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a  b  s  t  r  a  c  t

In  this  paper,  the  polarization  vs.  electric  field  hysteresis  loops  of  〈1  1 1〉-oriented
0.9PbMg1/3Nb2/3O3–0.1PbTiO3 (0.9PMN–0.1PT)  single  crystal  at different  temperatures  (20–110 ◦C)
were  measured.  The  adiabatic  temperature  change  �T  of 〈1 1  1〉-oriented  0.9PMN–0.1PT  single  crystal
due  to  the  application  or withdraw  of  electric  field  were  calculated  through  the thermodynamic  relation.
vailable online 6 June 2011
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The largest  temperature  change  �T  achieves  ∼1  K  with  only  a change  of  40  kV/cm  electric  field,  the
mechanism  of the electrocaloric  effect  (ECE)  is  discussed  for 0.9PMN–0.1PT  crystal.  The  pyroelectric
coefficient  of  0.9PMN–0.1PT  under  bias  field  was  calculated  according  to the data  of  hysteresis  loop.  The
result  shows  that  0.9PMN–0.1PT  have  large  pyroelectric  coefficient  under  bias  field,  the  largest  (∂P/∂T)E

m2 K.
yroelectric
lectrocaloric

value  achieves  −0.5  �C/c

. Introduction

During the past decades, many efforts have been put to inves-
igate novel cooling technologies to reduce greenhouse gas and

eet new cooling demands in integrated circuits and other field.
he electrocaloric effect (ECE) is one of the alternative technolo-
ies. ECE is a change in the temperature of dielectrics upon the
pplication or withdraw of an electric field under adiabatic con-
itions [1].  It attracted much attention in 1960s to 1970s. Bulk
erroelectric ceramic Pb0.99Nb0.02(Zr0.75Sn0.20Ti0.05)0.98O3 exhibits
ighest ECE due to the phase transition near its Currie tem-
erature (Tc) [2]. Recent years, it has been demonstrated that
any ferroelectric films show giant ECE. Mischenko et al. reports

hat antiferroelectric PbZr0.95Ti0.05O3 (PZT) film shows that the
argest temperature change �T  achieves 12 K at high tempera-
ure 226 ◦C [1].  Bret Neese et al. reports that relaxor terpolymer
(VDF–TrFE–CFE) also exhibits a giant ECE near room temperature
3]. Ferroelectric relaxor could be attractive for cooling applica-
ions due to the occurring of induced paraelectric–ferroelectric
hase transition and nanodomain reorientations near its Tc at a

arge temperature range. The nonpolar paraelectric to polar ferro-
lectric transition and nanodomain reorientations can be induced

y electric field, and nonpolar paraelectric to polar ferroelectric
ransition and nanodomain reorientations are disorder-order tran-
ition, which will bring entropy change. PbMg1/3Nb2/3O3–PbTiO3
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925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.05.111
© 2011 Elsevier B.V. All rights reserved.

(PMN–PT) is a typical ferroelectric relaxor [4,5]. Indeed, PMN–PT
ceramic and film have been demonstrated the existence of a giant
ECE in PMN–PT system [6–8]. However, the investigated ceram-
ics and films are polycrystalline, which reduces the ECE. The
disorder-order transition is easier to occur in PMN–PT single crys-
tal with preferred orientation than in polycrystalline ceramic and
film. Therefore, the ECE of PMN–PT single crystal is larger than
that of the ceramic and film with the same change of electric
field.

PMN–PT single crystal has been proposed for many applica-
tions due to its high piezoelectric properties [9,10]. Rhombohedral
PMN–PT single crystal have large spontaneous polarization along
〈1 1 1〉 direction. Indeed, 〈1 1 1〉-oriented PMN–PT single crys-
tal shows pronounced pyroelectricity (converse ECE) under
no bias field [11,12],  and the pyroelectric coefficient achieves
0.128 �C/cm2 K, which is much larger than that of PMN–PT ceramic
and film [13,14]. Large pyroelectricity suggests that ECE of PMN–PT
single crystal is strong. Furthermore, disorder-order phase transi-
tion in relaxor PMN–PT with low PT content occurs at near room
temperature and at a broad temperature range. Therefore, the range
of operating temperatures for cooling is wide. However, the ECE
of PMN–PT single crystal near room temperature has been inves-
tigated little. In this manuscript, we will investigate the ECE and
pyroelectric property of 〈1 1 1〉-oriented 0.91PMN–0.09PT single
crystal.
2. Experiment and measurement method

PMN–PT single crystal is usually grown by a flux method. However, it is diffi-
cult  to grow large high-quality crystal due to their complex composition and high

dx.doi.org/10.1016/j.jallcom.2011.05.111
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0.9PMN–0.1PT crystal at different temperatures. The largest field
ig. 1. Dielectric constant of the 0.9PMN–0.1PT single crystal as a function of tem-
erature measured with frequencies 100 Hz, 1 kHz, 10 kHz, 100 kHz.

vaporation rate of PbO at high temperature. In this study, we employed the Bridg-
an  technique to grow the crystal. Raw powders of PbO, MgO, Nb2O5, TiO2 with

igh purity were used to synthesize 0.9PMN–0.1PT crystals [15]. To prevent forma-
ion of the pyrochlore phase during the crystal growth, the B-site precursor synthesis

ethod was used after the raw powders were mixed completely. The powders were
hen put into a platinum crucible that was sealed to prevent the evaporation of
ead. X-ray diffraction analysis was carried out to confirm the presence of a pure
erovskite phase after the crystals were grown.

The as-grown 0.9PMN–0.1PT single crystals were oriented along 〈1 1 1〉 direc-
ion,  and then diced into 4 mm × 4 mm × 0.6 mm.  Silver paste was pasted on the top
nd  bottom surfaces of the samples and then fired at 650 ◦C. The dielectric con-
tant ε33 of the 〈1 1 1〉-oriented crystals as a function of temperature at 100 Hz,

 kHz, 10 kHz and 100 kHz were measured using an impedance analyzer (Agilent

294A). The polarization vs. electric field (P–E) hysteresis loop at different tempera-
ures (from 20 to 110 ◦C) was  carried out at 1 Hz with the RT Premier II ferroelectric
orkstation, and the hysteresis loop were made every T = 5 ◦C in the range from 20

o  110 ◦C.
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Fig. 2. Polarization vs. electric field hysteresis loops of 0.9
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Reversible electrocaloric temperature change �T  can be calculated by

�T  = − T

CE

∫ E2

E1

(
∂P

∂T

)
E

dE (1)

based on the Maxwell relation (∂S/∂E)T = (∂P/∂T)E , Where CE is volumetric specific
heat  capacity [1].  This formula indicates that the electrocaloric temperature change
�T  is dependent on the integrated pyroelectric coefficient. Reversible adiabatic
temperature change �T  also can be obtained according to the phenomenological
theory and adiabatic temperature change �T  can be obtained using indirect method
[16,17]:

�T  = − 1
2CE

ˇTP2 (2)

where  ̌ a constant and P the polarization can be obtained by experiment.

3. Results and discussion

Fig. 1 shows the dielectric constant of the 0.9PMN–0.1PT crys-
tals as a function of temperature at 100 Hz,  1 kHz, 10 kHz  and
100 kHz. The dielectric constant exhibits obvious frequency disper-
sion near the dielectric constant maximum. The dielectric constant
maximum occurs at 40 ◦C (Tm). 0.9PMN–0.1PT is rhombohedral
ferroelectric relaxor at room temperature [18]. On heating above
Tm, the structure of 0.9PMN–0.1PT crystals transforms to a para-
electric cubic state [19,20]. The ferroelectric–paraelectric transition
occurs at a broad temperature range near Tm due to microscopic
inhomogeneities, so there are still nanodomains in 0.9PMN–0.1PT
crystals even at above Tm. The ferroelectric–paraelectric transition
is first-order phase transition. The phase transition induces a large
polarization change. The large ECE can be obtained in a broad tem-
perature range due to the relaxor phase transformation.

Fig. 2 shows several typical P–E hysteresis loops of the
applied to the 0.9PMN–0.1PT is 40 kV/cm; larger field will break
down the sample. The figure shows that the polarization of the
crystal decreases with the temperature. 0.9PMN–0.1PT crystals are
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ig. 3. Polarization as a function of temperature under different electric fields.

araelectric phase above Tm, however, the polarization is still large
ven the temperature reaching 100 ◦C. The large polarization at
bove Tm is due to the existence of nanodomain since microscopic
nhomogeneities in 0.9PMN–0.1PT crystals, and ferroelectric phase
lso can be induced by electric field. The area of the hysteresis
oops is a little, which indicates the energy loss is a little during
he operation of application and withdraw of electric field.

Fig. 3 shows the polarization as a function of temperature under
ifferent fields for 0.9PMN–0.1PT, which is extracted from the
pper branch of the hysteresis loop. The curve was fitted with

 fourth order polynomials, and the value of (∂P/∂T)E was calcu-
ated from the derivation of the fitted polynomials. From Fig. 3,

e know that (∂P/∂T)E value varies with the temperature and elec-
ric field. Large (∂P/∂T)E value will result in large �T  value. The
argest (∂P/∂T)E value achieves −0.5 �C/cm2 K under zero bias field
t room temperature, which is much larger than that of com-
only used pyroelectric material barium strontium titanate (BST)

∂P/∂T = 4.1 × 10−2 �C/cm2 K) [21]. At E > 20 kV/cm, the polarization
s almost linear with temperature. From the slope of the curves,

e know that the (∂P/∂T)E value varies a little with the tempera-
ure at high field. The (∂P/∂T)E value of 0.9PMN–0.1PT is very high,
ompared with those of other ferroelectrics with high ECE, such
s PMN–PT film, PZT film, terpolymer P(VDF–TrFE–CFE) film. Large

∂P/∂T)E value indicates that 0.9PMN–0.1PT is an excellent pyro-
lectric material under bias field. Fig. 4 exhibits several (∂P/∂T)E

alues as a function of temperature under different bias fields,
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Fig. 5. Adiabatic temperature change �T  due to different change of electric field.

which are obtained by calculating the slope of the curve as pre-
sented in Fig. 3. Fig. 4 shows that the highest (∂P/∂T)E value in the
curve moves to higher temperature and decreases as the E field bias
increases, which indicates that the 0.9PMN–0.1PT is easy for depo-
larization under low field and large electric field change is necessary
to obtain large ECE in 0.9PMN–0.1PT at high constant field.

The reversible adiabatic temperature change �T due to an appli-
cation or withdraw of electric field from E1 to E2 can be determined
according to formula (1).  Reversible adiabatic temperature change
�T  also can be measured by direct method using differential scan-
ning calorimetries (DSC) [22,23]. There is a little difference between
the �T  value calculated using the Maxwell relationships and the �T
value measured by DSC [24]. From formula (1),  it is obvious that the
maximum value of adiabatic temperature change �T  of a dielec-
tric material is mainly dependent on the value of breakdown field
E2 and pyroelectric coefficient (∂P/∂T)E at constant electric field.
It is difficult to apply a large field to bulk materials without caus-
ing electrical breakdown. A large change of electric field leads to a
large ECE for the dielectrics. The defects in the 0.9PMN–0.1PT crys-
tal reduces the breakdown field greatly, there are lots of defects
such as oxygen vacancies and dislocations in the as-grown crystal.
The quality of the crystal should be improved further to enhance
the breakdown field. Thinning the sample by chemical etching and
mechanical grinding is also a feasible method to improve the dielec-
tric breakdown field.

At the temperature range from room temperature to 110 ◦C, the
volumetric specific heat capacity CE is considered as a constant,
and CE = �c, where c is heat capacity per unit mass, it is ∼330 J/kg K,
which is extracted from the work of Tang et al. [25]. The density
� of 0.9PMN–0.1PT is 8.1 × 103 kg/m3, and the value is measured
by Archimedes method. When calculating the adiabatic tempera-
ture change �T, the data E1 = 0 kV/cm, E2 = 40 kV/cm are used. Fig. 5
shows the adiabatic temperature change �T as a function of tem-
perature with different change of electric field, which are calculated
according to formula (1).  The largest temperature change �T occurs
at above Tm.

The largest �T  achieves ∼1 K with only a change of 40 kV/cm
electric field. The temperature change �T  is relatively low, com-
pared with that of polycrystalline film [3,7,8].  �T  value of PMN–PT
achieves 12 K with a large electric field change of 895 kV/cm, and
the value is also 12 K in a even larger electric field 2090 kV/cm for
relaxor terpolymer P(VDF–TrFE–CFE). The value is higher than that
of PMN–PT ceramic [26]. The �T  of PMN–PT ceramic is 0.558 K with
a large electric field change of 24 kV/cm (0.023 K cm/kV). Compar-

ing the ECE of these materials, it can be seen that PMN–PT crystal
has the largest ECE per unit applied electric field. The temperature
change per unit applied electric field is 0.025 K cm/kV for PMN–PT
crystal, 0.013 K cm/kV for PMN–PT thin film, 0.0057 K cm/kV for
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(VDF–TrFE–CFE) film and 0.023 K cm/kV for bulk PMN–PT ceramic.
he reason resulting in the relatively low �T  for bulk 0.9PMN–0.1PT
ingle crystal and ceramic is the much smaller breakdown field
han film. �T  varies mildly with the temperature, which indicates
hat ECE can be obtained in a broad temperature range. Fig. 5 also
hows that �T  value is dependent on the change of electric field
reatly. If the breakdown field is improved, the 0.9PMN–0.1PT crys-
al should be an excellent candidate for application in both room
ooling equipment and pyroelectric devices.

. Conclusion

In this work, we have investigated the electrocaloric effect of
1 1 1〉-oriented 0.9PMN–0.1PT single crystal through the thermo-
ynamic relation. The largest adiabatic temperature change �T
ccurs at above Tm of 0.9PMN–0.1PT single crystal. The largest
T  achieves ∼1 K with only a change of 40 kV/cm electric field

nd the temperature change per unit applied electric field reaches
.025 K cm/kV. The value of �T  value is dependent on the change
f electric field greatly. Further larger ECE is limited by the break-
own field of the 0.9PMN–0.1PT single crystal. The 0.9PMN–0.1PT
ingle crystal have large pyroelectric coefficient under bias field,
he largest (∂P/∂T)E value achieves −0.5 �C/cm2 K, which indicates
.9PMN–0.1PT single crystal is an excellent pyroelectric material.
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