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We present the results of studies of thermal expansion, heat capacity, permittivity, polarization and the influence of different thermal
conditions on the intensive electrocaloric effect (ECE), �TAD, in a commercial multilayer capacitor based on doped BaTiO3.
Investigations in a wide temperature range revealed one anomaly in the behavior of the physical properties at about 290K
characteristic for the relaxors. Direct measurements showed a high reversibility of ECE under equilibrium thermal conditions. Good
agreement was found between the values of �TAD determined by direct and indirect measurements at the electric field up to
15.4 kV/cm. Quasi-isothermal conditions lead, firstly, to decrease of large �TAD �0.94K obtained in adiabatic conditions under
E ¼ 308 kV/cm to 0.87K, and, secondly, the appearance of a difference between the values of�T ON and�T OFF determined when
the electric field is applied and removed. Using this phenomenon and changing the frequency of the periodic electric field,
E ¼ 15:4 kV/cm, the effect of cooling was obtained equal to ½ð�T ON þ�T OFFÞ=2�max ¼ �0:032K. The results obtained are useful
for further development of the electrocaloric refrigeration technique without thermal switches.

Keywords: Electrocaloric effect; ferroelectrics; layered structures; nonequilibrium conditions; phase transitions.

1. Introduction

In recent years, considerable attention has been given to
solids showing large caloric effects (CE) due to their poten-
tiality to be used as effective solid refrigerants in cooling
devices for various aims.1–5 Among caloric phenomena of
different physical origins, electro (ECE)-, magneto (MCE)-
and baro (BCE)-caloric effects, ECE is the most simple in a
realization. Indeed, in such a case, there is no necessity in
external attributes such as magnets or installations producing
pressure. To produce an electric field, it is enough to apply
the voltage to electrodes on a surface of the electrocaloric
(EC) element.

Thermodynamic equations describing the reversible
change in entropy,�SECE, at T ¼ const (extensive ECE), and
temperature, �TAD, at S ¼ const (intensive ECE), under
electric field variation

�SECE ¼
Z

ð@P=@TÞEdE; �TAD ¼ �ðT=CpÞ�SECE;

ð1Þ
show that both values depend not only on electric field
strength E but also on the rate of a change in the polarization

with temperature. Thus, the most preferable temperature re-
gion to obtain large values of ECE is near the ferroelectric
phase transition point where the ð@P=@TÞE derivative reaches
the maximum.

The simplicity of ECE realization is one of the main
reasons of the active investigations of caloric efficiency of
ferroelectrics at the present time. Moreover, the search of
ways of caloric efficiency increase continues despite of a
serious disadvantage of these materials associated with rather
high conductivity leading to a release of Joule heat under
applying electric field.1,6

Large values of ECE for different bulk ferroelectric
systems comparable to MCE and BCE3–5 were obtained only
in theoretical calculations which were usually performed
under the electric field E of very high strength. For example,
�TAD � 12K for the ceramic Ba0:5Sr0:5TiO3 was predicted7

at E ¼ 800 kV/cm. However, a strong experimental increase
in electric field applying to the bulk EC element is limited by
rather low breakdown field for ferroelectrics which was
found in Ref. 8 equals to 24 kV/cm (�TAD � 1K) for
Ba0:73Sr0:27TiO3. Nevertheless, a serious success was reached
in the way of improving the dielectric strength of ceramics of
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BaTiO3.9 It was shown that the decrease in the grain size
from 41�m to 1.3�m and increase in density are accompa-
nied by increase in the breakdown field from 90 kV/cm to
180 kV/cm. One can think that a corresponding increase in
the density of ceramic samples will lead to a decrease in
the conductivity. Another way to avoid breakdown and in-
crease at least the intensive ECE is associated with using thin
ferroelectric films. In such a case, rather low voltage is
enough to realize high electric field and as a result large
value of �TAD � 14K due to small thickness of ECE-
element.10 To increase a low extensive ECE in the thin
films due to their small thermal mass, layered ferroelectric
systems were suggested in the form of multilayer ceramic
capacitor.11,12

A lot of papers were devoted to studies of ECE under the
equilibrium thermodynamic conditions, the results of which
were summarized in several reviews.1,2 Single crystals, solid
solutions, ceramics, thin films and layered structures were
presented as materials to be used as EC elements. A special
attention was devoted to the problem of thermal switches
which is common for the refrigerators with unmovable
working body operating on any caloric effects. These
switches providing in turn the supply and removal of heat to/
from the refrigerant are necessary to design a closed refrig-
eration cycle. Mechanical systems, liquid crystals, carbon
nanotubes and others were suggested as thermal
switches.11,13,14 Alternative decision of a problem above was
suggested in the form of a cooling line without thermal
switches.15–17 The idea was to generate thermal gradient in
the bulk linear EC element keeping its bottom at Tbot ¼ const
during cycling, a periodic electric field. In such nonequilib-
rium conditions, the temperature of the thermally isolated top
of the EC element, Ttop, will fluctuate and its average value
will decrease down to Ttop < Tbot. Thus, a constant thermal
gradient will appear in the EC element when electric field is
in turn applied and removed.

Recently, two different ferroelectric systems, a multi-
layer capacitor based on doped BaTiO3 (MLCBT)11,12 and
a bulk crystal of triglycine sulphate (TGS),18,19 were cho-
sen for the experimental examination of ECE in nonequi-
librium thermal conditions. A heating of the BaTiO3

capacitor under periodic electric field was observed since
increase in the temperature at applying E, j�TON

ADj, exceeded
this value at removal of E, j�T OFF

AD j.11 At least two reasons
can be proposed to explain these rather unexpected results
related to the observed ratio j�T ON

AD j > j�T OFF
AD j. Firstly,

high strength of electric field, E ¼ 300 kV/cm, used in
experiments inevitably can lead to the release of Joule heat.
Secondly, the rates of switching on and off the electric field
were different, ðdE=dtÞOFF < ðdE=dtÞON, since to avoid the
fear of destroying the capacitor during the removal of high
voltage, the discharge process was performed through ad-
ditional resistor. These circumstances were taken into ac-
count when studying the influence of nonequilibrium
thermal conditions on intensive ECE in TGS.18,19

Measurements were performed under a low electric field,
E ¼ 2:8 kV/cm, and at equal rates of its switching on and
off. As a result, a decrease in the temperature Ttop compared
to Tbot of the TGS element was observed, as predicted
earlier.15,16 The temperature difference was small,
Ttop � Tbot ¼ �0:012K, but the main thing was that the
cooling effect was observed.

This paper is devoted to precise indirect and direct mea-
surements of ECE in MLCBT under equilibrium and non-
equilibrium thermal conditions. Complex investigations of
some physical properties of the multilayer capacitor (struc-
ture, permittivity, hysteresis loops, heat capacity and thermal
expansion) were also performed in order to characterize the
sample under study and to determine the optimal parameters
for the study of ECE.

2. Experimental

A commercially available MLCBT (100�F) consisting of
200 interdigitated layers of the doped BaTiO3 and Ni elec-
trodes was used (Fig. 1(a)). The structural morphology of the
cut perpendicular to the ferroelectric and metal layers was
examined using a scanning electron microscope (SEM)
Hitachi TM3000 (Hitachi High - Technologies Co., Ltd.,
Tokyo, Japan). The results presented in Figs. 1(b) and 1(c)
clearly show that alternating layers of BaTiO3 (light broad
stripes) and Ni (dark narrow stripes) components are regular
and in close contact with each other. The thickness of the
electrodes and ferroelectric layers is 2 and 6.5�m, respec-
tively. The BaTiO3 layers consist of relatively densely packed
grains with the average size varied from 1 to 3�m (Fig. 1(c)).
Damage to the grains such as cracking is not observed.

To avoid poling and hysteresis loss leading to a deterio-
ration in the functional properties of the capacitor, the 10 V
maximum voltage (i.e., �15 kV/cm) was recommended by
the manufacturer. Due to rather thin dielectric layers, this
magnitude is well below the breakdown field for MLCBT,
since according to the related measurements of ECE,12,20 the
multilayer capacitor can withstand electric field above
300 kV/cm.

Structural characterization of the dielectric component in
MLCBT was carried out at room temperature using a
PANalytical X’Pert PRO diffractometer equipped with a
PIXcel solid state detector and a secondary graphite mono-
chromator (Cu-K� radiation). The step size of 2� was 0.02�.
Rietveld refinement was performed using TOPAS 4.2.21

Measurements of thermal expansion were performed
using a push-rod dilatometer (NETZSCH model DIL-402C)
with a fused silica sample holder. Experiments were carried
out in the temperature range of 100–350K with a heating rate
of 3K/min in a dry He flux. The results were calibrated by
taking quartz as the standard reference, to remove the influ-
ence of system’s thermal expansion. The uncertainty in the
thermal expansion measurements was about 5%.
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Because of the very high sensitivity to small changes in
the temperature and the enthalpy/entropy, a homemade adi-
abatic calorimeter with three screens22 was used to perform
complex studies of heat capacity, permittivity, dielectric
hysteresis, pyroelectric current and ECE in equilibrium
thermal conditions. MLCBT placed in the heater, consisting
of a polished aluminum foil with Surface Mounted Device
resistors located to its inner surface, was suspended inside the
first thermal screen on thin threads (d � 0.1mm) (Fig. 2(a)).
The temperature of the sample+heater system (1,2,3) was
monitored with a high-precision platinum resistance ther-
mometer (5) attached to the adiabatic screen (4). The long-
term stability of this thermometer is rather high�0.002K and
the absolute accuracy of temperature measurements was
�0.01K. The temperature difference between the thermom-
eter and sample was controlled and tuned using a copper–
constantan thermocouple battery �Treg whose output was
supplied to the automatic control circuit connected to adia-
batic screen heater (6). Measurements were performed at a
pressure of about 10�5 mm Hg.

The heat capacity of the “sample+heater+contact grease”
system was measured in a wide temperature range of
120–360K using discrete as well as continuous heating. In
the former case, the calorimetric step was varied from 1.5 to
3.0 K. In the latter case, the system was heated at rates of
dT=dt � 0.2–0.4K/min. The heat capacities of the heater and
contact grease were determined in individual experiments.
The inaccuracy in the heat capacity determination did not
exceed 0.2–1.0%.

The temperature behavior of the permittivity "ðTÞ was
investigated using an E7-20 immittance meter at frequencies
from 50Hz up to 5 kHz while heating at a rate of about
0.5 K/min in the temperature range of 120–360K. The di-
electric hysteresis (P� E loops) was/were examined using an
aixACCT EASY CHECK 300 technique. The driving-field
profile was a triangular wave of amplitude Emax ¼ 18 kV/cm.
The frequency of the measuring electric field was 1 Hz.

To determine the intensive ECE in MLCBT under equi-
librium conditions the indirect and direct measurements were
carried out. In the former case, the value�TAD was evaluated
in accordance with Eq. (1) using the experimental tempera-
ture dependences of the spontaneous polarization under the
different electric fields.

The procedure of direct measurements of the intensive
ECE was similar to that used earlier by us studying ECE and
MCE in TGS19 and La0:7Pb0:3MnO3,23 respectively.

The study of ECE in MLCBT under nonequilibrium
thermal conditions was performed according to the scheme
used previously19 (Fig. 2(b)). MLCBT (1) was placed in a
copper holder (7) mounted on the bottom of the screen (4). A
copper disk (8) with d ¼ 7:94mm and h ¼ 1:89mm packed
in the polished aluminum foil with a heater and serving as an
additional heat screen was hung over the sample to the screen
cover. To ensure reliable thermal contact between the ele-
ments of the system, the vacuum grease was used. The au-
tomated control system retained the required temperature
difference between the copper disk and adiabatic screen with

(a) (b)

Fig. 2. Schematic of sample mounting for studying (a) the specific
heat and ECE under adiabatic conditions and (b) the effect of quasi-
isothermal processes of switching on/off the DC and periodic elec-
tric fields.

(a) (b) (c)

Fig. 1. The structural morphology of the multilayer condenser; (a) structure of commercial ceramic chip capacitors; 1 — ceramic dielectric;
2 — internal electrode; (b) and (c) — scanning electron microscopy images of BaTiO3 capacitor at different magnifications.
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an accuracy of not worse than 10�4 K. The temperature of the
adiabatic screen as well as base of MLCBT was kept con-
stant. The temperature difference Ttop � Tbot between the
“free” top and the thermostatically controlled bottom of
MLCBT which occurred due to the ECE at the switching
on/off electric field E was detected by the copper–constantan
thermocouple. The sensitivity of the temperature sensors
and measurements stability were 10�4 and 5� 10�5 K,
respectively.

3. Results and Discussion

3.1. Structure and physical properties

The results of the X-ray studies are shown in Fig. 3. Rietveld
refinement shows the presence of Ni and BaTiO3 doped
with Sn4þ which gives the following chemical formula:
BaTi0:86Sn0:14O3 (BTSO). Refinement was stable and gives
low R-factors for BTSO (RB ¼ 1:48%) and Ni (RB ¼ 2:06%).

Measurements of the thermal expansion coefficient � were
performed in three different directions of MLCBT: along (2)

and perpendicular (1) to the ferroelectric layers. One anomaly
was found at about 290 K smeared in a wide temperature
range (Fig. 4(a)). Rather strong anisotropy observed in the
�ðTÞ behavior can be related to the preferred orientation of
the grains of the ferroelectric component during the
manufacturing processes of composite consisting of two
dissimilar materials, BTSO and Ni.24–26

Heat capacity of MLCBT has also shown one anomaly
with the maximum at T ¼ 290� 10K. The excess heat ca-
pacity �CpðTÞ associated with the phase transition was also
observed in the wide temperature range of about 200–360K
(Fig. 4(b)) as it was found for the dependence of �ðTÞ
(Fig. 4(a)).

The temperature dependences of the permittivity "ðTÞ at
different frequencies show a wide bump with the maximum
temperature shifted with increasing frequency from 277K
(f ¼ 50Hz) to 304K (5KHz) (Fig. 5(a)). It is also seen that
the increase in f is accompanied by a decrease in the maxi-
mum of ". At the same time, the curves of "ðTÞ for different f
coincide with each other above the maximum temperature.
Such a behavior of permittivity of BaTi0:86Sn0:14O3 is char-
acteristic of relaxor properties which were found for the solid
solutions BaTi1�xSnxO3 at x > 0:12.27

Information on spontaneous polarization P at various
temperatures was obtained from measurements of the hys-
teresis loops (Fig. 6). At about 373K, the PðEÞ dependence is
close to linear, which is typical for paraelectrics or linear
dielectrics. The presence of polarization above room tem-
perature may be due to the polar nanoregions found in the
BaTi1�xSnxO3 solid solutions27 with x > 0.12 which are also
the cause of a significant frequency dispersion of permittivity
observed by us (Fig. 5). The saturated value of P equals to
�18�C/cm2 is close to polarization observed for barium ti-
tanate (�20–25�C/cm2).28

The investigations of BaTi1�xSnxO3 solid solutions27,29,30

have shown that increase in Sn concentration is accompanied
by a shift of decrease of the phase transition temperature
between cubic and tetragonal phase, whereas the other two
transitions are shifted to higher temperatures. Thereby, in

Fig. 3. (Color online) Difference Rietveld plot of Ba(Ti0:86Sn0:14)O3

(green stick) with Ni plates (blue stick). Inset shows structure of
multilayer capacitor.

(a) (b)

Fig. 4. (a) Thermal expansion of the multilayer capacitor in three directions: 1,2 — along the layers, 3 — perpendicular to the layers.
(b) Anomalous component of the heat capacity of the multilayer capacitor.
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BaTi1�xSnxO3 at x > 0.12, only direct rhombohedral— cubic
transition, which is often named as pinched phase transition
in literature.27,31,32 Investigations of the thermal and dielec-
tric properties (thermal expansion, heat capacity, and per-
mittivity) confirmed the existing of one phase transition near
room temperature.

3.2. Electrocaloric effect

An indirect determination of ECE was carried out by ana-
lyzing the field dependences of the spontaneous polarization
(Fig. 7(a)). To calculate ECE in accordance with Eq. (1), the
upper drop-down part of the hysteresis loop was used since
the domain structure does not change significantly as the
electric field decreases. The temperature dependences of the
calculated intensive ECE, �T calc

AD , at different electric fields
are shown in Fig. 7(b). Even under low field, the maximum of
the �T calc

AD value is observed at temperature Tmax ¼ 307K
which is higher than the temperature of the maxima of heat
capacity and thermal dilatation (�290K) (Fig. 4). The
maximum of the �T calc

AD ðTÞ curves is shifted with increase in
the electric field with the rate �Tmax=�E ¼ 0:65K/(kV/cm).

Direct measurements of EC response of the MLCBT +
heater system, �Texp, were carried out at adiabatic condition
(Fig. 2(a)) under electric fields varied in a wide range of the
strength: 0–307 kV/cm. The sample + heater system was

heated/cooled to some initial temperature in a wide temper-
ature region from 100K to 370K. The linear temperature
drift with an optimum rate within dT=dt � �(1–5)�10�4

K/min was chosen. The switching on of electric field E was
accompanied by abrupt increase in temperature �T ON

EXP of the
MLCBT+heater system due to ECE in the BTSO component
(Fig. 8(a)). Then, the temperature drift was controlled within
5–10min to compare it with that observed before applying
the field. The electric field shutdown led to a temperature
decrease �T OFF

EXP. Such a procedure was repeated at the
same temperature under different electric fields. The inaccu-
racy in determination of the �TEXP values did not exceed
�2� 10�4 K.

It was also observed that in the process of E ¼ const, the
rate of the temperature change, dT=dt, increases compared to
that in the process of E ¼ 0 and decreases to the initial value
just the field is switched off. Such a behavior of the tem-
perature is associated with the release of Joule heat in
the BTSO component. A relatively low electric field,
E ¼ 15:4 kV/cm, applied during 5 min leads to additional
increase (�10%) in the temperature change of the MLCBT +
heater system. In spite of this fact, a perfect agreement was
observed between the values of �T ON

EXP and �T OFF
EXP. Infor-

mation on the intensive ECE in MLCBT was obtained using
the following relation between heat capacities of heater and
MLCBT: �TMLCBT

AD ¼ ð1þ Cheater=CMLCBTÞ ¼ 2:5�TEXP.
Very good agreement was found between the data

obtained in direct (Fig. 8) and indirect (Fig. 7) measurements
of �TAD at E ¼ 15:4 kV/cm: �TMAX

AD ¼ 0:104K and
ð�T calc

AD ÞMAX ¼ 0:107K. The maximum value of ECE,
�TAD ¼ 0:94K, observed in experiments under the electric
field E ¼ 308 kV/cm is higher compared to the value
�TAD ¼ 0:55K found for related capacitor at the same E.12

Such a rather large difference between the values of �T is
associated with additional thermal losses due to the absence
of adiabatic conditions.12

Fig. 6. Hysteresis loops at different temperatures at 99K (1), 149K
(2), 260K (3) and 373K(4).

Fig. 5. Temperature dependences of permittivity at various
frequencies.

Fig. 7. (a) The temperature dependences of polarization taken from
the P–E loops/ (b) Calculated ECE in MLCBT versus temperature at
different electric fields: 3.1 kV/cm (1), 6.2 kV/cm (2), 9.2 kV/cm (3),
12.3 kV/cm (4) and 15.4 kV/cm (5).
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Despite the fact that the value �T MAX
AD was found at rather

high temperature Tmax ¼ 361K, Fig. 8(b) shows a decrease in
the rate �Tmax=�E with increase in E. Nevertheless, it is
obvious that both values Tmax and �TMAX

AD did not reach a
saturation even at such a high electric field.

Measurements of electrocaloric response in MLCBT in
nonequilibrium thermal conditions were performed in ac-
cordance with scheme presented in Fig. 2(b). Such conditions
can be regarded as quasi-isothermal, since only the temper-
ature Tbot was kept constant. At the first stage, we applied a
measurement mode similar to that used earlier in Ref. 11.
Since the studied MLCBT has a significant capacitance, in
order to avoid the destruction of the capacitor when the
electric field is removed, the discharge process was carried
out through a resistance of 910Ohm.

Fast (adiabatic) switching on/off an electric field at
T ¼ 300K which is slightly below Tmax is accompanied by a
rapid increase/decrease in the temperature of the “free” top of
MLCBT by a value of �T ON

EXP=�T OFF
EXP due to ECE (Fig. 9).

Then, at E ¼ const, the temperature relaxes slowly to the
temperature Tbot, i.e., �TEXP ! 0. The temperature gradient
occurring on the sample led to the heat exchange between the
thermostated bottom and thermodynamically “free” top of the
EC element.

As an example, the results of measurements of ECE under
E=308 kV/cm are shown in Fig. 10. The temperature de-
pendence of the absolute magnitude of temperature change
j�T j obtained in the regimes of applying and removal E and
recalculated for the MLCBT shows that the intensive ECE is
quantitatively irreversible: The value of j�TjON is greater
than j�T jOFF in a wide temperature range of 290–370K
similar to data observed in Refs. 11 and 12.

The maximum EC response j�T jOFF under quasi-
isothermal conditions is lower compared to �T max

AD observed
in measurements under equilibrium conditions (Fig. 8(b)).
This can be due to the nonadiabatic regime of measurements
and the occurrence of a heat flux from top to bottom of the
EC element during the process ðE ¼ 0Þ ! ðE 6¼ 0Þ.

Taking into account our experience of measuring ECE in
TGS in nonequilibrium thermal conditions,18,19 the mea-
surements at the second stage were performed at the same
rates of switching on and off the electric field, ðdE=dtÞOFF ¼
ðdE=dtÞON. For this aim, MLCBT was also charged via a
resistor of 910Ohm.

Figure 11 shows the behavior of j�TjOFF and j�T jON
under E ¼ 15:4 kV/cm. It is seen that in the temperature
range of 290–370K �T ON < �T OFF. The maximum differ-
ence j�T jOFF � j�TjON at T ¼ 320K is �0.005K at

Fig. 9. The profile of electric field variation EðtÞ and associated
intensive EC response, �TexpðtÞ ¼ Ttop � Tbot, at Tbot ¼ 300:1K.

Fig. 10. Temperature dependences of the intensive ECE in applying
j�T jON and removal j�TjOFF modes at E ¼ 308 kV/cm.

Fig. 8. (a) The time dependence of the temperature of the MLCBT + heater system under successive electric field variation at S ¼ const:
E ¼ 0 ! E ¼ 15:4 kV/cm! E ¼ 0. (b) Temperature dependence of the intensive ECE recalculated for MLCBT in the equilibrium conditions
at E ¼ 3:1 kV/cm (1), 7.7 kV/cm (2), 15.4 kV/cm (3), 76.7 kV/cm (4), 308 kV/cm (5) and (c) Dependence of Tmax versus applied E.
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E ¼ 15:4 kV/cm, which exceeds the error in determining of
the intensive ECE. Thus, the amount of absorbed heat
exceeds the heat released. This means that the hypothesis of
the possibility of cooling the EC element in a periodic electric
field under the condition �T ON < �T OFF is realistic.

At the next stage, we performed the investigation of ECE
under a periodic field of a different frequency. Measurements
were carried out at Tbot ¼ 310 K ¼ const close to the
temperature of the maximum of ð@P=@TÞE under
E ¼ 15:4 kV/cm. Figures 12(a) and 12(b) show the results of
measurements at two frequencies f=0.025 Hz and 0.016 Hz,
respectively. One can see that the steady state of MLCBT
associated with the oscillations of Ttop near some average
value ½ð�T ON þ�T OFFÞ=2�max was achieved after several
pulses of E (Fig. 12).

Influence of the frequency of the electric field on cooling
effect is rather strong. Indeed, the decrease in f from 0.025 to
0.016Hz is accompanied by the following points: (1) the
values of j�T ONj and j�T OFFj decrease and increase from
0.040 and 0.078K to 0.026 and 0.089K, respectively; (2) the
value ½ð�T ON þ�T OFFÞ=2�max drops from �0.019K
�0.032K.

We would like to note, that indeed the value of the cooling
is not as great as expected. The observed insignificant value
of [(�T ON þ�T OFFÞ=2�max in the periodic electric field may
be due to the following circumstances: EC element based on
doped BaTiO3 has significant dielectric losses; its dielectric
properties strongly depend on the applied electric field; an
internal electric field has an inhomogeneous distribution at
the ends of the interdigitated electrodes which leads to the
appearance of a strong depolarizing field in the multilayer
structure.

However, obtained cooling value is an order of magnitude
larger than the value presented in Refs. 18 and 19 and sug-
gested cooling method can be amplified by the cascading
inclusion of electrocaloric elements without additional ther-
mal switches.

In order to increase the observed effect, it is necessary to
improve the quality of the EC element in order to increase the
susceptibility to high periodic electric fields, to reduce
the dielectric losses and to decrease the time processes of
depolarization/polarization.

4. Conclusions

We performed research of thermal expansion, heat capacity,
permittivity and polarization of commercial multilayer ca-
pacitor based on doped BaTiO3 (MLCBT). One broad
anomaly typical for relaxor materials was found in the be-
havior of these physical properties. In accordance with this,
the intensive ECE, �T , studied under equilibrium and non-
equilibrium thermal conditions also shows one anomaly
smeared in a wide temperature range. A high reversibility of

Fig. 11. Temperature dependence of ECE under E ¼ 15:4 kV/cm at
ðdE=dtÞOFF ¼ ðdE=dtÞON. (a)

(b)

Fig. 12. Time dependence of the temperature difference �T ¼
Ttop � Tbot on the multilayer condenser in a periodic electric field of
E ¼ 15:4 kV/cm at 310K: (a) f ¼ 0:025 and (b) 0.016Hz. Solid
lines show the difference between the Ttop and constant Tbot values.
Insets: electric field profile.
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ECE and good agreement between the values of �TAD de-
termined under equilibrium thermal conditions by direct (at
S ¼ const) and indirect measurements at the electric field
E ¼ 15:4 kV/cm: �TMAX

AD ¼ 0:104K and ð�T calc
AD ÞMAX ¼

0:107K were found. An increase in E to 308 kV/cm leads to
strong increase of ECE to a value of�TMAX

AD ¼ 0:96K which
exceeds �T ¼ 0:55K determined for related BaTiO3-
capacitor at the same E but under nonadiabatic conditions.12

The study of the influence of nonequilibrium (quasi-iso-
thermal) conditions on ECE revealed a great role of the
relation between the rates of applying, ðdE=dtÞON, and re-
moval, ðdE=dtÞOFF, of the electric field. It was found that
the conditions j�T jON < j�TjOFF, when the amount of
absorbed heat exceeds the heat released, can be realized
only in the case ðdE=dtÞON ¼ ðdE=dtÞOFF. Measurements of
j�T jON and j�TjOFF under periodic E have shown that the
temperature of the “free” top, Ttop, decreases in comparison
with the temperature of the bottom, Tbot=const. The differ-
ence jTtop � Tbotj was found strongly dependent on the fre-
quency of E.

Thus, a commercially available multilayer capacitor based
on ferroelectrics can be used as the electrocaloric element
which makes the practical application of microrefrigerator
without thermal switches. MLCBT has the ideal geometry for
the EC element because of the possibility of combination of
both high breakdown field and large thermal mass.
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