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Electrocaloric effect in a ferroelectric Pb(Zn;;Nb,,;3)O3-PbTiO; single crystal
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The electrocaloric effect in a 0.92Pb(Zn;;3Nb,/3)05-0.08PbTiO; single crystal was measured by a direct
calorimetric technique as a function of sample temperature and electric field. The temperature of the maximum
electrocaloric effect was found to coincide with the ferroelectric transition temperature. We present a theoret-
ical description based on mean-field theory that gives a satisfactory description of the temperature and electric
field dependence of the experimentally observed electrocaloric effect.
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I. INTRODUCTION

The electrocaloric (EC) effect occurs when an electric
field applied under adiabatic and reversible conditions
changes the temperature of a polarizable material. In polar
crystals, the net dipole moment and, consequently, the polar-
ization increases with an application of an external electric
field (E). If the field is applied under adiabatic and reversible
conditions, i.e., isoentropically, an increase in temperature
(T) occurs so that the total entropy (S) remains constant such
that S(E,,T,)=S(E,,T,), where the subscripts 1 and 2 refer
to initial and final states. Hence the tendency for the entropy
to fall in an aligning electric field has to be compensated by
a rise in temperature to keep the total entropy constant.

Early work related the electrocaloric effect to pyroelectric
coefficients and the Landau theory of phase transitions.!?
More recently, there have been a range of theoretical ap-
proaches to understand the electrocaloric effect particularly
in thin films.>” If the polarization (P) as a function of tem-
perature is known, either experimentally or from a theoreti-
cal model the electrocaloric temperature rise can be calcu-
lated. The early work by Wiseman used the relationship,

(ATgc/AE)s =~ (TIpCg)(IP/IT)g (1)

to relate the electrocaloric temperature rise ATgc (assumed
small otherwise an integration is required) to the change in
the electric field AE where p and Cy, are the material density
and heat capacity at constant electric field, respectively.® Our
approach calculates the entropy directly as a function of elec-
tric field and temperature.

Other work of considerable relevance to that presented
here is the transverse Ising model discussed by Cao and Li’
which has been applied to BaTiO; thin films. Four-spin ex-
change interactions and fluctuations are considered. Here we
focus on a two-state model coupled to vibrational degrees of
freedom and as appropriate for a relaxor take account of the
nanodomain distribution. Prosandeev et al.® have used non-
equilibrium molecular-dynamical techniques to study the EC
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effect in bulk and low-dimensional ferroelectrics while Ak-
cay et al.*> have made theoretical investigations of the elec-
trocaloric effect in thin films.

The first experimental measurement of the EC effect was
performed on Rochelle salt and reported in 1930.!° Because
the temperature change was not large it was only in 1956 that
the EC effect was revisited.!! The investigation of EC mate-
rials gathered pace in 1960s and 1970s when a large number
of dielectrics were investigated. However, the search for ma-
terials with high values of the EC effect has hardly been
systematic. The EC-induced temperature change (ATgc) un-
der an external field of 25 kV/cm was generally lower than
1°. This has been the main reason that the EC effect for a
long time was not considered as an alternative for a realiza-
tion of a cooling process.

In recent years, research has focused on ferroelectrics and
it was shown that around Curie point (7)) the ATy can be
significantly greater than other temperature regions. ATgc of
2.3 K was obtained for modified PbSc;,,Ta;,O5 in a tem-
perature range of T +5 K.'? However, it is impossible to
organize a cooling cycle in such a narrow temperature range;
therefore further research has focused into systems with a
diffuse ferroelectric transition such as disordered crystals,
polycrystalline samples, and relaxors. In particular, relaxor
ferroelectrics have recently attracted much attention. Among
these, the Pb(Mg;;3Nb,3)O3-PbTiO; (PMN-PT) system is
one of the most investigated.'>~'> A large ATgc of >1 K for
an electric field around 1.5 kV/mm has been regularly re-
ported in a relatively wide temperature range (more than 10
K) for these ceramics and single crystals. Recently, Saranya
et al.'® reported a controversially high AT of 31 K for
PMN-PT epitaxial thin films near the morphotropic phase
boundary composition. They applied 18 V across a 240-nm-
thick film and calculated the ATy from the temperature de-
pendence of the polarization as was done by Mischenko et
al.17 for a PbZrO.gsTi0‘0503 350 nm thin film (12 K at 480
kV/cm) and inferred an EC effect of 0.48 K/V. A similar
study was performed on Pb(Mg;;3Nb,;3)05-PbTiO; thin
films.!8 Unfortunately, no direct caloric measurements were
made on these films.
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In this paper, we report direct measurements of the elec-
trocaloric effect in a Pb(Zn;;3Nb,/3)O3-PbTiO; (PZN-PT)
single crystal and give a parametrized microscopic theory of
the electrocaloric effect in a model system, which reproduces
the essential features of the behavior observed experimen-
tally. To achieve this, we use a lattice model of the ferroelec-
tric transition treated by mean-field theory and where we
regard the transition as second order. Recently, we presented
a microscopic theory of the EC effect in the paraelectric
phase of potassium dihydrogen phosphate’ but here we at-
tempt to describe theoretically a ferroelectric system.

II. EXPERIMENTAL PROCEDURE

Crystals of PZN-PT were grown by the solution gradient
cooling technique utilizing 4" vertical tube SiC furnace. Pre-
mixed oxides were compacted in an elongated platinum cru-
cible with conical bottom (like those used in Bridgman pro-
cess) and tightly closed lid. The crucible was placed
vertically in the furnace in the ceramic container partially
filed with alumina powder. The ceramic tube in the furnace
base delivered a controlled flow of air to the bottom tip of
the crucible. After homogenization of the melt at 1160 °C,
the temperature gradient in the crucible was increased by
activating air cooling of the bottom tip of the crucible. This
procedure during the initial stage of the process decreases the
volume where the spontaneous nucleation can occur.

To further limit the of number of seeds created by the
spontaneous nucleation, three oscillating-descending steps
were implemented followed by slow cooling at a rate
0.5-0.75 °C/h to the termination temperature of 8§90 °C.
From this temperature, the furnace was cooled at about
12 °C/h to room temperature.

A critical characteristic of these types of compounds is the
Ti content, which was controlled by the initial composition
design, based on the experimentally established effective dis-
tribution coefficient of Ti in the melt. More details about
furnace design, crystal growth procedure, chemical compo-
sition control, and determination of electrical properties can
be found in Ref. 19.

A single crystal with composition PZN-PT (8.4 mol %)
was oriented using the Laue method (as a pseudocubic sys-
tem), cut with diamond disk and polished using alumina
powder (final polishing using colloidal silica) and semihard
polishing cloth. The quality of the final sample was verified
using polarizing light microscopy technique.

The dielectric permittivity was measured with a precision
LCR meter (4284A, Hewlett-Packard/Agilent Technologies
Inc.). Electrocaloric temperature measurements were per-
formed under adiabatic conditions in a customized holder in
which the sample was mounted with chromel electrode wires
and polyimide adhesive tape. A chromel-alumel thermo-
couple was attached to one side of the sample on top of the
insulating polyimide adhesive for direct temperature mea-
surements. A dc electric field stimulus pulse lasting 3.25 s
each was provided with a function generator (33120A, Agi-
lent Technologies Inc.) via a high voltage amplifier
(RT6000HVA, Radiant Technologies Inc.), and a multimeter
(3457A, Agilent Technologies Inc.) was used to measure the
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electrocaloric temperature response. The sample with the
electrical wires was placed in a closed beaker ensuring
enough long thermal time constant compared to the measure-
ment period. The measurement was made by steplike lower-
ing the temperature with 40 min leveling time at each tem-
perature. Thermal loads of the electrodes, lacquer, and
adhesive (~5%) were calculated to correct the direct tem-
perature measurements. All measurements were made under
computer control in an oven (UFP 400, Memmert GmbH).

III. EXPERIMENTAL RESULTS

The quality of the grown PZN-PT single crystal, cut along
(110) direction, was verified by electrical measurement. The
piezoelectric coefficient d3; was measured to be 2300 pC/N,
which is very close to reported values.?’ Also the measure-
ments of dielectric constant against temperature show trends
that have been described by other authors. Both phase tran-
sition temperatures correspond to published results; mono-
clinic to tetragonal at about 90 °C and tetragonal to cubic at
around 180 °C.?!' The dielectric constant and characteristics
of the diffuse phase transition at 180 °C also show no de-
parture from other published results (Fig. 1).22

The measurements of the EC effect show a very small
ATgc for monoclinic and tetragonal phases when they are
much below 7, With an increase toward T,, the ATgc
sharply increases and reaches the maximum exactly at the
phase transition temperature. At 180 °C, the ATy was mea-
sured to be 0.25 K for voltage of 1200 kV/m. The increase in
the ATy with voltage is not linear. For small fields, the
ATy increases slower then for high fields, which indicates
an exponential dependence. After exceeding the T, the ATy
slowly decreases. The characteristics of the measured EC
effect are very similar to characteristics of another relaxor
system, i.e., the PMN-PT system."> For 1200 kV/m, the
ATgc is around 0.1 K higher in the PMN-PT system. Be-
cause of the high T, of the PZN-PT system, we were not able
to measure the EC effect much above the transition tempera-
ture but other trends indicate that similar microscopic
mechanisms are responsible for the EC effect in both sys-
tems (Fig. 2).

Mean-field theory of the electrocaloric effect in ferroelectric
PZN-PT in the vicinity of the Curie point

The end member of the PZN-PT homogeneity range is
PbTiOs, which has a perovskite structure displaying a first-
order ferroelectric transition when cooling from the cubic to
the tetragonal structure resulting in a sharp dielectric peak at
T.. This ferroelectric has a soft-mode-driven phase transition.
By combining with a relaxor structure, such as lead zinc
niobate Pb(Zn,Nb)O;, broadening of the transition is ob-
served. This is due to the structural disorder of Zn’** and
Nb>* on the B site and local structural fluctuation between
the rhombohedra and tetragonal phases within the morpho-
tropic field, which is found to be at 8—10 % PbTiO;. This
results in formation of compositional polar nanodomains and
a diffuse ferroelectric transition. By assuming a distribution
of nanodomains in PZN-PT, we can rationalize the field and

214110-2



ELECTROCALORIC EFFECT IN A FERROELECTRIC...

2000 -
1800 ] —=— 20 Hz
] —=—100hz
1600  —=—1kHz
1 10 kHz
14001 —e—100 kHz
1200]  —*—200kHz
2]
Z 1000
E 500
[}
s
600
400- .
. T =176°C
200
0 T T T T T T T T T T T 1
0 50 100 150 200 250 300

Temperature (°C)

FIG. 1. Temperature dependence of permittivity for PZN-PT
(110) single crystal at frequencies from 20 Hz to 200 kHz.

temperature dependence of the electrocaloric effect. The or-
der of the transition in the PZN-PT polar nanodomains is
controversial.’> Here we describe it as a continuous transi-
tion in each polar nanodomain which would be difficult to
distinguish from a weak first-order transition. The model is
intended only to describe the EC effect around the main tran-
sition. It is not valid at much lower or higher temperatures
than the Curie point as described here.

Our model is not of course an exact representation of a
PZN-PT crystal but has the essential features, which allows
us to describe the electrocaloric effect in these materials. A
weakness which we hope to remedy in further work is that
our model assumes the material does not undergo significant
volume changes upon application of an electric field. Also
the effective field is taken to be the macroscopic field. The
model which we adopt assumes the disordered material is
made up of only weakly interacting polar nanodomains
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FIG. 2. Electrocaloric effect (ATgc) as a function of sample
temperature and for an external electric field of 100-1200 kV/m
with 100 kV/m increments. The inset shows the maximum ATgc
against the applied field.
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which decouple above a weak-field limit such that they be-
have independently. There is considerable evidence to sup-
port the existence of polar nanodomains in PZN-PT. These
polar nanodomains will be assumed to have a Gaussian dis-
tributed internal interactions as will be clarified below.

Each domain contains M mobile ions which are assumed
to be able to adopt two possible up/down states in a potential
provided by the effective field of neighboring atoms. Each
position is associated with a dipole moment u (parametrized
to be 0.95X1073° Cm). The average coordination is z
(taken to be 4). In an electric field E, the energy of each state
is X uE. Nearest-neighbor pairs of dipoles in a polar nan-
odomain are assumed to interact with an effective energy *=J
with the +/— signs denoting like and unlike states. The co-
operative distortion mimics an attractive coupling between
like dipoles. J is an average interaction energy (parametrized
to be —113.25k). The J values are assumed to be subject to a
variation across the polar nanodomains which follows a
Gaussian distribution. If there are N dipoles in the up orien-
tation, the configurational energy E, is given in a mean-field
approximation by

J
EC:ZZ—M(ZN—M)2+(M—2N),LLE. )

From Eq. (2) in zero external field, each dipole is subject to
an interaction 1/2zJ well below the Curie point while at this
point, the interaction from neighbors goes to zero. Above the
Curie point, a rapidly hopping ion has equal probability of
being in either state and will appear to be on average in a
centrosymmetric position.

The Canonical partition function Q is given by

OM,V,T) = CIC{bE o A’]I\i)wv —(M—2N);/.E/kTe—zJ(2N—M)2/2M.
N - . .

A3)

The entropic reduction in the dipoles may be taken by any
other degree of freedom. We suppose that internal partition
function (g.4,) of the ion vibrating in one dimension is given
by

-0/2T
e
qvib = 1— e_Q/T’ (4)

where O is the Debye temperature, typically of the order of
magnitude of 300 K. Defining the variable x=N/M and us-
ing the method of the maximum term where the logarithm
of a sum is replaced by the logarithm of the maximum term,
we obtain the Helmholz free energy per ion (f,) as
fe=—kT In(Q)/M and is given by

Sfe=KkIMIn(1 —x) —x In(1 —x) + x In x] = 2xuE + uE

ZJ e—@/ZT
+3(2x—1)2—kT1n<W , (5)

where the minimum free energy corresponds to the solution
of the nonlinear equation,
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FIG. 3. Calculated EC effect as a function of sample tempera-
ture and electric field.
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The configurational entropy per ion S/k is given by

S /T
; =—[(1 -=x)In(1 =x) +xInx]+ Tl —In(1-e797).
e —_—
(7
Numerical solution of Eq. (6) gives the equilibrium value of
x and hence the entropy from Eq. (7). The temperature rise in
an electric field can then be calculated from the condition
that S(E,,T,)=S(E,,T,) using a numerical search procedure.
The results are shown in Fig. 3 for four values of the electric

field over a range of temperatures. The polar nanodomains
are weighted according to the Gaussian distribution,

W(P) = AeFFe= 1%, (®)

where A is normalization factor, 7,=453 K, B=0.0006
(taken from fitting the spread of experimental data about T
=453 K), and P, is the transition temperature of a polar
domain.

Figure 3 shows the calculated EC effect as a function of
temperature and electric field. The model satisfactorily repro-
duces the essential features of the experimental observations
where the electrocaloric effect peaks near the Curie point
(T.). However, there are significant deviations at high elec-
tric fields above the Curie point.

IV. DISCUSSION

We have used mean-field theory in an attempt to describe
the microscopic mechanisms that are responsible for the EC
effect in a broad region around the Curie point of a PZN-PT
crystal. It is well known that mean-field theory does not give
an accurate shape of properties in the neighborhood of a
transition point>* and we should not expect this for our
analysis. Instead, the purpose of our analysis is to describe
semiquantitatively the temperature and field dependence of
EC effect in this system.
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FIG. 4. Calculated and experimentally measured maximum EC
effect at transition point against the electric field for the PZN-PT
crystal (circles show the measured data and squares show the cal-
culated data from the inset) with the assumption that the dipole
moment is proportional to the field (see text).

From the agreement of the main characteristics of the de-
pendencies in theory and the experiment, we conclude that
the main driving force for the EC effect is the propensity of
the electric field to lower the entropy of the polar system,
which is compensated by a rise in vibrational entropy and
temperature. Considering the crudeness of the model, it sat-
isfactorily describes the contribution to the EC effect, which
derives from the ordering of electric dipoles under the influ-
ence of an applied electric field. The calculated EC effect is
the strongest at the transition temperature and it disappears
gradually as the system enters the paraelectric state. In spite
of the limitations of the model treated within mean-field
theory,?® it predicts experimental trends surprisingly well.
We would like to remark that for reasons which we do not
fully comprehend the agreement with experiment improved
significantly by assuming a linear field dependence of the
dipole moment, u=kE where k was fitted to be 0.79
%1073 C m? V~!. The fit of the calculated and experimen-
tally measured maximum EC effect at transition point against
the electric field is shown in Fig. 4.

V. CONCLUSIONS

The measured EC effect in PZN-PT single crystal is char-
acteristic for the lead perovskite relaxor systems. The EC
effect much below the transition temperature is very small
and starts to increase when the transition temperature is ap-
proached. It reaches its maximum exactly at the transition
temperature and, for the investigated electric fields, de-
creases when the system transforms to the paraelectric state.
The behavior was theoretically described with mean-field
theory on the basis of a model with weakly coupled nan-
odomains. The theory describes the experimental results in
the ferroelectric phase field satisfactorily but also suggests
the existence of an additional contributing mechanism at
temperatures above the ferroelectric transition.
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