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Composition and misfit strain dependence of electrocaloric effect of
Pb,_,Sr, TiO;3 thin films*
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A Landau—Devonshire thermodynamic theory is employed to investigate the effects of composition and misfit strain
on the room-temperature electrocaloric effect of epitaxial Pb;_,Sr,TiO3 thin films. The “temperature—misfit strain” phase
diagrams with the Sr composition x of 0.1, 0.3, and 0.5 are constructed. The introduction of Sr composition reduces the
Curie temperature greatly, and enhances the electrocaloric effect. Moreover, the electrocaloric effect largely depends on
the misfit strain. Therefore, the Sr composition and the misfit strain can be controlled to obtain the giant room-temperature

electrocaloric effect.
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1. Introduction

Electrocaloric (EC) effect refers to temperature change
of a material upon the application or withdrawal of an elec-
tric field under adiabatic conditions, and has attracted great
attention in the use of refrigeration devices and thermodielec-
tric power converters since the 1960s.'] Due to the small
adiabatic temperature change reported in experiments,*! the
EC effect of ferroelectric materials was insufficient for prac-
tical applications. However, the EC effect has been exten-
sively investigated recently, since the giant EC effect was
reported in Pb(Zrg 95Tip0s03) thin films.’! A giant EC ef-
fect of 12 K at 25 V was found in Pb(Zrg95Tip0503) thin
films near the phase transition temperature of 222 °C.1>) Later
on, the Pb(Zr,_,Ti,)O3 thin films with different Ti com-
positions have also been investigated in the frame of the
Ginzburg-Landau-Devonshire theory.®8! The EC effects of
BaTiOj3 thin films,”~'3 whose Curie temperature is about 110
°C, were studied both experimentally and theoretically, and
can be comparable with that observed in Pb(Zr( 95Tip.0503)
thin films. Other ferroelectric materials, such as relaxor fer-
roelectric Pb(Mg; 3Nb, /3)03—PbTiO3[14‘17] and ferroelectric

18,191 have been found to show a giant EC effect near

polymers,!
their Curie temperature. These materials have giant EC ef-
fects, however, their Curie temperature, which produces the
maximal EC effect, is far away from room temperature. This
hinders the practical applications in cooling systems at room
temperature.

To our delight, ferroelectric Pb;_,Sr,TiO3 systems have
extremely high pyroelectric properties and low dielectric

loss,?>23] and the Curie temperature was found to vary
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linearly with the composition x.**! Most importantly, the

Pb;_,Sr, TiO3 systems with x < 0.3 for solid solution®*! and
x < 0.5 for thin films™®! have a Curie temperature below the
room temperature. Moreover, the physical properties of the
Pb;_,Sr, TiO3 system are highly dependent upon the composi-
tion. Thus, as the inverse electrothermal conversion of the py-
roelectric effect, it is predicted that the Pb;_,Sr, TiO3 system
has the giant room-temperature EC effect, which greatly de-
pends on the Sr composition. In addition, the EC effect of the
ferroelectric thin films can be adjusted by controlling the misfit
strain between the thin film and the substrate.['!%27 The most
intense EC effect can be obtained at a critical misfit strain.!*6!
Consequently, control over the Sr composition and the misfit
strain can be used to achieve the giant room-temperature EC
effect in Pb;_,Sr, TiO3 thin films. However, the EC effect of
Pb;_,Sr, TiO3 thin films has not been studied.

In this work, we investigate the effect of Sr composition
and the misfit strain on the room-temperature EC effect of
Pb;_,Sr, TiO3 thin films using the Landau—Devonshire ther-
modynamic theory. The “temperature-misfit strain” phase di-
agrams with different Sr compositions are constructed. Theo-
retical analysis indicates that the Pb;_,Sr, TiO3 thin films ex-
hibit giant room-temperature EC effect, which largely depends
on the Sr composition and the misfit strain.

2. Model and method

We consider the single domain (001) Pb;_,Sr, TiO3 thin
films epitaxially grown on a thick cubic substrate with the sur-
face parallel to the (001) crystallographic planes. The thermo-
dynamic potential G of the thin films as a function of polariza-
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tion P; (i = 1,2,3), misfit strain Sp,, and applied electric field

E; is given by?®!

G = o (P{ +P5)+ 5Py + oy (P +P7)
+ 053 P5 + iy PEP; + o3 (PY + P3)P;
o1 (PP + P+ PS) + oo [P (P5 + P3)
+P (P} +P5) + P (L +P5)]
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where o, o, and @;j; are dielectric stiffness coefficients
at constant stress, s;; is the elastic compliance at constant
polarization, and Q;; is the electrostrictive coefficient. The
composition-dependent Landau coefficients of Pb;_,Sr, TiO3
thin films have been constructed as a linear combination of the
well-known Landau coefficients of the end members, PbTiO3
and SrTi03.>>! The temperature dependence of ferroelectric-
ity is mainly governed by the dielectric stiffness coefficient
a, since the other dielectric stiffness coefficients may be
taken as temperature-independent parameters. The parame-
ters used for the calculation of the renormalized coefficients
for Pb;_,Sr, TiO3 thin films result from Ref. [25].

The misfit strain dependence of polarizations with differ-
ent Sr compositions is given under the equilibrium conditions
dG/dP, =0 (i =1,2,3). For the constant electric field and
stress, the variation of the excess entropy AS can be written

agl6:9]
G

In the presence of a uniform applied electric field E along
the direction of [001], the electrocaloric coefficient p is given

by[6’9]
dAS
=== . 9
() -
Reversible adiabatic temperature change AT of a ferroelectric
material due to an electric field change AE is expressed as!”!

E,
b1 (3P> dE, (10)
E

AT =-T
&, Ce(T,E)\JT

where Cg(T,E) is the heat capacity per unit volume at con-
stant electric field, and AE = Ey, — E, is the difference in the
applied electric field.

3. Results and discussion

By using Egs. (1)—(7), the equilibrium thermodynamic
states of the thin films are determined by minimizing the
potential G with respect to polarization components with
fixed values of the misfit strain and the temperature. The
“temperature—misfit strain” phase diagrams with different Sr
compositions are constructed in Fig. 1. Here, we introduce
the following notations for different equilibrium states that
may occur in the thin films: (i) the para-electric phase, where
P = P, = P; = 0; (ii) the ¢ phase, where P = P, =0, and
P; # 0; (iii) the aa phase, where P, = P, # 0, and P; = 0; (iv)
the y phase, where P = P, # 0, and P53 # 0. Theoretical calcu-
lation indicates that the phase transitions from the ¢ phase to
the aa phase in Pbg ¢Sty 1 TiO3 thin films and from the ¢ phase
to the ¥ phase are of the first order, and all the other phase
transitions are of the second order. The introduction of the Sr
composition decreases the Curie temperature greatly. At room
temperature (7' = 298 K), the c phase, the para-electric phase,
and the aa phase are the stable phases in Pbg 5Srg 5TiO3 thin
films whose Curie temperature is below the room temperature,
while the c phase, the ¥ phase, and the aa phase can exist for
x=0.1and 0.3.
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Fig. 1. “Temperature-misfit strain” phase diagrams of Pbg 5Sr( sTiO3 thin
films with the Sr composition x =0.1, 0.3, and 0.5. The thin and thick lines
denote the second- and first-order phase transitions, respectively.

The effect of misfit strain on the polarization of
Pby 5Srg 5TiO3 thin films with different Sr compositions is pre-
sented in Fig. 2. The applied electric field along the [001] di-
rection transforms the para-electric phase and aa phase to the ¢
phase and 7y phase, respectively. Hence, only the ¢ phase and y
phase are stable phases for Pbg 551y sTiO3 thin films under the
applied electric field at room temperature. The applied electric
field undoubtedly increases the polarization P;, and decreases
the polarization P; and P> (P} = P») because the electric field
is along the [001] direction. The polarizations at the phase
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boundary between the ¢ phase and the 7y phase are all discon-
tinuous because of the first-order phase transition from the ¢
phase to the y phase. The decrease of the compressive mis-
fit strain decreases the polarization P;, while the increase of
the tensile misfit strain increases the polarizations P; and P,
and has an opposite effect on the polarization P;. As can be
seen from Fig. 2, the polarization of Pbg 551y sTiO3 thin films
is smaller than that of Pbg 7Srg 3TiO3 and Pbg 9Sry  TiO3 thin
films due to the introduction of the Sr composition.
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Fig. 2. Effects of Sr composition and misfit strain on the polarization of
Pb;_,Sr, TiOj3 thin films for (a) x = 0.1, (b) x = 0.3, and (¢) x = 0.5.

Figure 3 shows the effects of misfit strain and Sr com-
position on the EC coefficient of Pb;_,Sr, TiO3 thin films.
Because of the first-order phase transition from the ¢ phase
to the 7y phase, the EC coefficient is discontinuous at the
phase boundary, which is in agreement with the result for
Pb(Zr;_,Ti,)O; thin films®! The Pb;_,Sr,TiO3 thin films
have giant room-temperature EC coefficient. Moreover, the
EC coefficient of Pbg s5Srg 5TiO3 thin films is larger than that
of Pb;_,Sr, TiO3 (x = 0.1 and 0.3) thin films. As an ex-
ample, P = 3.1 x 1073 C/m’K for E = 50 kV/cm, which
is also much larger than that of BaTiO;3 thin films (e.g.,
p =92x10"* C/m?K for E = 50 kV/cm)[®! The vari-
ation of the polarization induced by the electric field in
Pbg 5Srg 5TiO3 thin films is larger than the other thin films,
and results in greater change of the entropy which can be
used to explain it. On the other hand, the EC coefficient
of the ¢ phase is larger than that of the y phase. The
applied electric field decreases the EC coefficient and en-
hances the misfit strain which corresponds to the maximum of

0.6

— E=50kV/cm
[ e E=100 kV/em (@)
| r
I '
Vool -
I
O L
i
S 02}
~ c
SH
0 1 1 1 1 1 1 1 1 1
-8 —4 0 4 8
Sm/1073
1.2 —— E=50kV/cm

p/1073 C-m~—2-K~!

p/103 C-m~2K—1

L —— E=50 kV/cm
.......... E=100 kV/cm
0 ! ! ! ! 1 1 L L
-8 —4 0
Sm/1073

Fig. 3. Electrocaloric coefficient p of Pb;_,Sr,TiO3 thin films with the
Sr composition of (a) 0.1, (b) 0.3, and (c) 0.5.
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the EC coefficient. This is in accordance with the results of the
EC effect.”’ As mentioned above, the EC coefficient largely
depends on the Sr composition and the misfit strain.

The misfit strain dependence of the adiabatic tempera-
ture change AT of Pb;_,Sr, TiO3 (x = 0.1, 0.3, and 0.5) thin
films is shown in Fig. 4. From Eq. (10), we know that the
adiabatic temperature change AT depends on both the ini-
tial electric field E, and the field change AE = E, — E,. For
comparison, we perform the integration for AE = 50 kV/cm
and 100 kV/cm with the initial electric field E, = 50 kV/cm.
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Fig. 4. Misfit strain dependence of the adiabatic temperature change AT
of Pby_,Sr, TiO3 thin films with the Sr composition of (a) x = 0.1, (b)
x=0.3,and (¢c) x=0.5.

The absolute value of specific heat Cg(T,E) used for theo-
retical calculations in Eq. (10) is considered to be a linear
relation of (1 — x)Cpr + xCst for simplicity, where the spe-
cific heat Cpr = 3.2 x 10° J/m>K is approximately equal to the
value of single crystal PbTiO3, and Cst = 2.78 x 10° J/m*K
is the value of single crystal SrTiO3.1*°! As seen from this fig-
ure, the adiabatic temperature change AT is not continuous
at the phase boundary because of the first-order phase tran-
sition from the ¢ phase to the y phase, which is in agreement
with the result of SrTiO3 thin films.2%! The Pby 5Sry s TiO3 thin
films have the largest adiabatic temperature change among the
three different Sr compositions, which agrees with the result
of the EC coefficient. Moreover, the giant adiabatic temper-
ature change AT of Pbg 5Srg 5TiO3 thin films, e.g., AT =6 K
with AE = 100 kV/cm, is much larger than that of BaTiO3 thin
films (AT = 1 K).'! In addition, the Pb;_,Sr, TiO3 thin films
with the tensile misfit strain have larger adiabatic temperature
change than that of the compressive misfit strain. On the other
hand, it is expected that an increase in the field change AE can
lead to a linear increase in the magnitude of adiabatic temper-
ature change AT due to the EC effect.>:!8) It is concluded that
the adiabatic temperature change depends on the Sr composi-
tion and the misfit strain. Therefore, a giant room-temperature
EC effect can be obtained by controlling the Sr composition
and the misfit strain. Most importantly, it may provide the po-
tential for practical room-temperature applications in cooling
systems.

4. Conclusion

In summary, a Landau—-Devonshire thermodynamic the-
ory is applied to investigate the effects of Sr composition and
the misfit strain on the room-temperature electrocaloric ef-
fect of epitaxial Pb;_,Sr,TiO3 thin films. Theoretical calcu-
lations demonstrate that the Curie temperature and the elec-
trocaloric effect largely depend on the Sr composition and
the misfit strain. The introduction of the Sr composition de-
creases the Curie temperature and enhances the electrocaloric
effect. Moreover, Pb;_,Sr, TiO3 thin films show giant room-
temperature electrocaloric effect which is stronger than that
of the other ferroelectric materials. Therefore, the Sr compo-
sition and the misfit strain can be chosen to obtain the giant
room-temperature electrocaloric effect.
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