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1 Introduction

The research and development works directed to a creation of solid state coolers
and refrigerators based on the electrocaloric effect have been initiated in various
countries, mainly in USA and USSR, in the 70s of the last century [39, 43]. The
goal of these works was formed as a creation of microcryogenic cooling systems
for infrared radiation receivers for space optoelectronic systems. The following
principles of R&D works were formulated at the initial stage:

• The mechanical thermal keys were used for the connection between active
electrocaloric elements in order to decrease the temperature of cooling object.

• The temperature decrease in active element was achieved in the process of
electric field action on ferroelectric capacitor and the cooling of gas carrier
flowing through it.

• Thermodynamic cycle of gas carrier with electrocaloric active elements should
be similar to analogical cycles of the gas expansion processes in vapor-com-
pression refrigerators.

At a later date these principles were used in such developments as [42], where
various modifications of completely solid state electrocaloric refrigerators fea-
turing with thermal keys were considered. That approach to the creation of the
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refrigerating device is based on quasi-static method, where thermodynamic
cooling cycle is considered as the serial set of reverse equilibrium processes.

In conventional vapor-compression refrigerators the thermal processes is realized
in stationary regime, however at last years the novel refrigerating principles based
on dynamic thermal processes have found useful application, such as «Pulse
Tube Cryocooler», «Vortex tube», «Gifford–McMahon Cryocooler». Also,
quasi-stationary thermal processes take place in Stirling cryocoolers, which use two
working body—gas and solid material of the regenerator [2].

In the papers published after 2006 [9, 20, 27] there were presented some variants
of new generation of dynamical electrocaloric devices without application of
mechanical thermal keys and gas carrier. In the mentioned papers the layered
ferroelectric structures were proposed as heat transferring line, where thermo-
electric Pelitier elements, liquid crystal films or heat transferring elements are used.
Describing the last structure, the authors shown that at the defined conditions
ferroelectric layered structure should work as highly efficient solid-state heat pump.

The proposed type of thermal devices based on the solid layered structures
possesses a set of principal features. These are the matched dynamical character of
switching processes in every ferroelectric layer and a presence of thermal inter-
action of heat responses across the layered structure. The dynamical matching of
electrocaloric and elastocaloric effects give the parametric amplification both
electrocaloric response and heat flux in the layered structure [9].

The novel type of EC refrigerator is similar to cryogenic dynamic refrigerator
and less resembling than to the quasi-static thermal device. Therefore to create the
new generation of EC devices it is necessary to investigate an electrocaloric
response at exposure of various structure (harmonic signal, rectangular pulses or
the action of other dynamic forms) electric field and study dynamical characteristic
of various ferroelectric materials. Theoretical efficiency of multilayer cooling
structures could be estimated just by analysis of interfering dynamical processes in
adjoining EC elements.

2 Theoretical Basis of Modern Electrocaloric-Based
Cooling Structures

2.1 Efficiency of Electrocaloric-Based Cooling
in Quasi-Static Approximation

Solid-state converters of thermal energy and energy-saving technologies of cool-
ing form an important trend in research and development at many laboratories and
companies during the last few decades. The main advantage of solid-state cooling
is determined by a considerably higher density of solids as compared to vapor and
gas in vapor-compression systems. The change in the entropy per unit volume in
solid materials is 6–8 times higher than in gases [4], which makes it possible to
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considerably reduce the size of refrigerators and to produce miniature thermal
energy converters.

Among thermal physical phenomena in solids, the conversion of thermal energy
in a ferroelectric material [3], occurring as a result of the pyroelectric and elect-
rocaloric effects, has special importance. The ferroelectric converters have high
efficiency due to the fact that heating and cooling of the coolant are practically
reversible thermodynamic cycles [3, 35, 50].

Until recently it was assumed that the electrocaloric method of cooling has a
low efficiency and not suitable for coolers [28, 35]. However, the last theoretical
and experimental advances in material science [11, 15, 20, 27, 45] proved that film
capacitors based on perovskite, relaxant, and polymer materials [33] can ensure a
thermal effect exceeding 10 K in a single switching. At the same time, the key
direction in the development of a solid-state cooler is the construction of the
effective thermodynamic cycle of a system of thermal converters. Thermodynamic
analysis of thermal processes in a ferroelectric energy converter was considered,
for example, in [17, 41]. However, the sequence (dynamics) of switching of EC
elements and the shape of the applied voltage (which has not been considered
before as far as we know) are very important to estimate the effectiveness of
converter operation.

An important circumstance for choosing the operation conditions for a thermal
line is setting of the temperature interval in which effective conversion of heat
occurs. Estimates obtained in [31] show that in the vicinity of the phase transition,
the efficiency of conversion of thermal energy into electric energy tends to the
efficiency of the Carnot cycle. Which temperature range is most effective for EC
cooling in a capacitor? This question will be considered in this chapter devoted to
the thermodynamic estimation of the efficiency of conversion of electric energy in
a solid-state cooling line including ferroelectric capacitors under the action of
electric pulses.

In our publications [10, 36], we analyzed thermal processes in a cooling line
including two EC elements and three thermal conductors. Numerical simulation
was performed using the finite element method. As a result, it was shown that a
steady-state temperature regime is formed in the solid-state cooling line under
investigation, and the temperature gradient is directed from the source of the sink
of thermal energy. When ferroelectric capacitors based on BaxSr1-xTiO3 barium–
strontium titanate (BST) ceramic is used, the temperature difference may attain
25 K in the case of perfect heat removal. The necessary condition for the operation
of a solid-state line is matching of the operation modes of the capacitors at the
maximum of the derivative of electric polarization (dP/dT) or permittivity (de/dT)
with respect to temperature.

Figure 1 shows the temperature dependence of the permittivity of the BST
ceramic and its derivative with respect to temperature. A ferroelectric capacitor
operates most effectively as an EC element in the paraelectric phase at the tem-
perature corresponding to the extremum on the de/dT(T) dependence. Therefore, it
is expedient to use ferroelectric capacitors for which the temperature corresponding
to the extremum on the de/dT(T) dependence increases in the source-sink direction.
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We will consider the thermodynamic efficiency of EC cooling in steady state.
For a correct analysis we make the following assumptions are valid for quasi-static
processes:

• Make-and-break of EC elements is performed by applying periodic voltage
pulses. The operation of a cooling structure requires a time shift between
sequences of pulses supplied to the first and second EC elements. The time shift
in the operation of capacitors is multiple to the thermal constant defined as

s ¼ L2qC

k
;

where L, q, C, and k are the length (thickness), density, heat capacity, and
thermal conductivity of the ferroelectric.

• Charging and discharging occur either adiabatically, or isothermally. The
thermal and electrical duration of the pulse front in these cases may differ by
several orders of magnitude. If the front duration is much smaller than the
thermal constant of the transition from one energy state to another, charging
(discharging) occurs adiabatically. If the charging time considerably exceeds the
time constant, the charging (discharging) process occurs isothermally.

• Heat loss and dissipation of electric energy are negligibly small and are disre-
garded in analysis.

• The temperature variation during an adiabatic charging of a capacitor is larger
than the change in temperature during its adiabatic discharging. The fulfillment
of this condition is ensured by the position of the working point, which is chosen
on the decreasing segment of function de/dT(T) in the region of the negative
extremum of the dependence shown in Fig. 1b. Then, the known relation [5] for
the adiabatic EC effect

Fig. 1 The temperature
dependences of permittivity
a and its derivative b in
ferroelectric capacitor based
on BST ceramic
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DTad ¼
Z

T

CE

o

oT
e Tð Þ

� �
EdE ¼

Z
T

CE
c Tð ÞEdE;

leads to the validity of the assumption under which the heat capacity CE of an EC
element for a given electric field strength has the form [5]

CE ¼ C0 þ E2T
o2e
oT2

ð1Þ

In this equation, C0 is the heat capacity of the capacitor disregarding the action of
the electric field.
• The capacitors whose temperature varies periodically in time exchange heat

regeneratively via a heat conductor. For this reason, we assume that this element
of the cooling line is a regenerator with temperature TR. A similar assumption is
used in thermodynamic analysis of the Stirling and Ericson regenerative cycles.

Let us consider the sequence of processes in a ferroelectric cooling structure
taking into account the above assumptions. We will analyze the change in the
volume-averaged temperature of the capacitors upon make-and-break of electric
field in a steady-state regime. In this case, transient processes can be ignored, and
we can assume that the temperature of each capacitor deviates from its steady-state
value only as a result of external action. Consequently, the ferroelectric in the
steady state performs a thermodynamic cycle consisting of three processes (iso-
thermal, adiabatic, and heat exchange at constant voltage). These processes are
shown in Fig. 2, where point C lies above point 2 and point 3 lies below point
B. The former point (2) is located higher due to assumption (iv), while the latter
point (3) lies lower since the difference in the temperature levels of the two ele-
ments in the stationary state is smaller than the electrocaloric temperature effect.

The first (‘‘Cold’’) element performs the A–B–C cycle, while the second
(‘‘Hot’’) element performs the 1–2–3 cycle; the processes occur with a time shift
determined from the thermal constant of the capacitors. The difference between
these elements is that the ‘‘Cold’’ element is discharged isothermally with
absorption of heat and is charged adiabatically upon heating, while the ‘‘Hot’’

Fig. 2 The thermodynamic
switching cycle for EC
elements in a solid state line.
‘‘Cold’’ element performs on
A–B–C cycle, while ‘‘Hot’’
element follows on 1–2–3
cycle
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element is charged isothermally with heat release and is discharged adiabatically
upon cooling. The above assumptions form the basis of thermodynamic analysis
and estimation of the cooling efficiency and refrigeration efficiency W for pro-
cesses of switching in the solid-state line. Let us consider the cyclic sequence of
processes in the cooling system under the above assumptions.

During isothermal discharging in contact with thermal conductors (A–B), the
‘‘Cold’’ EC element absorbs heat. The amount of heat QC defined, according to
[42], as

QC ¼ TAð
oeðTAÞ

oT
ÞEE2 ð2Þ

is removed from the object being cooled at temperature TC = TA (the tempera-
ture corresponding to point A. The ‘‘Hot’’ element is heated from temperature TH

3

to TC
B during the period following the discharge (at the initial segment of process

3–1). In the course of process B–C, adiabatic charging of the ‘‘Cold’’ element takes
place, and its temperature increases from to TC

C [ TH . In process 3–1, the ‘‘Hot’’
element continues to receive heat at constant electric field strength and is heated
from TH to TH

1 ¼ TH
2 ¼ TH . At the next instant, the ED ‘‘Cold’’ element is charged

at temperature TC
C ¼ TH . The regenerator temperature has a mean value TR \ TH.

In process 2–3, the ‘‘Hot’’ element is discharged adiabatically, and its temperature
decreases from TH

2 to TH
3 . As a result, a temperature differences appears at the ends

of the regenerator, and a heat flow directed from the ‘‘Cold’’ to ‘‘Hot’’ element
appears in the regenerator due to thermal conductivity of the material.

In process C–A, the ‘‘Cold’’ capacitor is cooled in a constant electric field from
temperature TC

B to TC
A ¼ TC due to the temperature gradient. In process 1–2, the

‘‘Hot’’ capacitor is discharged isothermally; therefore, the heat QH released to the
ambient is given by

QH ¼ THð
oeðTHÞ

oT
ÞEE2 ð3Þ

Amount of heat QH is greater than QC; the temperature at one end of the
regenerator is TH and at the other end, TC

B [ TH; consequently, a heat flow from
the ‘‘Cold’’ to ‘‘Hot’’ element appears in the regenerator. Then, the cycle is
repeated.

The possibility of processes C–A and 2–3 is determined by the following fac-
tors: over a short time interval, the regenerator receives amount of heat QREG from
one side and loses heat Q00REG at the other side; after a certain time, the system must
come to thermal equilibrium characterized by zero temperature gradients. How-
ever, in the process considered here, a temperature gradient due to the difference in
the boundary conditions of the ‘‘Hot’’ and ‘‘Cold’’ elements always exists. Pro-
cesses C–A and 3–1 were considered while solving the thermal conductivity
problem, in which the regenerator is treated as a heat-conducting rod with initial
temperature TR under periodic action of local sources with a phase shift and
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asymmetric boundary conditions [36]. It follows from the solution to this problem
that temperature at the middle of the regenerator in the steady-state regime is
constant, and temperature oscillations occur at its ends with a certain time shift.
Consequently, the regenerator whose temperature has decreased due to cooling
during the adiabatic discharging of the ‘‘Hot’’ element completely absorbs the heat
supplied to the regenerator during heating as a result of adiabatic discharging of
the ‘‘Cold’’ element and returns to the initial temperature in accordance with the
above assumptions. The removed energy is Q ¼ CEðTH

3 � TC
A Þ:This process takes

place because the 1–2–3 cycle leads the A–B–C cycle. Consequently, the relation
between the heat capacity and thermal conductivity of the regenerator determines
the lower temperature level (TC).

Thermodynamic analysis of the physical processes is carried out as a rule by
one of the following two methods: method of cycles (circular processes) or
thermodynamic potential method. Let us determine the refrigeration efficiency of
the cooling structure under investigation using the method of thermodynamic
cycles. In accordance with this method of analysis, we must find the amount of
thermal energy received by the ferroelectric at a low temperature and the amount
of thermal energy given away by the ferroelectric at a high temperature. The
difference in these energies is the work of the cycle, and the ratio of the heat
received by the ferroelectric to the work is the efficiency of a given thermody-
namic cycle (refrigeration efficiency). The absolute thermodynamic efficiency of a
thermal cycle is defined as the ratio of the refrigeration efficiency to the refrig-
eration efficiency of the Carnot cycle.

For each capacitor, heat can be supplied or removed in the course of isothermal
discharging or charging or as a result of rapid adiabatic change in temperature. Let
us denote the adiabatic change in the temperature of the ‘‘Cold’’ element by DTC

ad

and the change in the temperature during adiabatic cooling of the ‘‘Hot’’ element
by DTH

ad. Then, the amounts of heat DQH
1 and DQH

2 supplied to and removed from
the ‘‘Hot’’ element are

DQH
1 ¼ CH

0 ðTH
1 � TH

3 Þ;

DQH
2 ¼ DQH ¼ THð

oeðTHÞ
oT
ÞEE2:

The work LH of the cycle performed by the ‘‘Hot’’ element is LH ¼ DQH
2 � DQH

1 .
The amount of heat DQC

1 and DQC
2 supplied to and removed from the ‘‘Cold’’

element are

DQC
1 ¼ CC

E ðTC
C � TC

A Þ;

DQC
2 ¼ DQC ¼ TAð

oeðTAÞ
oT
ÞEE2:

Work LC of the cycle performed by the ‘‘Cold’’ element is LC ¼ DQC
2 � DQC

1 .
The total work LR of the entire cycle is the sum of these works:
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LR ¼ LC þ LH ¼ DQC
2 � DQH

1 ¼ DQC � DQH :

This result was obtained from the condition of complete heat exchange in the
regenerator:

DQH
1 ¼ DQC

1 ; CH
0 ðTH

1 � TH
3 Þ ¼ CC

E ðTC
C � TC

A Þ

using the above equation, we obtain the following equality:

CH
0 DTH

ad ¼ CC
E DTC

ad:

This equality holds in spite of the fact that DTC
ad\DTH

ad since the heat capacity
of the ferroelectric depends on the electric field and CC

E [ CH
0 . Heating of the

‘‘Hot’’ element occurs is zero electric field, while cooling of the ‘‘Cold’’ element
occurs in field E. The heat capacity can be calculated from the expression

CC
E ¼ C0ðTCÞ þ E2TC

o2eðTCÞ
oT2

:

Let us find the refrigeration efficiency W:

W ¼ DQC

LR
¼ DQC

DQH � DQC
;

where energy DQ is calculated for the isothermal EC effect:

DQ ¼
Z

Tð o

oT
eðTÞÞEdE ¼

Z
TcðTÞEdE � TcðTÞE2

Eliminating E2, we obtain the following expression for the refrigeration
efficiency:

W ¼ TCcðTCÞ
THcðTHÞ � TCcðTCÞ

:

The version of the expansion of the temperature dependence of the derivative of
permittivity c(T) = de/dT(T) for barium titanate (see Fig. 1) is a power series
including the numerical coefficient up to T4:

c Tð Þ ¼ aþ bT þ cT2 þ dT3 � gT4:

The values of these coefficients are chosen by approximating the curve repre-
senting the function c(T) using the least square method. This approximation leads
to numerical coefficients of the series and the values of the thermodynamic effi-
ciency for EC-line

gt ¼
W

WCarnot
; WCarnot ¼

TC

TH � TC
;

where WCarnot—refrigeration efficiency of the Carnot cycle.
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At a temperature of 272.5 K of the ‘‘Cold’’ capacitor and the value of
DT = 0.5 K, the cooling efficiency is 0.57, where DT is the range of temperature
variation over a switching cycle (TH - TC). At a temperature 271.5 K and
DT = 0.5 K, the cooling efficiency is 0.1.

If we assume that DT = 2 K and the temperature of the ‘‘Cold’’ capacitor is
271.5 K, the efficiency is 0.6.

Thermodynamic analysis of the cooling process in the solid-state line shows
that the maximal value of the efficiency of solid-state coolant is attained for
temperatures close to the negative extremum on the temperature dependence of the
derivative of permittivity. The thermodynamic efficiency of the EC converter is
estimated. Under the assumption that the range of temperature variation in a
thermodynamic cycle is DT = 2 K and the temperature of the ‘‘Cold’’ BST
capacitor is 271.6 K, the efficiency amounts to 0.6 Carnot. This value considerably
exceeds the efficiency of vapor-compression refrigerating energy converters.

To attain cooling in a wide temperature range, it is expedient to use cascade
systems. In this case, the solid-state cooling line is an element of a refrigerating
cascade connecting the object to be cooled and the heat sink (heat exchanger). To
elevate the efficiency of a cascade cooling structure, the EC elements are prepared
from materials with the Curie temperature (and point of inflection) increasing from
element to element. From the standpoint of thermodynamic efficiency, the search
for materials with a large thermal EC effect is not the most vital trend in devel-
opment and designing of solid-state cooling structure. In our opinion, the choice
materials with a gently sloping c(T) dependence in the region of extremum of this
function and the possibility to vary the critical temperature of the ferroelectric in a
wide range are more important. Solid solutions of ferroelectrics (e.g., BST
perovskite and relaxant materials such as PMN–PT), in which the critical tem-
perature can be controlled in a wide temperature range by varying their compo-
sition, satisfy these requirements best of all.

2.2 Temperature Drop by Parametric Effect

The principal difference between solid-state cooling and the gas refrigerator is that
for the thermo-mechanical systems, the frequency of the gas pressure variation is
in the range (0.1–1) Hz. From over hand for the EC cooling rate of the electric field
variation frequency is limited only by the relaxation time of polarization. In
addition, the polarization depends not only on the electric field, but also from
mechanical stress, pressure, etc. Parametric change electrocaloric factor may lead
to a substantial increase in the EC effect. In this case the quasi-static approxi-
mation is not valid, so you must use a dynamic model.

Consider the EC effect expression, written in terms of polarization P

CEdT ¼ �T
oP

oT
dE; dT ¼ � T

CE

oP

oT
dE ð4Þ
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where T is the absolute temperature, P is the polarization, E is the electric field
strength, CE is the heat capacity at a constant field strength, and c is the EC
coefficient

cec ¼ �
T

CE

oP

oT
:

It follows from Eq. (4) that the maximum change in the temperature takes place
in a region of maximum pyroelectric coefficient p = qP/qT. For ferroelectrics, this
is a region of temperatures close to the Curie point TC, where the Landau–
Ginzburg theory of second-order phase transitions is applicable. According to this
theory, the polarization as a function of the field strength can be expressed as
follows:

E ¼ aPþ bP3; ð5Þ

where a = a0(T - TC), a0 is the Curie–Weiss constant, and b is the coefficient of
nonlinearity. A maximum change in the temperature upon a single application or
removal of the field, DT = 40 K, was observed for a 450-nm-thick
Pb0.88La0.08Zr0.65Ti0.35O3 film at a field strength of 1,250 kW/cm. It should be
noted that a comparison of the two sides in the formula (4) for the available
experimental data shows that the right side is 10–15 % larger than the left side [1,
32]. This fact has been recently explained in [46]. Determination of polarization P
is based on the measurement of a hysteresis curve during cyclic variation of the
field strength. In this case, it is necessary to take into account the dynamic effects
and replace relation (5) by the Landau–Khalatnikov equation:

r
oP

os
¼ E � aP� bP3 ð6Þ

where r is the effective ‘‘internal’’ resistance. For small r, the polarization can be
expressed as follows [47]:

P ¼ Pst þ Pdyn;Pdyn ¼ �
r

aþ 3bP2
st

oPst

ot
ð7Þ

where Pst is the quasi-static polarization determined from Eq. (5) and Pdyn is the
dynamic correction that accounts for an increase in DT in the case of indirect
measurements. The adiabatic equation in the Landau–Ginzburg theory is written as
follows [55]:

T � T0 ¼
a0

j
ðP2 � P2

0Þ ð8Þ

where j is a constant quantity and T0 and P0are the initial temperature and
polarization, respectively. The validity of Eq. (8) has been repeatedly confirmed
(see e.g., [1, 23, 25, 32, 55]. Thus, Eq. (5) is applicable to the description of quasi-
static processes, while the dynamic processes should be describes using Eq. (6).
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In the immediate vicinity of the Curie point, the left-hand side of this equation
should be additionally refined by adding terms describing the pyroelectric and
piezoelectric currents [47].

The problem encountered in creating cooling structure is the organization of a
thermodynamic cycle. Under the adiabatic conditions, the overall change of the
temperature upon the application and removal of electric field is zero. Therefore, it
is necessary to implement non-adiabatic processes (isothermal, or those with
constant E or P). The adiabaticity can be violated, e.g., by using thermal switches
or taking into account heat exchange with the environment and the inhomogeneity
of the temperature field in a sample [20, 21, 51, 52]. For example, the results of
numerical calculations for BaSrTiO3 (BST) [20, 21] showed that, after 1,000
switching cycles, the system attains a steady-state regime, in which the tempera-
ture oscillates about the average value that is 20 K below the initial temperature.
The measurements of temperature during periodic variation of the electric field
were performed by Wiseman [55]. In the first cycle, the application of the electric
field led to an increase in the sample temperature by 0.043 K, while switching the
field off led to a decrease in the temperature by 0.046 K, so that the total tem-
perature change per cycle was dT = 0.003 K. This dependence has been quali-
tatively predicted by Lawless [23]. The EC effect can be amplified by using
multilayer structures. In particular, it was shown in [10] that at switching fre-
quency of 1 Hz in BST ceramics the EC effect is increased on 2.5 K by intro-
ducing second layer of EC material.

In the present investigation, we have used the dependence of polarization P on
an auxiliary parameter, which can be represented by a magnetic field (magneto-
electric effect) or a mechanical stress. Let us consider the free energy functional of
the following type:

F ¼ F0ðTÞ þ
aP2

2
þ bP4

4
� EPþ agP2 þ bg2

2
� gr ð9Þ

where F0(T) is a certain function of the temperature, g is the second (in addition to
P) order parameter, r is an external field, and a and b are constant coefficients. In
what follows, g implies deformation and r denotes elastic stress, so that b is the
elastic modulus and a is the piezoelectric modulus. Note that, for crystals, a, b, g,
and r are tensor quantities [12]. The free energy given by expression (9) describes
a piezoelectric effect that is quadratic with respect to polarization P. Writing the
condition of minimum for the free energy according to equation (9) yields the
following system of equations:

2ag þ að ÞPþ bP3 ¼ E; aP2 þ bg ¼ r ð10Þ

from which the order parameters P and g are determined as functions of the known
variables E and r. For a = 0, the second equation of system (10) describes the
usual Hooke’s law. Excluding g from this equation, we obtain the following
relation:
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ð2 a
b

rþ aÞPþ ðb� 2a2

b
ÞP3 ¼ E ð11Þ

which determines the dependence of polarization P on E, g, and r. The entropy
and heat capacity of the system are determined as follows:

S ¼ � oF

oT
; CE ¼ �Tðo

2F

oT
ÞE:

Having denotedF000 ðTÞ ¼ k we obtain the following expression for the EC
coefficient:

cðT; rÞ ¼ pPðT ; rÞ
k þ a0pPðT ; rÞ ð12Þ

According to the above formulas the EC coefficient c depends on stress r.
According to the results of calculations [38], the EC effect in compressed
(clamped) BST ceramics is characterized by ccl & 0.6cfree, where ccl and cfree are
the EC coefficients for the clamped and free ceramics. For BaTiO3, the analogous
relation is ccl & 0.8cfree [1]. It is important to note that the process of external field
variation can be isothermal (with neglect of the barocaloric effect), which makes it
possible to organize the most effective thermodynamic cycle, a four-stage Carnot
cycle. First, the electric field is applied to a preliminarily clamped sample, and the
sample is adiabatically heated. At the next stage, the external pressure is iso-
thermally reduced to zero. At the third stage, the electric field is switched off.
Finally, the sample is isothermally clamped. The resulting change dT in the sample
temperature per cycle can be exactly calculated using formulas (4), (8), and (11). It
can also be qualitatively estimated through DT. Adopting the ratio of
ccl/cfree = 0.8, we obtain dT = 0.2DT, which significantly exceeds the corre-
sponding value in the absence of a control mechanical stress. Indeed,
dT = (0.01 - 0.02)DT according to numerical calculations [10, 20, 35] and
dT = 0.05DT according to experimental data [55].

Since the organization of a Carnot cycle is technically difficult, let us consider a
simpler case of periodically varying applied electric field and mechanical stresses:

E ¼ E0sin xtð Þ; r ¼ rsin xt þ uð Þ;

where E0 and r0 are the amplitudes, x is the frequency, and u is the phase shift. In
this case, the EC coefficient can be expressed as follows:

c � c0 1þ csin xt þ uð Þð Þ ð13Þ

where c0, c1, and u are constant (time-independent) parameters. The results of a
numerical solution of (4) and (13) for a lead magnesium niobate–lead titanate
(PMN–PT) ceramics are presented in the Fig. 3. As can be seen, a difference
between the initial and steady-state temperatures strongly depends on the phase
shift, and both heating and cooling of the ceramic sample can take place. Thus, by
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consistently varying the electric field and external pressure, it is possible to ensure
a five- to ten- fold increase in the EC effect. The same approach can be used to
enhance the magnetocaloric effect. It was demonstrated [49] that a 1 GPa pressure
applied to La0.69Ca0.31MnO3 single crystals increases the phase transition tem-
perature by 25 K, thus decreasing the magnetocaloric effect to less than half.

Finally, it should be noted that there are different variants in selecting the order
parameter g and external force r. In piezomagnetics, it is possible to develop
pressure by applying a magnetic field. The pressure can also be produced using the
second layer of a piezoelectric, to which voltage E2 is applied consistently with
E. Another possible variant employs the barocaloric effect controlled by the
electric field. In addition, it is possible to use multiferroics, in which the caloric
effect not only depends on the main parameters (temperature and field strength),
but can also be modulated by some other parameter.

From the presented analysis suggests that the use of nonlinear dynamic effects
can produce a significant increase in the cooling effect. A more accurate calculation
can be made only if we know the dynamic characteristics of the ferroelectric.

3 Dynamic Characteristics of Electrocaloric Materials

3.1 Dynamic Polarization in Electrocaloric Materials

Differences in the experimental approaches, measurement techniques, and objects
used in this study hinder the realistic assessment of possibilities of the EC effect
application in solid-state cooling devices. In this context, a topical problem is
developing a theoretical approach to description of the EC response in ferroelectric

Fig. 3 The time variation of
the temperature of PMN–PT
ceramics in response to
periodic oscillations of the
applied electric field and
mechanical stress with a
relative phase shift of (1)
u = p and (2) u = 0
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material excited by periodic variations of the external electric field. This process
results in permanent dynamical change of thermodynamic parameters and a
temperature inside the EC-cooling structure. More adequate model of EC-based
cooling structure could be built just due to physical processes dynamics study.

Traditionally just static model is considered and it does not take into account
any dynamic effects. The EC effect in a sample is described by the following
classical formula:

DT ¼ �T

ZE2

E1

1
qCE

dP

dT
dE ¼ �T

ZE2

E1

cec

q
dE ð14Þ

where DT is the sample temperature variation relative to its initial value T, CE is
the heat capacity of the given material at a constant electric field strength, q is the
material density, P = P(T, E) is the polarization, and EI and E2 are the initial and
final field strengths, respectively.

Formula (14) is derived in an adiabatic approximation and provides quite
accurate description of the EC effect during quasi-static variation of the electric
field E [24]. If the sample is involved in heat exchange with the surrounding
medium, the temperature distribution becomes inhomogeneous and equation (14)
has to be replaced by a more complicated expression [20, 26, 36, 45] that takes into
account thermal relaxation processes in the EC element.

This chapter presents the results of an investigation of the influence of a
polarization relaxation on the EC effect in a periodically varying electric field. The
characteristic relaxation time is assumed to be small compared to the period of
oscillations of the electric field.

A dynamic equation relating the electric field E and polarization P in a ferro-
electric material was written by Landau and Khalatnikov (Landau et al. [22]) in the
following form:

a
dP

dt
¼ EðtÞ � aP� bP3 ð15Þ

where a = a0(T – T0); a, a0, and b are constant coefficients; and TC is the Curie
temperature. From the standpoint of physics, a change in the sample polarization is
equivalent to the presence of a current J = qP/qt that, in turn, leads to the
appearance of a dynamic field EDyn = aJ, where a is the effective internal resis-
tance. In what follows, the electric field is assumed to vary with the time according
to a harmonic function as E(t) = E0sin(xt), where E0 is the field amplitude and x
is the circular frequency.

Introducing the characteristic relaxation time tR = a/|a| and a parameter
s = xtR, which is assumed to be small (s � 1), Eq. (15) can be rewritten in the
following form:

s
dy

dx
¼ � sinðaÞy� y3 þ e0 sinðxÞ ð16Þ
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where y ¼
ffiffiffiffi
b
aj j

q
P; e0 ¼ E0

aj j

ffiffiffiffi
b
aj j

q
; x ¼ xt; are dimensionless quantities. Let us seek a

solution to Eq. (16) for a stationary regime, in which case the initial conditions are
insignificant [30] and represent this solution in the form of a series in powers of the
small parameter s as follows:

y ¼
X1
n¼0

ynðxÞsn ð17Þ

Substituting expression (17) into Eq. (16) and equating coefficients at the same
powers of s, we obtain a recurrent set of equations for determining coefficients
yn(x). The first equation that corresponds to the terms not containing s has the
following form:

sin að Þy0 þ y3
0 � e0sin xð Þ ¼ 0 ð18Þ

which coincides with the stationary Landau–Ginzburg equation. For y0 at T \ TC,
we can select any stable root of the three ones for Eq. (16) or the single root of this
equation for T [ TC.

From the next equation, which is obtained for the terms involving s, we obtain
the following coefficient at the first-order term in series (17):

y1 ¼ �
y00

sgnðaÞ þ 3y2
0

:

The high order terms with n [ 1 in series (17) are also readily determined from
the subsequent recurrent equations. Restricting the consideration to the first two
terms in series (17), we obtain the following approximate formula for the
polarization:

P tð Þ � P0 tð Þ þ P1 tð Þ ð19Þ

where P0 is the quasi-static polarization determined from the Landau–Ginzburg
equation and P1 is the dynamic correction to P0. This correction has the following
form:

P1ðtÞ ¼ �
xaE0 cosðxtÞ
ðaþ 3bP2

0Þ
2 ð20Þ

It should be noted that formulas (19) and (20) remain valid in the vicinity of the
Curie point, but they are inapplicable at the switching point where P0

2 = -a/(3b).
These formulas are readily generalized to the case of an arbitrary dependence of

polarization P on the field E, which corresponds to the following equation:

s
dP

dt
¼ FðP;EðtÞ; tÞ ð21Þ
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Here, F(P, E(t), t) is an arbitrary function, in particular, polynomial of a higher
power than that in Eq. (15). The asymptotic behavior of a solution to Eq. (21) in a
stationary regime is described by the following expression:

PðtÞ ¼ P0ðtÞ þ s
P00

oFðP;EðtÞ;tÞ
oP

þ Oðs2Þ ð22Þ

An analysis of the obtained results leads to the following conclusions. First,
formulas (19) and (20) can be used to describe the hysteresis in a paraelectric
phase (i.e., at T [ TC), in which case Eq. (18) has a single solution. According to
this, the hysteresis (Fig. 4) observed in experiments [16] is readily explained by
correction (20). Indeed, for E(t) * sin(x), this correction can take two values that
correspond to the different signs of cos(x) and lead to the two branches (hysteresis)
in the P(E) plot. Using the reported experimental data [16], it is possible to
determine the relaxation parameter a for the given ferroelectric material. Denoting
the values of polarization at (E = 0) by PU and PD(PU [ PD), we obtain
P0|E = 0 = 0 and

a ¼ aðPU � PDÞ
2xE0

:

Second, the presence of correction (20) leads to additional dependence of the
dielectric permittivity on the frequency.

Third, we can define the dynamic spontaneous polarization of a ferroelectric
material as PSDyn = P(E = 0), that is, as the value of polarization at the intercept
of the P(E) curve with the P axis. Then, formula (20) yields the relation

PSDyn � Ps ¼
axE0

a2
;

where PS is the static spontaneous polarization. The latter is PS ¼
ffiffiffiffiffiffiffiffiffiffiffi
�a=b

p
for

a \ 0, T \ TC and PS = 0 for T [ TC. Thus, the dynamic spontaneous polariza-
tion is always greater than the static one. In the particular case of a paraelectric

Fig. 4 The polarization
hysteresis observed for a
paraelectric phase of
Pb(Mg1/3Nb2/3)O3–PbTiO3

ceramics [12]
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phase with PS = 0, there exists a dynamic polarization PSDyn that is caused by the
periodic variation of the electric field.

Fourth, since formula (14) for the EC effect is obtained in the quasi-static
approximation, it involves the static polarization P0. Therefore, replacing P0 by the
dynamic polarization P1 = PDyn in Eq. (14) (as it was done in [29]) leads to an
overstated magnitude of the EC effect, whereby the maximum EC response shifts
toward higher temperatures. This fact was established in Neese et al. [33], where
the difference between the results of calculations (using P) and the data of mea-
surements varied within 15–20 % depending on the temperature.

Figure 5 shows the typical temperature dependence of the EC response
DT measured for Pb(Mg1/3Nb2/3)O3–PbTiO3 ceramics (curve 1) [16], in compar-
ison to the results of the calculations using the temperature dependence of the
spontaneous polarization.

In conclusion, the proposed theoretical approach based on the Landau–
Khalatnikov model shows that adequate description of the EC effect for a ferro-
electric material in an alternating electric field is provided by Eq. (19) with the
temperature-dependent polarization. We believe that the use of a quasi-static model
in this case is incorrect and leads to erroneous results.

3.2 Thermal Hysteresis in Ferroelectrics Capacitance

Thermodynamics processes in cooling structure, presented in Sect. 1, along with
adiabatic temperature change process, include, as well heating (cooling) process
for element under permanent field. This process is accompanied with polarization
changing. That is why it is important to know polarization dependence on tem-
perature under heating and cooling modes. It defines specific of operational
cooling system prototype based on multilayer structure. Study of thermal hyster-
esis in layered structures provides necessary data for comparative analysis of
various materials applied to cooling structure.

Fig. 5 The temperature
dependence of the EC
response (1)—measured for
Pb(Mg1/3Nb2/3)O3–PbTiO3

ceramics (Hagberg et al. [16])
and (2)—calculated using the
temperature dependence of
the spontaneous polarization
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This section presents the results of cooling time regime influence, electric field
and electrical conductivity influence on temperature hysteresis of the capacitor
structures based on BaxSr1-xTiO3 (BST) and Pb(Mg1/3Nb2/3)O3–PbTiO3 (PMN-
PT) ceramics. The BST ceramics is very common ferroelectric ceramics type for
various electronics application [24, 44, 53], however it has rather high level of
dielectric losses (tand * 10-2) for microwave [53] and temperature control by
means of electrocaloric effect applications. Another disadvantage of BST ceramics
is not reproducible properties after initial action of electric field (dielectric hys-
teresis) [13, 53]. An introduction of Mg or Mn dopants [7, 56, 57] allows effec-
tively managing by electric properties of BST ceramics. The better results
(tand * 10-3) at sufficiently high level of control (dielectric permittivity depen-
dence on electric field) have been achieved using Mg doping [6, 8, 19]. However,
the doping of BST ceramics does not give a possibility fixing dielectric hysteresis
and satisfying to the requirements for temperature control components using
electrocaloric effect [6, 8, 34, 45, 47]. Thus, the study of temperature and electric
field influence on dielectric properties of ferroelectric ceramics of two types (BST
and relaxor PMN–PT) is perspective and necessary.

Temperature dependences of the capacitance and dielectric losses of ferro-
electric ceramics were measured at frequency 1 MHz. It is known that BST solid
solutions has no the dispersion of dielectric permittivity (e) in a range of fre-
quencies f = (102 to 1012) Hz. We carried out the frequency measurements of
dielectric permittivity and quality factor [34] of BST:Mg investigated ceramic
samples in a range (103 to 5�1010) Hz that have confirmed an absence of frequency
dispersion e and a little reduction of the quality factor (increase of dielectric losses)
with frequency enhancement.

Temperature dependences measurements of the capacitance and dielectric
losses were carried out at frequency 1 MHz using automatic impedance digital
bridge device E7-12 [34]. The measurement error did not exceed 0.02 pF and the
fractional error of dielectric permittivity definition was no more than 0.2 %. The
amplitude of a measuring field was stabilized at 2.5 V/cm. The leakage current
measurements of sample conductivity were carried out by means of electrometer
B7-30 in a range of 10-13 to 10-5 A. The fractional error of current measurement
did not exceed 10 %.

Voltage capacitance characteristics (VCC), current–voltage characteristics
(CVC) and temperature dependencies C(T) were measured at various values of
bias voltage. The installation was capable of performing measurements for values
of bias voltage in the range U = ±1,000 V. During the measurements process the
temperature was automatically controlled. The absolute error of temperature
measurements did not exceed 0.05 K in the temperature range 78–400 K, tem-
perature variation rate was changed in the range (0.025–0.5) K/s. The temperature
cycle of differential capacitance measurements consisted of the cooling process
from 290 K down to 140 K and further heating process back to 290 K. The
dependencies of differential capacitance on temperature C(T) were measured for
ten values of bias voltage—from 0 to 900 V.
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Applicability of the ferroelectric material for technical purposes is determined
by the values of dielectric permittivity e, dielectric losses tand and tunability
coefficient (k). The coefficient is the ratio of the brought dielectric permittivity at
zero electrical field to e value at maximal intensity of electrical field. The Mg
additives to BST compound decrease dielectric losses, that it is important for
microwave applications. The investigated samples of BaxSr1-xTiO3 (x = 0.55)
have contained 12 wt.% of Mg additive. Latter we will consider this dependence
on the dielectric loss tangent of the concentration. The selected BST compound
has dielectric losses parameter tan d = (5.5–6.0)�10-3 that is much lower com-
paring with original BST compound. Earlier [34] we have shown than the mag-
nesium additive decrease dielectric permittivity, at Mg concentration of
(10–25) wt.% dielectric permittivity is standing at the level e = (500–600) and the
tunability coefficient is sufficiently high that is important as for microwave tunable
devices as well as for thermal conversion processes. Thus, the indicated Mg
additive concentration corresponds to the required working parameters of the
capacitor structures e C 500; tan d B 10-2 and in microwave region k C 1.2 at the
fields Emax = 4–5 V/lm.

The composition and weight content of Mg additives, the synthesis temperature
(1,350–1,540) �C have been chosen to provide a weak interaction between two
main phases in ferroelectric ceramic. The porosity of the ceramic samples did not
exceed 5 %. The polished ceramic samples having disk shape with the thickness
0.5 mm and diameter 5–6 mm were covered by gold electrodes using magnetron
sputtering. The X-ray diffraction analysis has shown that the samples have con-
tained of perovskite cubic phase and the second Mg2TiO4 spinel phase. It was
found that basic BST perovskite phase has contained magnesium atoms (up to
5 at.%) that change the parameter of a crystal lattice.

The 0.87Pb(Mg1/3Nb1/3)O3—0.13PbTiO3 (PMN–PT) ceramic samples were
sintered using the technology described earlier [16] in the laboratory of micro-
electronics and material physics of the University of Oulu. The ceramics thickness
was 1–1.4 mm and the electrode diameter—7.6 mm. The X-ray diffraction anal-
ysis has showed a presence of single perovskite phase.

Temperature measurement cycle for the differential capacitance was based on
samples cooling from 290 K down to 140 K and heating back up to 290 K. Dif-
ferential capacitance dependence of temperature C(T) was measured for ten values
(from 0 to 900 V) of the bias voltage at the rate of temperature change of 0,025 K/
s. Figure 6 shows the C(T) dependencies for BST sample at absence of electrical
field and two values of bias voltage from the indicated region. The dielectric
permittivity for the chosen samples had the following maximal values
em(0) = 6,700, em(300 V) = 4,150, em(900 V) = 1,900. An increase of bias
voltage leads to capacitance value decrease; the temperature of Cm is displaced to
the right on temperature axis. Such temperature displacement of C(E, T) depen-
dencies is usual for the ferroelectric materials with wide and spread phase tran-
sition of the second order [24, 44]. However on dependences of temperature
hysteresis both in ferroelectric and in paraelectric phase was observed.
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As a temperature hysteresis we understand not only a displacement of tem-
perature maximum of the sample capacitance at cooling (Tm1) and heating
(Tm2) - (DTm = |Tm1 - Tm2 |), but also relative reduction of the maximum values
of capacitance at cooling (Cm1) and heating

ðCm2Þ � ðDCm=Cm1Þ ¼ ðCm1 � Cm2Þ =Cm1:

The temperature of capacitance hysteresis of the investigated BST:Mg samples
has showed unusual behavior of perovskite material at influence of external
electric field. The nonlinearity reduction in most part of perovskite materials show
that hysteresis phenomena become less appreciable, i.e. the hysteresis is decreased
at influence of electric field E * 105 V/m [44, 53] In our case in the beginning the
temperature hysteresis of the ceramic capacitance was decreased at voltage
influence, and, from the voltage *500 V that corresponds E * 105 V/m, the
hysteresis was increased.

The increase of cooling-heating process rate leads to the enhancement of
temperature hysteresis. This effect is illustrated in Fig. 7, where temperature
dependence of capacitance is presented at zero bias voltage and temperature
variation rate 0.5 K/s. It is necessary to notice that the temperature hysteresis was
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Fig. 6 The temperature
dependence of BST ceramics
sample capacitance at
temperature variation rate
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depended on a speed of cooling and heating of the samples. So the temperature
hysteresis in absence of voltage at speed of temperature change *0.025 K/s has
made DTm = 2 K and the maximum of the capacitance temperature dependence at
heating of the samples was displaced to higher temperature. The temperature
hysteresis for the same sample at temperature variation rate *0.5 K/s is increased
to DTm = 27 K (Fig. 7). Thus a displacement direction to a maximum of tem-
perature dependence Tm2 is changed on opposite, the temperature hysteresis of the
capacitance DCm/Cm1 is also increased. The heating mode has appeared more
sensitive to a speed of temperature change, than a cooling mode. It has been
established that at speed of change of temperature V * 0.05 K/s the temperature
hysteresis ceases to depend on a speed of cooling of the samples [16]. The increase
of cooling-heating process rate leads to the enhancement of temperature hysteresis.
This effect is shown in Fig. 7. The dependence of temperature hysteresis on
temperature variation rate DTm(v) has a linear character.

The temperature hysteresis in BST:Mg structures was measured in more details
and voltage capacitance characteristics were obtained at 300 K (Fig. 8). The
capacitance indeterminacy on VCC reached several per cent and it was observed at
every value of voltage. Such VCC plot corresponds to the hysteresis loops of large
width that is typical behavior for relaxor ferroelectrics. In ferroelectric phase the
hysteresis reaches the tens of per cents. At T = 300 K and zero bias voltage the
permittivity value e(0) = 830.

Dielectric loss factor at zero bias voltage is tan d * 10-4 and most part of the
samples has demonstrated tan d increase with bias voltage enhancement. Fig. 9
illustrates sharp decrease of tan d at Mg doping additive increase in the region
0–60 wt.% to BST compound. However, from practical point of view the increase
of Mg additive higher than 20 wt.% is not appropriate because of considerable
decrease of capacitance control factor.

The conductivity of the samples and existence of free charge carriers can render
a significant influence on the hysteresis phenomenon [6], therefore the measure-
ments of current–voltage characteristics are helpful. Typical voltage-capacitance
and current–voltage characteristics of BST ferroelectric ceramics with Mg addi-
tives is presented in Figs. 10 and 11. Figure 11 shows three regions of CVC in
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Fig. 8 The shift in
temperature hysteresis
dependence on temperature
variation rate
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double logarithmic scale. At low voltage the dependence corresponds to Ohm’s
law. At the following region, where current decrease is observed, a voltage
increase is revealed, so some kind of negative differential resistance is identified.
At higher voltage (more than 500 V) exponential current growth is exhibited.
Estimation of sample resistance for the Ohm-related region results with
R * 6 9 1010 X, the specific samples resistivity was found to be
(3.2 ± 0.4) 9 10-10. X-1m-1. Earlier we showed in [6] that the presence of
negatives differential resistance and exponential growth on CVC is currently
leading to high value of hysteresis value.

An observation of same characteristics for PMN–PT ceramics gives the tem-
perature dependencies of the capacitance at zero and two other values of bias
voltage, as it is shown in Fig. 12. An increase of bias voltage leads to a lowering of
C(T) curves and temperature of the capacitance maximum is shifted insignificantly
(DTm = ± 1 K). Dielectric hysteresis on C(U) dependences is not observed, as it
is shown in Fig. 13. The Ohm’s law region and negative differential resistance
regions are distinguished clearly, but exponential growth at higher voltages is not
found (Fig. 14). The following values of dielectric characteristics for PMN–PT
samples was calculated by the experimental results: em(0) = 18,000,
em(450) = 16,000, em (950) = 12,000. At T = 300 K the dielectric permittivity
was 8,200; tan d * 10-1, R = 2 9 10-10 X.
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Fig. 9 The dependence of
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contents of Mg-containing
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The investigations of voltage capacitance and current voltage characteristics
(Figs. 11 and 14) and the dependencies C(T) have shown that the phenomenon of
temperature hysteresis exhibited in BST ceramic with Mg-content additives could
be explained by means of high level of inhomogeneities, which are contained in
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the ceramic samples in comparison to significantly higher homogeneous
single-phase PMN–PT ceramics. Scanning electron microscope (SEM) images of
BST ferroelectric ceramics containing Mg additives were obtained using the
JSM-6460LV JEOL microscope. One of these images is presented in Fig. 15. The
BST ceramics contain the crystallites and noncrystalline inclusions of various
dimensions (1 … 10 lm). Apparently the ceramics contain at least two phases:
main perovskite phase and intergranular contaminations (shown as B and I in
Fig. 15). Intergranular medium also contains small crystallites of (0.3 … 5) lm.

The X-ray microstructural analysis have shown that basic BST phase is com-
posed of two perovskite phases with lattice parameters (3.935–3.941) Å and
(3.954–3.966) Å. Pure BST ceramics of the chosen composition has lattice
parameter of 3.9513 Å. The first phase, which has lower than pure BST ceramics
lattice parameter, is related to the phase with lower content of Ba ions. It is known
[48, 53] that in some solid solutions of BST the lattice parameter decreases linearly
from 4.040 Å (at x = 1) to 3.905 (at x = 0). Slight increase of lattice parameter of
the second phase can be associated with partial substitution of Ti4+ in BST [18, 19]
lattice with Mg2+, or with increase of Ba content up to x * 0.6 (reference value
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Fig. 14 The current–voltage
characteristics of PMN–PT
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Fig. 15 The scanning
electron microscope image of
the surface of ferroelectric
BST ceramic with
magnesium additive
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for x = 0.6 equals to 3.965 Å). Thus composite BST ceramics with magnesium
additives has hetero-phase structure, composed of basic BST phase solid solution
and phase with magnesium content. Some ceramics areas composing 1–30 % of
the crystalline magnesium containing phase render considerable influence on
highly defective phase of ferroelectric ceramics.

The shown micro-inhomogeneities lead to temperature hysteresis, and it could
be connected with the following purposes:

• An enhancement of mechanical strains and deformations and following relax-
ation of the mechanical stress in the process of sequential cooling and heating
cycles.

• An appearance of the defects internal electrical fields at the inhomogeneities
borders that decrease dielectric permittivity at the region of the fields presence.

• Screening of the free carriers of the polarized regions of the crystals.

The appearance and relaxation of the mechanical strains, i.e. existence of elastic
hysteresis mechanism is supported with the fact that temperature hysteresis value
depends on sample cooling and heating rate (Figs. 6, 7 and 12).

Existence of internal electric fields of the defects in perovskite ferroelectrics is
supported with the dependence of capacitance temperature hysteresis on applied
field, and it relates to existence of dielectric hysteresis at all values of bias voltage
(Fig. 6). Dielectric hysteresis of capacitance was discussed earlier, [7, 54] and the
estimation of internal electric field values was given E * (5 9 105 to 106) V/m.

Apparent influence on dielectric [6, 34] and consequently temperature hyster-
esis is exerted by conductivity of samples. Temperature hysteresis of the ferro-
electric capacitance is decreased in the range, where current decreases—the range
of negative differential resistance,—and it increases as voltage values, which
corresponds to exponential growth of current (E * 2�105 V/m). Free charge
carriers, screening polarized areas in the single crystals, which do not take part in
further processes of repolarization. This is the third cause of temperature hyster-
esis. This mechanism should have most influence in ferroelectric phase. Second
and third causes of temperature hysteresis reveal the mutual influence to each
other.

So we have obtained the temperature hysteresis of the capacitance basing on the
ceramics Ba0.55Sr0,45TiO3 containing 12 wt.% of Mg complex additive. There is
the correlation between temperature hysteresis and the thermocycling regime of
the measurement process. The increase of thermocycling process leads to the
growth of temperature hysteresis. The high limit rate of temperature variation was
0.05 K/s. Exponential growth of the current at voltage intensity 2�105 V/m caused
an essential influence on the temperature hysteresis. The phenomenon of tem-
perature hysteresis is connected with high level of the micro inhomogeneities with
Mg-containing doping.
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3.3 Thermo-Relaxation Time in Electrocaloric Materials

One of the trends in studies is the measurement of temperature variations occurring
under the action of an electric field. The temperature effect is measured using
direct and indirect methods. The most widely used indirect method is based on the
Maxwell relations

ðdD=dTÞE ¼ ðdP=dTÞE ¼ ðdS=dTÞT ;

where S is the entropy, E is the electric field strength, D is the electric induction,
P is the polarization, D = e0E ? P, DT is the adiabatic change in temperature,
DS the isothermal change in entropy for a material of density q, heat capacity CE,
and for electric field variation from E1 to E2. The Maxwell relations lead to [7]

DS ¼ �
ZE2

E1

ðdP

dT
ÞEdE:

Considering the complex nature of ferroelectric relaxor materials, the actual
temperature response can not be determined exactly by calculating the temperature
effect on the basis of these formulas, and the dynamics of the response cannot be
analyzed.

In recent years, the temperature effect has been measured directly with an
electric bias voltage applied to ferroelectric capacitors. It was shown that the
change in temperature due to the electrocaloric effect (which was obtained by
recalculating the temperature dependence of spontaneous polarization) and direct
temperature measurements give noticeably different results [46]. On the one hand,
this can be explained by not quite correct employment of the quasi-static model for
the recalculation. On the other hand, standard measuring facilities introduce dis-
tortions comparable with the value of the effect being measured and are charac-
terized by a considerable inertia which is inadmissible for rapidly occurring
processes. For example, the heat capacity of a microthermocouple is commensu-
rate with the heat capacity of a ferroelectric film in which the electrocaloric effect
is measured.

In this study, we propose a new method for measuring rapid changes in tem-
perature, which is based on the use of a ferromagnetic film resonator as a tem-
perature gauge.

The saturation magnetization M0 of a ferromagnetic demonstrates a strong
temperature dependence [37], which can be used for temperature measurements.
Figure 16 shows the M0(T) curve for an yttrium–iron garnet (YIG) epitaxial film. It
is important that in the range of room temperatures (200–400 K), this curve can be
approximated by a linear dependence of the type M0(T) [G] = 4532 - 9.3 T.

Consequently, the resonance frequency of the microwave ferromagnetic film
resonator is also a function of temperature, which can form the basis of the
precision method for studying rapid variations in temperature.
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Let us drive the expression for the temperature dependence of the resonance
frequency of a microwave ferromagnetic film resonator. The dispersion equation
for spin waves existing in the ferromagnetic medium can be written in the form
[56]

x2 kLð Þ ¼ xH þ xM � xMP kLð Þ½ � � ½xH þ xMP kLð Þsin2u� ð23Þ

where x and k are the frequency and wavenumber of a spin wave; P(kL) = 1 -

[1 - exp(–kL)], L being the thickness of the ferromagnetic film; / is the angle
between the direction of propagation of the wave and magnetic displacement
vector H0, xH = l0cH0, xM(T) = l0cM0(T), c being the gyromagnetic ratio, and
M0(T) being the temperature dependence of the saturation magnetization. The
eigenfrequencies of the resonator can be obtained from Eq. (23). The wavenum-
bers for the resonator eigenmodes are quantized as follows:

k ¼ kgr ¼ p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðq
a
Þ2 þ ðr

b
Þ2

r
ð24Þ

where a and b are the linear sizes of a thin-film resonator with L � a and b, and
q and r are the integers determining the multiplicity of the resonance. Proceeding
from simple geometrical considerations, we can write angle / in the form

sin2 u ¼ ðq=a

kgr
Þ2 ð25Þ

Figure 17 shows the temperature dependence of the main resonance frequency
of a ferromagnetic film resonator magnetized in the plane of the film. Symbols
show experimental results and the solid line corresponds to the theoretical cal-
culations based on the linear approximation of the temperature dependence of
saturation magnetization.

Differentiating the temperature dependence of the resonance frequency, we can
show that the sensitivity of the temperature measurement by the proposed method

Fig. 16 The temperature
dependence of the saturation
magnetization for yttrium–
iron garnet
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is 10-4 K/kHz. Modern measuring instruments make it possible to measure the
frequency in the range of interest up to several kilohertz. To analyze the dynamics
of the electrocaloric effect, we used in our experiments a parallel-plate
Pb(Mg1/3Nb2/3)O3–PbTiO3 (PMN–PT) ferroelectric ceramic capacitor. The Curie
temperature of the 0.87PMN–0.13PT material was about 48 �C. The temperature
dependences of the permittivity of the ferroelectric ceramic under investigation for
different voltages across the capacitor are shown in Fig. 11. Figure 18 shows
schematically the measuring circuit diagram. The tangentially magnetized
ferromagnetic resonator is excited with the help of a short-circuited microstrip

Fig. 17 The temperature
dependence of the main
resonance frequency of the
ferromagnetic film resonator

Fig. 18 The schematic
diagram of the measuring unit
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antenna. The resonator was cut from YIG epitaxial film 5 lm in thickness, which
was grown on a 300-lm-thick gadolinium–gallium garnet substrate.

The resonator size in the plane was (2 9 2) mm2. A ferroelectric capacitor with
a high-voltage pulse generator connected to its plates is applied to the resonator on
the side of the YIG film. The measuring prototype is placed into a thermostat, and
its absolute temperature is measured by a constantan–manganin thermocouple.
The external magnetic field in the measuring prototype region is produced by a
samarium–cobalt magnet. The signal reflected from the measuring resonator is fed
via a circulator to a directional coupler; a part of the signal is fed to the second port
of the network analyzer, while the other part is fed to the detector of the oscil-
loscope synchronized with the high-voltage pulse generator. The resonance
characteristic of the ferromagnetic resonator is registered by the network analyzer
Rohde & Schwarz ZVA-40. The time variation of the temperature under the
periodic action of the electric field (charging–discharging of the capacitor) is
registered by the oscilloscope.

Recalculation of the temperature dependence of the resonant frequency shows
that the sample is heated by 0.065 K and is cooled by 0.041 K relative to the
temperature of the surrounding medium. Figure 19 shows oscillograms of the
temperature response, which are plotted from the temperature shift of the ferro-
magnetic resonance frequency at the instant of the supply and removal of a high-
voltage pulse. It can be seen that the time constant describing the temperature
variation due to the electrocaloric effect amounts to 4.5 ls. A further change in
temperature (cooling or heating) to the ambient level occurs over a period on the
order of 10 ls, which is due to the thermal resistance between the sample and the
thermostat. In this case, the fact that the Joule loss affects the shape of oscillo-
grams must also be taken into account.

The experiments performed in the indicated temperature range have made it
possible to construct the temperature dependence for the temperature response in
the electrocaloric effect (Fig. 20).

Fig. 19 The oscillograms of
the temperature response for
ferroelectric capacitor at
instants of a high-voltage
pulse applying and removing
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The curve shows that the peak of the electrocaloric effect lies in the range of
18 �C, which coincides with the peak of the derivative dP/dT this is in good
agreement with thermodynamic relation (14).

4 Simulation of Electrocaloric Cooling Structure

4.1 Mathematical Model of Multicaloric Effect

One of the most promising approaches for practical realization of cooling device
on the base of the ECE is a multilayered structure of ferroelectric, dielectric and
metal alternating layers. The thicknesses of these layers as well as their thermal
properties (e.g. thermal conduction and thermal capacity) must be chosen on the
criterion of the cooling effect maximization. Moreover, in the case of a layered
structure with layers differently distributed over temperature, temperature gradient
and as a consequence heat flow take place. Therefore, in order to describe the
thermal fields is necessary to use the heat equation not restricted by the simple
model as described in Sect. 2. In addition, the presence of elastic stresses (caused
by the boundaries of different materials, the thermal expansion of the layers, etc.)
must be taken into account. For the purpose of the simultaneous description of
electrical, thermal and elastic properties of the system we introduce the following
quantities: vector of deformation ui (i = 1, 2, 3), strain tensor

eij ¼ ui;j þ uj;i

� �
=2

and stress tensor rij. Here and below the symbol vi,k means qvi/qvk. Further we will
use Einstein’s notation for the summation of repeated indices.

The free energy density is given by:

Fig. 20 The temperature
dependence of the
temperature response for
electrocaloric effect in
0.87PMN–0.13PT
ferroelectric capacitor
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F ¼ ð�D; �P; eij;TÞ ¼ F0ðTÞ þ FLandau þ Felast þ Fgrad þ Fcoup þ Fcoup grad ð26Þ

where F0(T) the independent on field part of the free energy. The Landau ther-
modynamic potential can be written in the form

FLandau ¼
ai

2
P2

i þ
aij

4
P2

i P2
j þ

aijk

6
P2

i P2
j P2

k � EiPi ð27Þ

which allows to describe the phase transitions of the first and second kind. Among
the Ginzburg–Landau coefficients ai, aij, aijk only the first one depends on the
temperature: ai = ai0(T - TC), where ai0 is the Curie–Weiss constant. The elastic
part of the free energy can be written as:

Felast ¼ Cijkleijekl þ T ��TCð Þtijeij: ð28Þ

Here Cijkl is the elastic module tensor and tij is the thermal stress tensor [18].
The necessity of the second term introduction in the right part of (28) can be
explained by the following fact. Even small change in temperature of layers with a
small thickness results in significant temperature gradient (up to 106 K/m [18]).
Note that the series expansion (28) is valid only in a small neighborhood of the
Curie temperature where ECE is most powerful. The gradient terms can be rep-
resented as:

Fgrad ¼ kijTiTj þ gijklDijDkl ð29Þ

Here kij is the thermal conductivity tensor, while gijkl are electrical gradient
tensor coefficients. Let us mention that (29) includes the components of the electric
displacement�Dinstead of polarization �P (as performed in the standard approach

[44]). This is because the presence of ðr�PÞ2 in (29) results in the continuity of the
normal component of �P at the interface, which is in contravention of Maxwell’s
equations. Piezoelectric part of the free energy can be expressed by the formula
[40]:

Fcoup ¼ eijkeijPk þ eijkleijPkPl: ð30Þ

Here eijk is the piezoelectric constants tensor and eijkl are modules of the
electrostriction. The first term in (30) describes the piezoelectric effect, which
exists under certain restrictions on the symmetry of the ferroelectric material. The
second term is responsible for the electrostriction. In the last summand of the free
energy we collect the terms which describe the influence on the polarization and
temperature (as well as strain gradients of these quantities)

Fcoup grad ¼bijPiT;j þ bijkeijT;j þ fijk T � TCð Þeij;k

þ fijklPjejk;l þ dijkleijPk;l þ dij T � TCð ÞPi;j:
ð31Þ

There exist six possible variants of the pair-wise interaction for three variables
�P, T, eij and their gradients (the interaction with the gradient of any quantity of
itself is not considered). In other words, the first pair of terms in (31) describes the
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impact of rT on the polarization (i.e. thermopolarization effect or polarization
thermogradient effect) and strain (i.e. elastic thermogradient effect). The second
pair takes into account the impact of strain gradient on the temperature (flexo-
thermal effect) and polarization (flexoelectric effect). The third pair is used to
describe the polarization dependence on the gradient of temperature and defor-
mation (thermal and elastic polarization gradient effects). The quantities bij, bijk,
Pijk, fijkl, dij, dijkl are the coefficients of the corresponding effects.

Further, the term Fcoup grad is possible to exclude from the consideration
assuming the insignificance of described by this summand effects (some of them
have not yet been found experimentally). However, in some cases these terms must
be included, e.g. for the description of domain wall with high polarization and
strain gradients.

Variation of (26) in the variables P, T, ui gives:

Ei ¼ aiPi þ
aij

2
PiP

2
j þ

aijk

3
PiP

2
j P2

k þ ekliekl þ ekjileijPl � gijklDij;kl ð32Þ

It should be noted that there is no summation over i in (32).

kijTj

� �
i� tijeij ¼ 0 ð33Þ

rij ¼ Cijklekl þ T � TCð Þtij þ eijkPk þ eijklPkPl: ð34Þ

Equations (32)–(34) should be supplemented by the standard boundary condi-
tions at the interfaces:

T1 ¼ T2; kð1Þij T1;jni ¼ kð2Þij T2;jni; Dð1Þi ni ¼ Dð2Þi ni; uð1Þi ¼ uð2Þi ; rð1Þij nj ¼ rð2Þij nj ð35Þ

which implies the continuity of temperature, heat flux, deformation vector, the
normal component of electric displacement, and the stress tensor. The indices 1
and 2 in (35) indicate the value location with respect to number of considered
media; ni are components of the vector normal to the boundary. At the outer
boundary it is possible to set temperature T = T0, heat flow kijT,jnj = q0 or their
linear combination kijT,jnj ? H0(T - T0) = 0. Here T0 is ambient temperature, q0

is heat flow on the boundary, H0 is heat transfer coefficient.
The mechanical boundary conditions can consist of setting efforts rijnij = Fj,

displacement ui = uio, or have a mixed form. Here Fi, uio are the components of
forces and displacements at the boundary. The interface potential or the electrical
intensity Eini = E0 can be used as electrical boundary conditions. Note that it is
also possible to consider a combination of aforementioned quantities (impedance
type boundary condition).

Let us now proceed to the dynamics of the processes. For the description of the
polarization time dependence we use the equation of electrodynamics for non-
equilibrium processes (the Landau-Khalatnikov equation)

ri
oPi

ot
¼ � dF

dPi
;
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that is

ri
oPi

ot
¼ Ei � gijklDk;lj � aiPi �

aij

2
PiP

2
j þ

aijk

3
PiP

2
j P2

k � ekliekl þ ekjileijPl ð36Þ

where ri is phenomenological constants characterizing the relaxation time. Further,
due to the lack of relaxation experimental data deformation component in (36) is
considered in the static approximation. To describe the thermal processes we
employ the Thompson equation

oQ ¼ cqdT þ T
oPi

oT
dEi þ

oeij

oT
drij

� �
ð37Þ

From (37) follows the equation of heat conduction

cq
oT

ot
¼ ðkijT;iÞj þ QðT ; t; eij;PÞ ð38Þ

where the quantity

Q ¼ �T
oPi

oT

dEi

dt
þ oeij

oT

drij

dt

� �
� tijeij ð39Þ

has the sense of the heat source.
The initial conditions for t \ 0 have the form T = T0, Pi = Pi0, ui = ui0, and

must be self-consistently considered with (32)–(34). For a homogeneous medium
the resulting equations are simplified. In this case, kij = kdij, tij = tdij, where
dij = 1 for i = j and dij = 1 for i = j (k is thermal conductivity and the coefficient
t is proportional to the coefficient of the thermal expansion). In the next section we
consider the equation (3.38) independently from (36) and (34).

4.2 Finite-Elements Simulation of Electrocaloric
Cooling Structure

To create an experimental model of EC cooling structure appropriate to define the
optimal ratio of the geometric dimensions, the magnitude of heat flux, frequency
and pulse shape. This problem can be solved by the computer-based modeling.

At the first stage of modeling, for valuation calculations can be used simplified
mathematical model of the electrocaloric cooling, which does not take into
account the thermal stresses and thermal hysteresis of polarization.

As the working versions of the EC cooling structure we calculated using the
finite element method a few version of cooling.

Let us consider a simple model of the cooling line shown in Fig. 21a. It consists
of one electrocaloric element (ECE) separated from the environment by the heat
conducting layers [0 - x1] and [x2 - L]. We will investigate a one-dimensional
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model under the assumption that the temperature changes affect only along the
x axis. One boundary (x = 0) is thermally insulated, whereas the other boundary is
held at a constant temperature T0 equal to the initial temperature. The heat capacity
C(x) and thermal conductivity k(x) of the material are assumed to be constant
within each segment of the line. In this case, the temperature distribution T(x,
t) along the line can be found by solving the heat conduction equation [18]

CðxÞ oT

ox
¼ o

ox
kðxÞ oT

ox
þ Qðx; t; TÞ ð40Þ

which satisfies the initial and boundary conditions

Tðx; 0Þ ¼ T0; k0
oT

ox

����
x¼0

¼ 0; T jx¼L¼ T0 ð41Þ

The function Q(x, t, T) determines the quantity of heat released (or absorbed) by
a thermal electrocaloric source and is expressed in the form given in [4, 20, 27]:

Qðx; t; TÞ ¼ �T
oP

oT

dE

dt
ð42Þ

where E is the electric field strength of the electrocaloric element and P is the
polarization of the dielectric. The function Q(x, t, T) is nonzero only within the

ECE
Lx1 x2

x 

1

2

4 

S

1
2

3

4

5
T0 

(a) 

E 

A 

3 
5 

t 0

0 10 20 30 40
272,5

273,0

273,5

274,0

274,5

275,0

t, s

T0

1Hz

3Hz

5Hz

T
,K

(b) (c) 

(d) 

Fig. 21 The schematic
diagram of a cooling line
containing two ferroelectric
capacitors a; temperature
variation on the free end of
the line (x = 0) upon
antiphase harmonic switching
of the capacitors b;
thermodynamic cycle c in the
element ECE; simulated time
dependences of the cooling
effect at various frequencies d
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electrocaloric element. The time dependence of the electric field E has the period
A and represents a function consisting of pulses shown in Fig. 21b. When a
periodic sequence of pulses is supplied to the ferroelectric capacitor, the cycle
shown in the T–S diagram (where T and S are the temperature and entropy of the
element, respectively) (Fig. 21c) is executed, thus providing cooling of one of the
ends of the electrocaloric element.

Interval 1 in Fig. 21 corresponds to charging of the capacitor and polarization
of the ferroelectric, which leads to a decrease in the entropy. Within interval 2, the
heat released during charging of the capacitor spreads over the structure, the
capacitor remains charged, but its temperature is of the order of the initial tem-
perature. Interval 3 corresponds to discharging of the capacitor, which leads to its
cooling and an increase in the entropy due to depolarization. Within interval 4, the
cooled capacitor is able to absorb the heat from the cooled body located at
the point 0. The capacitor starts heating, and the next pulse 5 is supplied to prevent
the capacitor from turning back to its initial state. Later on, the cycle is repeated
(shown by the dotted line). Owing to the nonlinearity of the derivative of the
polarization of the dielectric with respect to the temperature and the appropriate
choice of the operating point, the quantity of the heat which the electrocaloric
element can absorb during discharging exceeds the quantity of the heat released in
the element during charging.

The numerical simulation of the cooling process was performed using the finite-
element method.

The initial temperature was taken to be T0 = 275 K, which was maintained at
the end of the cooling line (x = L). The electric field amplitude was 5 V/lm. The
ferroelectric capacitor and heat conducting elements were prepared from the
Ba0.6Sr0.4TiO3 (BST) ceramic material with the density q = 6 g/cm3, the thermal
conductivity k = 10 W/(m K), and the heat capacity c = 900 J/(kg K).

Periodic pulses of the electric field were supplied to the electrocaloric elements
with the frequency f = 1/A ranging from 1 to 5 Hz. The pulses led to a periodic
heating (cooling) of the electrocaloric elements and a redistribution of the tem-
perature field along the structure. After a series of cycles in which the electric field
was applied to the solid state structure, we determined the temperature distribution
between the free end of the cooling line (x = 0) and the heat exchanger (x = L).
Figure 21d presents the results of the computer simulation of the variation in the
temperature. These results indicate that the temperature of the free end of the line
substantially depends on the frequency of pulses. After a series of switching
cycles, the system attains a steady state temperature regime and, then, the tem-
perature oscillates only lightly around the average value.

A similar approach to the simulation of electrocaloric elements was used for a
solid state line with two electrocaloric elements (see scheme in Fig. 22a). A heat
conductor is located between two electrocaloric elements (ECE1, ECE2). The line
contains two more heat conducting elements that connect the electrocaloric ele-
ments with the cooled object (x = 0) and the heat exchanger (x = L), respectively.

The results of the calculation of the thermal processes occurring in this structure
are presented in Fig. 22b. When the additional element is used in the solid state
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line, the gain in the temperature is equal to 2.5 K at a frequency of 1 Hz and
reaches 25 K at a frequency of 3 Hz. In view of a large number of interrelated
parameters of the structure under consideration (such as the lengths of elements
and heat links, the phase shift, and the frequency of pulses), the optimum operating
parameters of the line with two or more electrocaloric elements can be properly
chosen only with the use of automated numerical analysis software and global
optimization techniques.

The solid state cooling structure based on electrocaloric elements can have
radial film geometry. In this work, we simulated a radial cooling structure based on
a circular sapphire substrate with a thickness of 250 lm. A 1 lm thick BST film
was deposited on the substrate. A circular double serrated electrodes cooling
structure shown in Fig. 23a was formed on the surface of the BST film. A constant
temperature was maintained at the outer boundary (periphery) of the radial
microstructure. A series of periodic voltage pulses supplied to the electrode ring
leads to the release or absorption of the thermal energy in the BST film. The use of
ferroelectric films instead of ceramics allows one to substantially increase the
repetition rate of switching pulses and, thus, to increase the heat flux power. The
periodic temperature inhomogeneity is transferred into the substrate, which serves
as a heat conductor. In the microstructure, there arises a heat flux directed along
the radius of the structure. For particular physical and geometrical parameters of
the microstructure, the heat flux is directed from the center to the periphery, which
leads to the heat removal from the heated object placed at the center of the
structure or to a decrease in the temperature.

In this work, we simulated a radial cooling structure with one line of electrodes.
The diameter of the cooling structure was 0.4 mm, and the electrode gap width
was 5 lm. The simulation was performed with the use of the finite element method
at frequencies of 2.5 kHz and 10.0 kHz with applied field amplitude of 3 V/lm.
Figure 23b presents the time dependences of the change in the temperature at the
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central point of the microstructure at different frequencies. The calculation has
shown that, in the structure with one ring of electrodes, the decrease in the tem-
perature can reach *0.5 K at a frequency of 10 kHz.
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Fig. 23 The planar radial cooling structure prototype a and time dependences of the cooling
effect in the structure center at various frequencies b
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Fig. 24 The frequency
dependences of the cooling
effect for radial systems with
one (curve 1) and two (curve
2) electrode lines
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Figure 24 shows the frequency dependences of the cooling effect in the radial
structure for systems with one (curve 1) and two (curve 2) electrode lines. As can
be seen from this figure, the temperature difference across the radial cooling
structure raises significantly with an increase in the number of serrated circular
electrodes.

5 Conclusion

The theoretical and experimental results presented lead us to the conclusion that

• Sequence of several thermodynamic processes united into closed thermody-
namic circle is the principle of operation for electrocaloric-based cooling
structure. Therefore dynamic processes in ferroelectrics should be considered
for adequate analysis of them.

• Criteria for selection and making materials for EC-based cooling structure
include value of EC coefficient temperature derivative as well as EC coefficient
value. EC-based cooling structure temperature operating point should be
selected at maximum value of EC-index temperature derivative.

• Multilayer structure is the most rational solution for EC-based cooling structure.
It provides specific heat raising and operational point temperature controlling.

• Cooling efficiency for EC-based cooling structure considerably depends on
alternative electrical field frequency. The frequency is limited by EC-effect
relaxation time being equal 1 ls. Heating and cooling velocity appreciably
affects on thermal hysteresis value at permanent electrical field. Thermal hys-
teresis generation results in drop of EC-based cooling structure efficiency.

• Parametric effect provides considerable temperature drop in EC-based cooling
structure. It could be reached by another caloric-effects (elastocaloric, mag-
netocaloric, barocaloric, etc.) materials introducing into ferroelectrics multilayer
structure. Adjusted various exposure results in multicaloric effect within mul-
tilayer structure or EC-effect amplifying in ferroelectrics layers.

• Multilayer structures fabrication, investigation, thermal and physical charac-
terisation should be considered as a perspective trend in electrocaloric-based
cooling structure research.
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