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Abstract: The electrocaloric effect of ferroelectrics is promising for new solid-state refrigeration.
However, the current research on the electrocaloric effect of bulk ferroelectrics mainly focuses on
(001) orientation. Thus, we studied the electrocaloric effect of BaZr0.15Ti0.85O3 single crystals with
different orientations through the nonlinear thermodynamic approach and entropy analysis. The
results show that the dipolar entropy of (111)-oriented BaZr0.15Ti0.85O3 single crystals exhibits a
greater change after applying an external electric field, compared with (001)- and (110)-orientations,
and the (001)-oriented electrocaloric responses are consistent with experimental observations. The
(111)-oriented BaZr0.15Ti0.85O3 single crystals have a more significant electrocaloric response, result-
ing in a broader work temperature range with a large electrocaloric effect. These insights offer an
alternative way to enhance the electrocaloric response of ferroelectric single crystals.

Keywords: electrocaloric effect; barium zirconate titanate; oriented single crystal; broad work
temperature range

1. Introduction

The solid-state refrigeration technology based on the electrocaloric (EC) effect of
ferroelectric materials has the characteristics of low noise, high efficiency, and being envi-
ronmentally friendly [1–8]. It is expected to become a new generation of refrigeration ways
leading to potential application prospects [9–11]. Existing studies have shown that the
large electrocaloric effect of ferroelectric materials usually occurs near the Curie tempera-
ture [12–16]. For example, Mischenko et al. discovered a giant electrocaloric effect of about
12 K under an electric field of 48 MV/m near the Curie temperature in PbZr0.95Ti0.05O3
thin film [12], while Neese et al. discovered a temperature change of 12 K under an electric
field of 209 MV/m around the Curie temperature in polymer thin films [17]. However, thin
films are limited in practical EC cooling applications due to their smaller thermal mass than
bulks [3]. Therefore, the ferroelectric single crystal bulk material has attracted attention.
For example, Moya et al. found an electrocaloric effect temperature change of 0.9 K under
an electric field of 1.2 MV/m near the Curie temperature in BaTiO3 single crystal through
experiments [13], while Wu et al. found maximum EC strength near the phase boundary of
PbMg1/3Nb2/3O3-PbTiO3 single crystals by molecular dynamics theory [18].

In recent years, lead-free barium zirconate titanate (BaZrxTi1–xO3) has attracted much
attention due to its rich phase structure and excellent electrocaloric (EC) properties [19–24].
Direct measurement by Qian et al. indicates that when the change of the electric field is
2.1 MV/m, BaZr0.2Ti0.8O3 ceramics at 38 ◦C exhibit an EC temperature change of 1.1 ◦C
with a large EC coefficient of around 0.5 × 10−6 KmV−1 [19]. Compared with other ferro-
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electric bulk materials, it possesses better EC properties and is an EC material with great
application potential [19,20].

Ferroelectric materials with different orientations generate different phase structures,
which affect the corresponding material properties [25,26]. Xu et al., using a thermodynamic
model, studied the orientation-dependent equilibrium ferroelectric domain structures and
dielectric properties of polydomain PbZr1-xTixO3 thin films; the film orientation can deeply
influence the phase stability and properties [25]. Li et al. studied the orientation-related elec-
trocaloric effect of 0.7Pb(Mg1/3Nb2/3)O3-0.3PbTiO3 (PMN-0.3PT) single crystals, and the
(111) oriented PMN-0.3PT single crystals showed a larger electrocaloric response than (110)
and (111) orientations near Curie temperature under the electric field of 2.5 kV/cm [27].
The electrocaloric effect is greatly affected by the crystal orientations. However, the current
research on BaZrxTi1–xO3 and other ferroelectric single crystals mainly focuses on the (001)
orientation, while the other orientations, such as the common (110) and (111) orienta-
tions, are rarely reported. Therefore, in this letter, the polarization and phase structures of
BaZr0.15Ti0.85O3 in (001), (110), and (111) orientations are established by thermodynamic
methods. The resulting entropies and the EC temperature changes under different elec-
tric fields are further computed. Comparing the EC temperature changes for the three
orientations will provide a guideline for enhancing the electrocaloric effect of ferroelectric
single crystals.

2. Theoretical Approach

The thermodynamic potential energy of bulk ferroelectrics under stress-free boundary
conditions can be expressed as a polynomial of the polarization component P′l (l = 1, 2, 3)
and electric field component E′l [28–35],
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where α1, αij, αijk, and αijkl are the thermodynamic potential coefficients. Note that all
the coefficients are independent of T except α1, α1 = (T − T0)/2ε0C, which satisfies the
Curie–Weiss law, T0 is the Curie–Weiss temperature, C is the Curie constant, and ε0 is the
permittivity of vacuum.

In this work, three typical orientations, (001), (110), and (111), are considered. The crys-
tallographic axes (x′1x′2x′3) denote the local coordinate system, where x′1||[100], x′2||[010],
x′3||[001]. For (001)-, (110)-, and (111)-oriented bulk ferroelectrics, the transformation
matrices from local coordinates to global coordinates are expressed as
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The polarization P′ and the electric field E′, with respect to the local coordinates,
are related to their corresponding global physical quantities, that is, P

′
= T−1

(hkl)P and

E
′
= T−1

(hkl)E, where P and E are the physical quantities with respect to the global coor-
dinates. Notice that the superscript “−1” refers to the matrix inverse, and the subscript
(hkl) represents the involved orientation (001), (110), or (111). Thus, the thermodynamic
potential energy density of bulk ferroelectric with the (001), (110), and (111) orientations,
denoted by G(001), G(110), and G(111), are obtained and presented in the Supplementary
Materials, as Equations (S1)–(S3).
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To predict the temperature change of the electrocaloric effect of the ferroelectric single
crystals with different orientations, the total entropy Stotal of the ferroelectric crystals is
decomposed according to Stotal(E, T) = Sdip(E, T) + Slatt(T) [36,37], where Sdip(E, T) is
the dipolar entropy related to the polarization P, and Slatt(T) is the lattice entropy, which
is independent of the applied electric field E. Slatt(T) is assumed to be only correlated to
lattice contribution. Due to the adiabatic condition, the total entropy change of the system
is zero. The initial state entropy (Ei, Ti), equal to the final state entropy (E f , Tf ), leads to

Slatt

(
Tf

)
− Slatt(Ti) = −[Sdip

(
E f , Tf

)
− Sdip(Ei, Ti)], (3)

Moreover, the change of lattice entropy can be approximated by

Slatt

(
Tf

)
− Slatt(Ti) =

∫ Tf

Ti

Clatt(T)
T

dT ≈ Clatt(Ti) ln
(Tf

Ti

)
, (4)

The approximation is employed in Equation (4) because the variation of Clatt(T)
on the interval [Ti, Tf] is insignificant. The temperature at the final state Tf can be
determined as [36–38]

Tf = Tiexp
{
− 1

Clatt

[
Sdip

(
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)
− Sdip(Ei, Ti)

]}
. (5)

The adiabatic temperature change of the electrocaloric effect can be computed

∆T = Tf − Ti = Tiexp
{
− 1

Clatt

[
Sdip

(
E f , Tf

)
− Sdip(Ei, Ti)

]}
− Ti, (6)

where Clatt is the lattice heat capacity per unit volume, the subscript i indicates the initial
state, and f indicates the final state, revealing that the adiabatic temperature change is con-
nected with the dipolar entropy Sdip(E, T) = −[∂G(E, T)/∂T]E [38]. Notice that both sides
of Equation (6) involve initial temperature Ti and final temperature Tf , and thus are solved
numerically by iteration. The polarization can be determined by solving the equilibrium equa-
tion (∂G/∂Pl)E = 0 [39]. The lattice heat capacity is acquired from available experimental
data [40]. For the sake of convenience, the electric field is assumed to be directed along
[001] direction in the global coordinate, and the initial electric field Ei is chosen as zero. The
electrocaloric calculations were carried out at temperatures from 20 ◦C to 140 ◦C, and the
polar axis, favorable to ferroelectricity, is along the (111) direction.

3. Results and Discussion

We first investigated the EC effect in the common (001)-oriented BaZr0.15Ti0.85O3 single
crystal, as shown in Figure 1. In the absence of an applied electric field, the polarization is
shown in Figure 1a, and its Curie temperature is around 66 ◦C, which is good agreement
with experimental observations [41,42]. The polarizations below the Curie temperature
appear as P1 = P2 = P3 6= 0, representing the R phase, and the modulus of the polarization
vector increases with the electric field increase, which predicts that the dipoles are more
ordered under the electric field, further affecting the dipole entropy. Figure 1b demonstrates
the trend of dipolar entropy over a temperature range under different electric fields. The
dipolar entropy increases with increasing temperature but decreases with an increasing
electric field. A more significant change in the dipolar entropy is observed near the Curie
temperature, indicating a larger electrocaloric effect near the Curie temperature.
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and modulus of polarization vector as electric field increases at 30 °C. (b) Dipolar entropy and (c) 
adiabatic temperature change ΔT under different electric fields as a function of temperature. Exper-
imental data are denoted by blue triangles [21]. 
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BaZr0.15Ti0.85O3 single crystals in the (110) orientation experience a greater change after the 
electric field is applied, as shown in Figure 2b. Thus, the EC temperature change of (110)-
oriented crystals can be enhanced from the (001)-oriented crystals. For instance, when the 
electric field is changed to 10 MV/m, the maximum EC temperature change is 1.64 °C. 
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dipolar entropies of the (001)- and (110)-oriented BaZr0.15Ti0.85O3 single crystals, the dipolar 
entropy of the (111)-oriented BaZr0.15Ti0.85O3 single crystals under an external electric field 
varies continuously across the Curie temperature, as shown in Figure 3b. Thus, the (111)-
orientated BaZr0.15Ti0.85O3 single crystals possess a broader temperature range for the large 
electrocaloric temperature change. For instance, when the electric field is changed at 10 
MV/m, the maximum EC temperature change can reach 1.91 °C, while the EC temperature 
change is larger than 1.5 °C within the temperature range from 66 °C to 128 °C. 

Figure 1. (a) Polarizations of (001)-oriented BaZr0.15Ti0.85O3 in the absence of an external electric
field, and modulus of polarization vector as electric field increases at 30 ◦C. (b) Dipolar entropy
and (c) adiabatic temperature change ∆T under different electric fields as a function of temperature.
Experimental data are denoted by blue triangles [21].

The EC temperature change of the (001)-oriented BaZr0.15Ti0.85O3 single crystal over
a range of operating temperature, as shown in Figure 1c, increases until reaching the
largest value at the Curie temperature. As the electric field increases, the range of the
large EC temperature change becomes wider, due to the increase of the phase transition
temperature. For instance, when the electric field change is 2 MV/m, the computational
and the experimental data are consistent [21]. Moreover, when the electric field is changed
to 10 MV/m, the maximum EC temperature change of the (001)-oriented BaZr0.15Ti0.85O3
single crystal is 1.27 ◦C.

The EC effect of the (110)-oriented BaZr0.15Ti0.85O3 single crystals is illustrated in Figure 2.
Below the Curie temperature, the polarizations appear as P1 = 0, P2 6= 0, and P3 6= 0, is shown
in Figure 2a. Compared with the (001) orientation, the dipolar entropy of the BaZr0.15Ti0.85O3
single crystals in the (110) orientation experience a greater change after the electric field is
applied, as shown in Figure 2b. Thus, the EC temperature change of (110)-oriented crystals can
be enhanced from the (001)-oriented crystals. For instance, when the electric field is changed
to 10 MV/m, the maximum EC temperature change is 1.64 ◦C.
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Figure 2. (a) Polarizations of (110)-oriented BaZr0.15Ti0.85O3 in the absence of an external electric
field. (b) Dipolar entropy and (c) adiabatic temperature change ∆T under different electric fields as a
function of temperature.

The trends of polarization, entropy, and the electrocaloric effect of (111)-oriented
BaZr0.15Ti0.85O3 single crystals are shown in Figure 3. The trend of polarization below
the Curie temperature, with P1 = P2 =0 and P3 6= 0, is shown in Figure 3a. Compared with
the dipolar entropies of the (001)- and (110)-oriented BaZr0.15Ti0.85O3 single crystals, the
dipolar entropy of the (111)-oriented BaZr0.15Ti0.85O3 single crystals under an external
electric field varies continuously across the Curie temperature, as shown in Figure 3b.
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Thus, the (111)-orientated BaZr0.15Ti0.85O3 single crystals possess a broader temperature
range for the large electrocaloric temperature change. For instance, when the electric
field is changed at 10 MV/m, the maximum EC temperature change can reach 1.91 ◦C,
while the EC temperature change is larger than 1.5 ◦C within the temperature range from
66 ◦C to 128 ◦C.
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Figure 3. (a) Polarizations of (111)-oriented BaZr0.15Ti0.85O3 in the absence of external electric field.
(b) Dipolar entropy and (c) adiabatic temperature change ∆T under different electric fields as a
function of temperature.

Finally, we compare the electrocaloric effects of the three orientations, as shown in
Figure 4. The EC temperature changes of BaZr0.15Ti0.85O3 single crystals in the three
orientations are shown in Figure 4a when the electric field is changed to 10 MV/m. The
maximum EC temperature change of the three orientations occurs at 66 ◦C. The maximum
EC temperature change of the (111)-oriented crystals is about 1.5 times that of the (001)-
oriented crystal, indicating that the electrocaloric effect becomes significantly enhanced.
It can be seen from Figure 4a that the (111)-oriented crystals exhibit a wider temperature
range with a large EC temperature response. The trend of the EC temperature changes
of BaZr0.15Ti0.85O3 single crystals with the three orientations at 25 ◦C over the electric
field are shown in Figure 4b. With the increase of the electric field, the EC temperature
changes of the three orientations all increase, where those of (110)- and (111)-orientations
are significantly higher than those of the (001)-orientation. The EC temperature change of
the (111)-orientation is about 1.9 times that of the (001)-orientation at 12 MV/m. Due to the
external applied electric field direction being the same as the polarization direction in (111)-
oriented BaZr0.15Ti0.85O3 single crystals, the polarization of (111)-oriented BaZr0.15Ti0.85O3
single crystals is easier to change compared with (001)- and (110)-orientations, as the
more polarization change lead to more entropy change, resulting in a larger electrocaloric
effect temperature change in (111)-oriented BaZr0.15Ti0.85O3 single crystals. This suggests
that the EC performance of the ferroelectric single crystals can be enhanced by choosing
suitable orientations.
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orientations. (a) As a function of temperature under an electric field change ∆E = 10 MV/m; (b) As a
function of an electric field at 25 ◦C.
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4. Conclusions

In conclusion, the polarization, the dipole entropy, and the electrocaloric temper-
ature changes of (001)-, (110)-, and (111)-oriented BaZr0.15Ti0.85O3 single crystals were
studied by developing the thermodynamic theory. The predicted results are in good
agreement with the experiments. Compared to the (001)- and (110)-orientations, the po-
larization of the (111)-oriented BaZr0.15Ti0.85O3 single crystals is greatly improved, where
the dipolar entropy further increases after the electric field is applied. Thus, (111)-oriented
BaZr0.15Ti0.85O3 single crystals exhibit excellent electrocaloric performance with a broader
work temperature range of large EC temperature changes, which provides insight into
enhancing the EC properties of ferroelectric single crystals in general.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma15197018/s1, Equation (S1): The thermodynamic potential
energy density of the (001)-oriented bulk ferroelectric, Equation (S2): The thermodynamic potential
energy density of the (110)-oriented bulk ferroelectric, Equation (S3): The thermodynamic potential
energy density of the (111)-oriented bulk ferroelectric.
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