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Solid solutions of (1� x)Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 promise to exhibit a large electrocaloric

effect (ECE), because their Curie temperature and a multiphase coexistence region lie near room

temperature. We report on direct measurements of the electrocaloric effect in bulk ceramics

0.65Ba(Zr0.2Ti0.8)O3-0.35(Ba0.7Ca0.3)TiO3 using a modified differential scanning calorimeter. The

adiabatic temperature change reaches a value of DTEC¼ 0.33 K at �65 �C under an electric field of

20 kV/cm. It remains sizeable in a broad temperature interval above this temperature. Direct

measurements of the ECE proved that the temperature change exceeds the indirect estimates derived

from Maxwell relations by about �50%. The discrepancy is attributed to the relaxor character of

this material. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4907774]

During the last several years, an increased interest has

been paid to the electrocaloric effect (ECE) in ferroelectric

materials as a route to develop small, effective, low cost,

and environmentally friendly solid-state refrigerators.1,2

The ECE is defined as an adiabatic and reversible tempera-

ture change of a dielectric material when an electric field is

applied or removed.3 If the exchange of heat with the envi-

ronment is enabled, it defines the change of entropy as a

function of the applied electric field under isothermal

conditions.4,5

Since Mischenko et al. reported on the giant electro-

caloric effect in PbZr0.95Ti0.05O3 thin films in 2006,6 the

ECE has been reported for many different ferroelectric mate-

rials such as thick and thin films,7–10 polymers,11,12 bulk

ceramics,13,14 and single crystals.15,16 In general, the ECE

peaks are a few degrees above the ferroelectric-paraelectric

phase transition.1 The largest values have been achieved for

thin films,10 where much higher electric fields can be applied

than to bulk materials. However, for application, the heating/

cooling capacity is the key factor. Hence, bulk materials,

which have large enough heating/cooling capacity, are better

suitable for mid- and large-scale cooling applications.1 To

compare the ECE in different materials, the ratio between

induced temperature change and applied field, DTEC/DE,

called the electrocaloric strength, has been introduced.17

This parameter is independent of the geometrical shape and

size of the samples.1

In many cases, the EC temperature change DTID
EC has not

been measured directly, but rather estimated from the tem-

perature dependences of polarization using Maxwell’s rela-

tion3 ð@P
@TÞE;r ¼ ð@S

@EÞT;r

DTID
EC ¼ �T

ðE2

E1

1

CE;r

dP

dT

� �
E;r

dE: (1)

Here, P is the polarization, T is the temperature, E1 and E2

are starting and final values of the applied electric field, and

CE,r is the heat capacity. However, this estimate can be

strictly applied to bulk monodomain single crystals only. In

the case of multidomain ferroelectrics or non-ergodic sys-

tems, such as relaxors, only a qualitative agreement can be

expected. Therefore, direct measurements of the EC effect

must be performed.1,3 As an example, Lu et al. compared

direct and indirect ECE measurements on a polyvinylidene

fluoride (PVDF)-based relaxor ferroelectric polymer and

found that neither the magnitude nor even the temperature

dependences match.11

Materials characterized by the coexistence of multiple

states with different polarization orientations involving similar

free energies are of particular interest. Field induced transfor-

mations of domain structures in these materials should be

accompanied by large entropy changes and, correspondingly,

by large ECE.1 This arises in relaxors or ferroelectrics when

two or more states with different symmetry have similar free

energy. In the latter case, the best known example is the mor-

photropic phase boundary (MPB) between compounds with

tetragonal and rhombohedral symmetry in the PbZrO3-PbTiO3

or Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) solid solutions.

Indeed, a relatively large electrocaloric (EC) temperature

change has been reported for PMN-PT compositions near its

MPB.18–20 However, the large content of environmentally haz-

ardous lead in these materials is a serious limitation for its

industrial application according to regulation acts of the EU

and other countries.21 Therefore, environmentally friendly

lead-free alternatives are desired.

Among the promising materials are solid solutions

between Ba(Zr,Ti)O3 and (Ba,Ca)TiO3. In particular, the

(1� x)Ba(Zr0.2Ti0.8)O3–x(Ba0.7Ca0.3)TiO3 (BZT-BCT) sys-

tem has attracted a lot of attention due to its excellent elec-

tromechanical properties.22–24 Its relatively low Curie
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temperature lets one expect a large ECE response around

room temperature, which is important for technological

application. A particular feature of this system is the exis-

tence of a phase convergence region where four phases:

paraelectric cubic, ferroelectric rhombohedral, ferroelectric

tetragonal, and ferroelectric orthorhombic phases, meet.25

There have been several reports on the ECE in BZT-

BCT ceramics and single crystals, but most of them have

dealt with the indirect estimate of the ECE.26–29 The direct

measurements reported by Wang et al. for BZT-BCT

ceramics with x¼ 0.07 were performed in non-adiabatic and

non-equilibrium conditions.29 The maximal ECE tempera-

ture change, DTECE, of 0.55 K was recorded for an applied

field of 40 kV/cm at T¼ 85 �C. The authors found a very

large discrepancy between the indirectly estimated and the

directly measured DTECE. This was attributed to non-

adiabatic conditions of the experiment resulting in a heat

exchange with the environment.29 Thus, direct ECE meas-

urements in the BZT-BCT system have to be performed and

correlated with indirect estimates based on Maxwell’s

relations.

In this letter, we report on direct measurements of the EC

effect in lead-free 0.65Ba(Zr0.2Ti0.8)O3-0.35(Ba0.7Ca0.3)TiO3

(BZT-35BCT) ceramics.

The 0.65Ba(Zr0.2Ti0.8)O3-0.35(Ba0.7Ca0.3)TiO3 ceramic

samples were synthesized by the conventional solid state

reaction route. The details of sample preparation are reported

elsewhere.24 Before performing the measurements, the sam-

ples were ground to a thickness of 0.39 mm and sputtered

with 100 nm Pt/Pd electrodes on both faces. The temperature

dependence of the dielectric permittivity was measured in

the range of 300–420 K at frequencies from 1 Hz to 1 MHz

using a Solartron 1260 impedance analyzer with a dielectric

interface 1296. Temperature dependent polarization versus

electric field, P(E), hysteresis loops were recorded at 100 Hz

frequency using a custom built Sawyer-Tower circuit. The

P(E) measurements were performed in the temperature range

of 25 �C–100 �C with an interval of 5 �C.

The direct EC measurements were carried out with a

modified Differential Scanning Calorimeter (Netzsch, DSC

204). A similar method has been used by other groups.4,31 A

special sample cell with two spring loaders and thin var-

nished constantan wires was developed in order to apply the

voltage to the sample. Figure 1(a) shows the modified DSC

cell. Alumina crucibles, painted with silver in the inner side,

were used in order to prevent electrical contact with the DSC

sensor. While the spring loaders provided better contact

between a sample and DSC sensors, they resulted in thermal

losses during measurement. To evaluate the thermal loss fac-

tor, we performed reference measurements on four in-

parallel connected small resistors. Figure 1(b) shows the

temperature dependence of the thermal loss factor, K. From

room temperature up to 100 �C, it is nearly linearly depend-

ent on temperature and saturates above 100 �C. The ECE

measurements were performed from 20 �C to 100 �C. Each

temperature point was reached at 10 �C/min rate. Thereafter,

the sample was kept for 30 min to stabilize the temperature

before the ECE measurement started. The dc electric field

with magnitude 10, 15, and 20 kV/cm was applied for 100 s

and removed for 100 s at each measurement points. Heat

capacity measurements were carried out with the same DSC

setup, but using a standard cell.

Figure 2 introduces the temperature dependent relative

permittivity measured at different frequencies upon heating.

The e(T) curves show a broad maximum. Its position system-

atically shifts from 68 to 66 �C as the frequency decreases

from 1 MHz to 1 Hz. Such behavior can be attributed to the

weak relaxor properties of the parent Ba(Zr0.2Ti0.8)O3

composition.30

The P(E) hysteresis loops measured at different tempera-

tures are shown in Figure 3(a). One can see that both the re-

manent polarization (Fig. 3(b)) and coercive field decrease

when approaching the Curie temperature, TC (�65 �C).

Moreover, the hysteresis does not disappear above TC, slim

hysteresis loops are observed even at 120 �C. Such behavior is

a further indication of the relaxor character of the system

FIG. 1. (a) Modified DSC cell with two spring loaders. The sample is in the

inner side of an alumina crucible (right) and a short wire is connected to the

center where the second spring loader is connected to the circuit. (b)

Thermal loss correction factor must be considered to compensate the heat

losses during ECE measurements. The line shows a 3rd order polynomial fit

to the experimental points.

FIG. 2. Temperature dependences of the dielectric permittivity of BZT-

35BCT ceramics measured at different frequencies upon heating.

062901-2 Sanlialp et al. Appl. Phys. Lett. 106, 062901 (2015)



studied.31 Temperature dependences of polarization at differ-

ent electric fields were extracted (Fig. 3(b)) from the meas-

ured hysteresis loops. The remanent polarization shows a

decay in the vicinity of TC followed by a long tail in the nomi-

nally paraelectric phase. Non-zero polarization and residual

piezoelectricity24 above the Curie temperature, as reported

earlier, can also be considered as the fingerprints for relaxor

behavior of the system. For increased field, the anomaly on

P(T) at TC is smeared out. Figure 3(c) shows the temperature

dependences of the ECE, DTID is indirectly evaluated accord-

ing to Eq. (1). At low field (2.5 kV/cm), the ECE reaches a

maximum (DTID� 0.03 K) at 70 �C, which is a few degrees

above the transition temperature estimated from the dielectric

measurements. As the applied field increases, DTID increases

too and reaches �0.23 K at 20 kV/cm. Concurrently, the max-

imum of the ECE shifts to higher temperature and becomes

broader. A noticeable effect, DTID� 0.17 K, was estimated at

a temperature as high as 120 �C. The non-zero DTID far above

TC may be attributed either to an electric-field induced phase

transition into a ferroelectric state and/or to the relaxor charac-

ter of the material (see below).

Figure 3(d) presents the temperature dependence of the

heat capacity, cp. It is not constant over the studied tempera-

ture range as assumed in many other works and shows an

anomaly near 60 �C, which corresponds to the phase transi-

tion between ferroelectric and paraelectric phases.23

Figure 4(a) displays a typical example of the direct ECE

measurements with our setup (see Fig. 1). Application of an

electric field results in an exothermic peak corresponding to

heat release to the environment. By switching off the electric

field, the DSC signal shows an endothermic peak corre-

sponding to the heat absorption from the environment. Both

exothermic and endothermic peaks are of similar magnitude,

which verifies the reversibility of the effect. A contribution

related to Joule heating can be neglected since the DSC sig-

nal returns to the baseline after switching the field on or off.

Moreover, only a very small leakage current through the

sample (<10�8 A) was measured at each applied field. The

magnitude of the peaks increases with increasing electric

field.

To evaluate the specific heat exchange values, DQ, the

area under exothermic and endothermic peaks was inte-

grated. Then, the isothermal EC temperature change, DTEC,

was estimated for a given temperature according to the fol-

lowing equation:

DTEC ¼
DQ � mECE

cp � mc
� K; (2)

where cp is the specific heat capacity, mECE and mc are

masses of the sample at ECE and heat capacity measure-

ments, and K is the thermal loss factor (Fig. 1(b)).

Figure 4(b) presents the DTEC as a function of tempera-

ture at applied electric fields of 10, 15, and 20 kV/cm, featur-

ing a broad peak at approximately 65 �C. The maximal

temperature change of DTEC¼ 0.33 K was achieved for an

electric field of 20 kV/cm. It is worth to compare the directly

measured ECE with the indirect estimate from the P(T)

dependences. Qualitatively, both measurements show similar

evolution of ECE upon heating: sharp increase of DT when

approaching the phase transition, a maximum a few degrees

above TC, and a smooth decay at higher temperatures. Even

at 100 �C (35 �C above the transition temperature), DTEC is

still about 75% of its maximal value. We believe that the

broad electrocaloric peak extent into the paraelectric region

is due to the relaxor character of BZT-35BCT.32,33 This is in

contrast, e.g., with data for pure BaTiO3, where the strong

ECE was observed only in the very vicinity (<10 K) of the

Curie temperature.17,34 Relaxors are well known to have a

complex polar structure consisting of polar nanometer

FIG. 3. (a) Electric field dependences of polarization measured at different

temperatures. (b) Temperature dependences of polarization measured at dif-

ferent electric fields. (c) Temperature dependences of the EC effect esti-

mated indirectly from P(T) dependences at different electric fields according

Eq. (1). (d) Temperature dependences of specific heat capacitance measured

on heating.

FIG. 4. (a) An example of electrocaloric measurements using the modified

DSC. (b) Temperature dependences of the electrocaloric temperature change

from the DCS measurements.
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regions (PNRs).31 These PNRs do not disappear at Tm, but

are preserved up to much higher temperatures.31 This was

verified for the studied material by observation of the slim

P(E) hysteresis loops at T � Tm. At zero field, PNRs are

dynamically disordered, but an applied electric field can

order them resulting in an entropy change and non-zero elec-

trocaloric effect. Quantitatively, however, the ECE tempera-

ture change measured directly is approximately 50% larger

than the value estimated according Eq. (1). This discrepancy

can be rationalized by the existence of an extra contribution

that is not taken into account by the Maxwell’s relations.

Above Tm, this contribution can be related to dynamic PNRs

providing an additional entropy change upon electric field

alignment. Correspondingly, the electrocaloric effect should

be enhanced as compared to the ordinary ferroelectric-

paraelectric phase transition.11

The situation is different for the ferroelectric state below

Tm. Micron-sized domains were observed for BZT-BCT

compositions with x¼ 0.3 and 0.4 at room temperature.35,36

Under large enough electric field, these domains show a re-

versible transformation to a single domain state through an

intermediate nanodomain state.35 It is not excluded that such

particular evolution also contributes to entropy changes and

is responsible for the larger ECE value as indirectly esti-

mated. An extra entropy contribution can be also expected in

the multiphase region (just below Tm)24,25 due to a field

induced transformation between ferroelectric phases with

different symmetries. However, we do not have enough ex-

perimental data to verify this assumption.

We observed that the directly measured effect reaches

maximum values at lower temperature as compared to the

indirect estimates. We suggest that the underlying reason for

this discrepancy results from experimental errors in the tem-

perature determination considering that both ECE and P(E)

measurements were performed with different setups.

Finally, we would like to compare our results with avail-

able literature data for the BZT-BCT system (Table I). Bai

et al. indirectly evaluated the ECE for the nominally same

composition and found a similar value, DTID� 0.27 K, for

slightly higher temperature.27 According to these authors,

the ECE increases with BCT content and reaches 0.34 K for

BZT-70BCT, but at 105 �C.27 Even larger values were

reported for ceramics with small content of BCT, but at

much higher electric fields.29,37 The electrocaloric strength

for various BZT-BCT compositions lies in the range of

0.15–0.20 K�mm/kV. Two results stand apart: indirect esti-

mation for a single crystal BZT-55BCT by Singh et al.26 and

direct measurements of a micrometers thick slab of BZT

ceramics by Qian et al.37 showing two times larger electro-

caloric strength. This can be due to the single crystalline na-

ture of the sample in the former case and the particular

experimental configuration in the latter one.

In summary, we have directly measured the electro-

caloric effect in 0.65Ba(Zr0.2Ti0.8)O3-0.35(Ba0.7Ca0.3)TiO3

ceramic using a modified differential scanning calorimeter.

The maximal DTEC¼ 0.33 K was induced by an electric field

of 20 kV/cm a few degrees above the Curie temperature. We

found that using Maxwell’s relation yields a 50% underesti-

mation of the ECE in comparison to direct measurements.

This can be related to nanodomain formation in the ferro-

electric phase, existence of phase converge region close to

Tm, and the relaxor character of the studied material. The lat-

ter also results in a broad ECE maximum. Relatively large

DTEC occurred in a broad temperature interval close to room

temperature making this lead-free material attractive for

environmental friendly solid-state cooling applications.
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