which can also enhance the ECE. In this paper, we demon-
strate that indeed for BZT(x  =  0.2), a relaxor composition near 
ICP occurs and a giant ECE property exists, i.e., both a large 
 Δ T and  Δ T/ Δ E can be obtained near room temperature over a 
broad temperature range (from 25 to 50  ° C) in bulk ceramic 
samples. The results presented here demonstrate a gen-
eral approach to signifi cantly enhance ECE in ferroelectrics 
with relatively low applied fi elds, which addresses a critical 
issue in applying these materials for practical cooling device 
applications.  

  2   .  Results and Discussions 

 In this study, BZT ceramics at compositions of x  =  0.15, 0.2, 
and 0.25 were prepared and their ECE and related dielectric 
properties were characterized over the temperature range of 
interest (from 10  ° C to 100  ° C). The dielectric properties were 
characterized using an LCR meter (HP4284A) equipped with a 
temperature chamber (Delta9023). [  28  ]  Polarization-electric fi eld 
(P-E) loops were measured using a Sawyer–Tower circuit. [  34  ]  A 
differential scanning calorimetry (DSC) (TA Q100) was used 
to characterize the thermal properties of the ceramics. The 
heat Q generated and absorbed as a result of ECE was directly 
measured using a specially designed calorimeter with a heat 
fl ux sensor (RdF P/N 27134–3). [  7  ]  In this set-up, when a con-
stant voltage, V, with a pulse time duration, t (<0.5 seconds), 
is applied to a reference resistor heater R, a joule heat Q h   =  
(V 2 /R)t is produced. The heat generated is detected by a heat 
fl ux sensor that directly attached to the sample surface. Now, if 
the ECE sample under an applied electric fi eld also generates 
(or absorbs) the same amount of heat as detected by the same 
heat fl ux sensor, then the heat Q ECE  from the ECE material is 
equal to Q h . From Q h   =  Q ECE   =  T Δ S,  Δ S, an isothermal entropy 
change is determined. The adiabatic temperature change,  Δ T, 
is deduced from Q = ∫ �T

0 c E dT   where c E  is the specifi c heat of 
the ceramic sample. As shown in Figure S1, the specifi c heat of 
these samples does not change signifi cantly with temperature 
and in deducing  Δ T, it was approximated that it is invariant also 
with the fi eld. Figure S1 also shows that the specifi c heat of the 
three compositions does not differ signifi cantly with tempera-
tures ranging from 0  ° C to 70  ° C. 

 Figure  1 (b) presents the dielectric properties measured at 
1 kHz of BZT ceramics at x  =  0.15, x  =  0.2, and x  =  0.25 com-
positions. The BZT(x  =  0.2) samples display a broad dielectric 

a large dielectric constant at FE-PE transition causes a large 
 Δ T/ Δ E at temperatures right above the FE-PE transition, as has 
been observed in single crystal BT. [  18  ]  On the other hand, as 
suggested by Liu et al., by operating near an invariant critical 
point (ICP) at which all the four phases (paraelectric cubic, 
Tet, O, and Rhom) can coexist, their is an increased number of 

      Figure 1.  (a) Phase diagram of Ba(Zr x Ti 1–x )O 3  solid solution systems. [  23  ]  
Stars (*) are the dielectric constant maxima from this study. (b) Weak-
fi eld dielectric properties as functions of temperature for BZT(x  =  0.15, 
0.2 and 0.25). (c) Polarization as a function of temperature for BZT(x  =  
0.2) under different electric fi elds. The inset shows a polarization-electric 
fi eld loop (P-E loop) for BZT(x  =  0.2) at 38  ° C. 
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from 15  ° C to 60  ° C and does not exhibit any peak around 25  ° C, 
consistent with the relaxor nature of the material. The dielectric 
peak of BZT(x  =  0.15) occurs at a temperature near 67  ° C and 
peak is narrower compared with that of BZT(x  =  0.2). As shown 
in Figure S2, BZT at these compositions show slim polarization 
loops at temperatures near their respective dielectric peaks.  

 ECE results of the three BZT compositions were character-
ized and BZT(x  =  0.2) exhibits the highest EC response which 
also occurs near room temperature. BZT(x  =  0.15) displays a 
slightly reduced ECE which peaks at 67  ° C, compared with 
BZT(x  =  0.2), but is higher than that of BZT(x  =  0.25). Hence, 
detailed ECE studies were carried out for BZT(x  =  0.15) and 
BZT(x  =  0.2) which are presented in the paper. 

 The directly recorded ECE signal from BZT(x  =  0.2) (at 
35  ° C under a  Δ E  =  9.5 MVm −1 ) is presented in Figure  2 (a), 
which shows the temperature rise and drop as the fi eld is 
applied and removed from the ceramic sample.  Δ S and  Δ T c  
from the temperature drop of the sample as the fi eld is 
removed are presented in Figure  2 (b) for the BZT(x  =  0.2) 
at 35  ° C under different  Δ E. The data reveals that at  Δ E  =  
14.5 MVm −1 ,  Δ T c   =  – 4.5 K and  Δ S  =  8 Jkg −1 K −1  (Q  =  2.5 Jg −1 ) 
are obtained. Here  Δ T c  is introduced to represent the temper-
ature drop (cooling) of the sample as the fi eld is reduced. As 
shown in Figure  2 (c),  Δ T c  and  Δ S do not show much change 
over a broad temperature range from 25  ° C to 50  ° C, and 
there is a very broad peak between 35  ° C and 40  ° C, higher 
than the broad dielectric constant peak temperature 
(  =  25  ° C). For the bulk BZT(x  =  0.2) ceramic samples in 
the ECE study, the highest fi eld that can be applied was 
14.5 MVm −1 . To make a comparison with the results on BT 
thick fi lms, we extrapolate the data in Figure  2 (b) to higher 
fi elds and it is deduced that  Δ T c   =  −7.1 K can be induced for 
BZT(x  =  0.2) ceramics under a fi eld of 31 MVm −1 , which is 
more than two times lower than that required to induced 
the same  Δ T c  (  =  80 MVm −1 ) in the pure BT ceramics. This 
extrapolation is consistent with the induced polarization data 
of this BZT composition (assuming  Δ T c  is proportional to the 
square of the polarization P) [  29  ]  which can be measured up to 
35 MVm −1 .The results are also consistent with prediction that 
giant ECE under low applied fi eld can be achieved by oper-
ating near ICP to maximize the number of coexisting phases 
which have vanishing energy barriers to switch. [  25,26  ]  

 To measure quantitatively how effective an applied electric 
fi eld  Δ E in generating ECE in dielectrics, the ratio of  Δ T c / Δ E, 
 Δ S/ Δ E (or Q/ Δ E, where Q  =  T Δ S) have been introduced in early 
studies. [  18,30  ]  In this paper, these parameters are referred to as 
the electrocaloric coeffi cients. Analogous to many materials 
coeffi cients of ferroelectric materials such as the piezoelectric 
coeffi cients which change with the measuring fi eld amplitude 
 Δ E, [  10,30,31  ]  the EC coeffi cients for BZT(x  =  0.2) also change 
with  Δ E. Large EC coeffi cients (| Δ T c / Δ E|  =  0.52 × 10 −6  KmV −1  
and  Δ S/ Δ E  =  0.93 × 10 −6  Jmkg −1 K −1 V −1 ) are observed at  Δ E  =  
2.1 MV/m and  Δ T c   =  −1.1 K. The coeffi cients decrease (| Δ T c / Δ E|  =  
0.31 × 10 −6  KmV −1  and  Δ S/ Δ E  =  0.54 × 10 −6  Jmkg −1 K −1 V −1 ) at 
higher  Δ E  =  14.5 MVm −1  and  Δ T c   =  –4.5 K. In addition, the 
materials maintain the giant EC response over a broad temper-
ature range, as indicated by Figure  2 (c). 

  Figure    3  (a) presents  Δ T c  and  Δ S of BZT(x  =  0.15) measured 
at 69  ° C vs.  Δ E and the data were taken from the temperature 

constant peak at 25  ° C and relaxor dielectric response, consistent 
with earlier studies. [  27  ]  The induced polarization P vs. tem-
perature, obtained from the polarization hysteresis loops taken 
from BZT(x  =  0.2) sample at different applied fi eld amplitudes 
at 100 Hz and temperatures, is presented in  Figure    2  (c). The 
induced polarization decreases with temperature continuously 

      Figure 2.  (a) The directly recorded ECE signal for BZT(x  =  0.2) as the 
electric fi eld was turning on and off, respectively. The data were meas-
ured under  Δ E  =  9.5 MVm −1  at 35  ° C. Solid line is drawn to show the 
ambient temperature reading. (b) EC-induced temperature drop  Δ T c  and 
isothermal temperature change  Δ S as functions of  Δ E for BZT(x  =  0.2) at 
39  ° C. The data were extrapolated (solid curve) to estimate  Δ T c  at higher 
electric fi elds. (c)  Δ T c  and  Δ S as functions of temperature for BZT(x  =  
0.2) under different electric fi elds. Solid curves are drawn to guide eyes. 
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for BZT(x  =  0.2).  Δ T c  shows a broad peak near 69 ° C. The EC 
coeffi cients | Δ T c / Δ E|  =  0.48 × 10 −6  KmV −1  and  Δ S/ Δ E  =  0.85 × 
10 −6  Jmkg −1 K −1 V −1  for BZT(x  =  0.15) under  Δ E  =  1MVm −1 . The 
EC coeffi cients of BZT(x  =  0.15) is slightly lower than that of 
BZT(x  =  0.2). Similar to what is observed in BZT(x  =  0.2), the 
EC coeffi cient is reduced to | Δ T c / Δ E|  =  0.28 × 10 −6  KmV −1  and 
 Δ S/ Δ E  =  0.5 × 10 −6  Jmkg −1 K −1 V −1  under a higher electric fi eld 
 Δ E  =  15 MVm −1 . The study here as well as earlier studies all 
indicate that BZT(x  =  0.15) is where the three transitions merge 
(ICP) while BZT(x  =  0.2) exhibits “stronger” ferroelectric relaxor 
behavior compared with BZT(x  =  0.15). [  27  ]  The results sug-
gest that it is the combination of ICP and ferroelectric relaxor 
behavior that leads to the giant  Δ T c  and  Δ T c / Δ E in the ceramic 
BZT near room temperature. [  7,25  ]  This is also consistent with 
the   β   coeffi cient, where   β   is defi ned from,  Δ S  =  –½  β   P 2 , from 
BZT with different compositions. [  29  ]  Figure  3 (c) shows that   β   for 
BZT(x  =  0.2) can be more than 25% higher than that of BZT(x  =  
0.15). On the other hand, further increasing the composition to 
x  =  0.25 causes a reduction of ECE compared with that at x  =  0.2.  

  Table   1  compares the ECE from this study with the EC mate-
rials such as ceramics and polymers that have potential for prac-
tical cooling applications. The ECE data from single crystals and 
thin fi lms (such as sub-micron thick fi lms supported on foreign 
substrates) are also included, which may not be directly used 
for practical cooling devices. It is worth mentioning that both 
 Δ T and  Δ S may also be derived from the pyroelectric coeffi cient 
(∂ P/∂T )   of Figure  1 (c) using the Maxwell relation (the pyroelec-
tric coeffi cient data for both BZT(x  =  0.15) and BZT(x  =  0.2) was 
characterized). [  1,2,29  ]  It was found that the  Δ T and  Δ S thus derived 
(here the method is referred to as the indirect method) were very 
different from that directly measured, likely caused by the fact 
that these BZT compositions show relaxor ferroelectric behavior. 
An earlier experimental study from our group also showed that 
the indirect method may not necessarily yield reliable ECE data 
for relaxors. [  28  ]  Hence, the ECE results deduced from the indirect 
method are not included in Table  1 . For practical applications, 
the temperature range in which a large ECE can be maintained 
is also critical. [  11–14  ]  In the Table, T span  is introduced to measure 
this performance, which is the temperature span over which the 
 Δ T c  maintains 0.9 ×  Δ T c (maximum). As can be seen, the BZT 
developed here possesses a giant ECE, i.e., large  Δ T c ,  Δ T c / Δ E, 
 Δ S/ Δ E and T span . The combination of these high performances 
indicates the potential of the material developed here for the ECE 
based cooling devices with high cooling power and effi ciency. 

    3   .  Conclusion 

 Our work demonstrates that ECE and EC coeffi cient can be 
greatly improved in lead-free bulk ceramics by modifying 
the BT ceramics to its ICP and turning it to relaxor ferroelec-
trics. BZT bulk ceramics are sintered and their EC responses 
are directly characterized. Large improvement of EC-induced 
temperature drop of 4.5 K and large EC coeffi cient around 
0.5 × 10 −6  KmV −1  are reported. Multi-phase coexistence near 
ICP provides more randomness in the system and hence more 
available polarization states. Moreover, the BT ceramics are 
tailored from ferroelectrics to relaxors after Zr is added to the 
system. The ceramic relaxor BZT(x  =  0.2) shows a giant ECE 

lowering of the sample as the fi eld was removed.  Δ T c   =  
−4.2 K and  Δ S  =  7.3 Jkg −1 K −1  were induced under 15 MVm −1 . 
 Δ T c  vs. temperature measured under different electric fi elds are 
shown in Figure  3 (b) and a slightly larger temperature varia-
tion is observed, when compared with the data in Figure  2 (c) 

      Figure 3.  (a) Temperature drop as a function of applied fi eld  Δ E at 69  ° C 
for BZT(x  =  0.15). (b) Temperature drop  Δ T c  and isothermal entropy 
change  Δ S as functions of temperatures under different electric fi elds. 
(c)   β   coeffi cient as a function of electric fi elds for BZT(x  =  0.15) and 
BZT(x  =  0.2) near the temperature of their respective ECE peaks. Solid 
curves are drawn to guide eyes. 
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   [7]     S. G.   Lu  ,   B.   Rožič  ,   Q. M.   Zhang  ,   Z.   Kutnjak  ,   X.   Li  ,   E.   Furman  , 
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around room temperature and a wide EC operating tempera-
ture range which is promising in designing cooling devices.  

  4   .  Experimental Section 
 The BZT ceramic samples were fabricated by the conventional solid-
state reaction methods. All the chemicals of barium carbonate (BaCO 3 , 
99.8%), zirconium dioxide (ZrO 2 , 99.5%), and titanium dioxide (TiO 2 , 
99.5%) were purchased from Alfa Aesar and used without further 
purifi cation. Stoichiometric weights of all the powder were milled by 
zirconia balls for 24 hours to obtain well-dispersed mixture. After the 
calcination at 1100  ° C for 2 h, sintering of the pellets was performed at 
1360  ° C in air for 2 h with a heating rate of 3  ° Cmin −1 . One wt% glass 
was added in before the sintering in order to improve the breakdown 
strength of the ceramics. The fi nal ceramics after sintering were 10 mm in 
diameter and about 1 mm in thickness. A typical edge view of BZT(x  =  
0.2) is shown in Figure S3 taken by Scanning Electron Microscopy (FEI 
NanoSEM 630 FESEM). For electric characterization, the samples were 
polished to 100  μ m thick. Au electrodes were sputtered on the sample 
surfaces for the electric characterizations.  
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 Table 1.    Comparison of EC properties of BZTs developed here with those in the literature.  Δ T c  is the temperature drop (cooling) in the ECE data. For 
the measurement methods, DSC refers to as the direct EC measurement using differential scanning calorimetry. 

Material  Form  T 
[ ° C]  

 Δ T c  
[K]  

 Δ E 
[MVm −1 ]  

| Δ T c /  Δ E| 
[10 −6 KmV −1 ]  

 Δ S/ Δ E 
[10 −6 Jmkg −1 K −1 V]  

T span . 
[K]  

Method  Reference  

BZT(x  =  0.2) (high fi eld)  Ceramic  39  4.5  14.5  0.31  0.54   > 30  Direct  This work  

BZT(x  =  0.2) (low fi eld)  Ceramic  38  1.1  2.1  0.52  0.93   > 30  Direct  This work  

BZT(x  =  0.15)  Ceramic  69  4.2  15  0.28  0.5   > 30  Direct  This work  

BT  Ceramic  118  0.4  0.75  0.53    10  Direct   [  17  ]   

BT  Ceramic MLCC  80  7.1  80  0.09  0.12  80  DSC   [  16  ]   

BT  Ceramic MLCC  80  1.8  17.6  0.10      DSC   [  8  ]   

Doped BT  Ceramic MLCC  21  0.5  30  0.02  0.02  60  Direct   [  32  ]   

PMN  Ceramic  67  2.5  9  0.27      Direct   [  10  ]   

PMN-30PT  Ceramic  145  2.6  9  0.29      Direct   [  10  ]   

PLZT  Thin Film  45  40  120  0.33      Direct   [  7  ]   

Irradiated P(VDF-TrFE)  Polymer  33  35  180  0.13  0.63  50  Direct   [  15  ]   

P(VDF-TrFE-CFE)  Polymer  30  15.7  150  0.10  0.49  50  Direct   [  33  ]   

BT  Single Crystal  129  0.7  1.2  0.58  0.79  5  Direct   [  18  ]   

BT  Single Crystal  140  1.6  1  1.6  2.13  5  DSC   [  19  ]   

Pb(Mg 1/3 Nb 2/3 ) 0.75 Ti 0.25 O 3   Single Crystal  110  1.1  2.5  0.44      DSC   [  5  ]   
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