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Abstract: The versatile electrocaloric (EC) behaviors of the (1-x)Pb(Mg1/3Nb2/3)O3-xPT (PMN-
100xPT) single crystal are closely related to the multiple phase transitions under the multiple fields of
electric field and temperature. In this work, the EC effect of <001>-oriented PMN-30PT single crystals
with chemical composition at morphotropic phase boundary has been studied during the phase
transformation process from the ferroelectric rhombohedral (R) phase to the tetragonal (T) phase.
Two consecutive negative EC peaks have been achieved for the first time. Based on the projection
of the EC effect in the electric field-temperature phase diagram, the relationship between the EC
behaviors and the phase transitions is further established. It was found that the monoclinic (M) phase
actually existed during the transformation from the R phase to the T phase, and the related R-M phase
transition and M-T phase transition could both induce negative EC peaks. Under the electric field
of E = 10 kV/cm, the first negative EC peaks induced by the R-M phase transition is at 57 ◦C with
∆Tmax = −0.11 K. And the M-T phase transition can produce a higher negative EC peak, and its
value can reach −0.22 K at 68 ◦C. Based on thermodynamic calculations, the relationship between
the entropy change in different phase transitions and the EC behaviors has been further elucidated.
The negative EC effect originates from the structural entropy increase in the electric field-induced
phase transition process. This work not only advances the research on the electrical properties of
relaxor ferroelectric single crystals but also provides a new insight into high-performance ferroelectric
materials design.

Keywords: electrocaloric effect; negative electrocaloric effect; phase transitions; phase diagram

1. Introduction

As the environmental crisis brought about by fluorine-containing greenhouse gases
becomes more and more serious, a new and frontier refrigeration technology that is en-
vironmentally friendly is extremely expected to replace conventional mechanical vapor-
compression refrigeration [1]. Among the many green refrigeration technologies, ferroelec-
tric refrigeration based on the electrocaloric (EC) effect is regarded as the most promising
alternative for the compressor due to its unparalleled advantages, such as environmental
friendliness, easy miniaturization, easy modulation, high conversion efficiency, low cost,
and zero emission [2]. The EC effect is the adiabatic temperature change (∆T) or the isother-
mal entropy change (∆S) resulting from the application or withdrawal of an electric field
(∆E) in polarizable materials.
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The EC effect was first observed in the 1930s by Kobeko and Kurtschoatov in Rochelle
Salt, but the small temperature difference did not receive widespread attention [3]. In
2006, Mischenko et al. achieved a giant EC effect with ∆T = 12 K near the ferroelectric–
paraelectric phase transition in PbZr0.95Ti0.05O3 thin films under the excitation of an ultra-
high electric field with ∆E = 480 kV/cm [4]. In 2008, Neese et al. also reported a giant
EC effect with ∆T = 12 K in P(VDF-TrFE)-based ferroelectric polymer thin films under
∆E = 3000 kV/cm [5]. These two works demonstrate the enormous application value of
ferroelectric refrigeration, which sparked a research boom in the EC field. Since then, sig-
nificant progress has been made in high-performance EC materials and ferroelectric refrig-
eration devices [6–11]. For example, Qian et al. prepared a polarized high entropy polymer
and achieved a significant giant EC effect with ∆S = 37.5 J kg−1 K−1 and ∆T = 7.5 K [11].
In 2023, Li et al. developed a ferroelectric refrigeration device that could generate a temper-
ature difference of 20 kelvin or 4.2 watts of cooling power [9]. These excellent works have
greatly promoted the practical application of ferroelectric refrigeration technology.

According to the temperature response of the ferroelectric material under an external
electric field, the EC effect can be further divided into positive EC effect and negative EC
effect; some jobs also refer to it as abnormal EC effect or inverse EC effect [12,13]. In the
normal case, the temperature of polar materials will increase (∆T > 0) when an electric field
is applied, i.e., positive EC effect. Both experiments and theories prove that the ultrahigh
positive EC peaks usually occur at the ferroelectric–paraelectric phase transitions, while the
negative EC effect indicates that the temperature of the material decreases (∆T < 0) when an
electric field is applied. Materials with a positive EC effect release heat into the environment
when an external electric field is applied and absorb heat from the environment when the
electric field is removed, while the heat exchange process for materials with negative EC
effects is the opposite. In 2011, the negative EC effect was first reported in bismuth sodium
titanate-based ferroelectric materials [12], which enriched the EC territory and physical
mechanisms. Up to now, the negative EC effect has been observed only in a very small
amount of materials, for example, the antiferroelectric materials [14,15], specially oriented
ferroelectric single crystal materials [13,16], and some materials with high rectangular
polarization loops [17,18]. Compared to the positive EC effect, the negative EC effect is
difficult to obtain, mainly because it is restricted by the conditions of the external field,
such as the temperature, electric field, and stress [13–21]. Recently, negative EC effects and
materials have attracted increasing attention because they could provide a new path to
improve the ferroelectric refrigeration performance by combining the positive EC effects in
a valid cooling cycle [22–24].

The (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-100xPT) single crystal is considered to be
a promising material for efficient solid-state cooling devices because of its coexistence of
positive and negative ECE, especially after a practical dual-refrigeration cycle combining
the positive and negative EC effect was proposed [22]. It demonstrates that the positive
and negative EC effects in PMN-100xPT single crystals with chemical composition at
morphotropic phase boundary (MPB) are attributed to their complex electric-field-induced
phase transition behavior. However, there is still controversy over the phase transition
process of PMN-100xPT single crystals at MPB. Some studies believe that the crystal
transforms from the initial ferroelectric rhombohedral (R) phase to the tetragonal (T) phase
and becomes the paraelectric cubic (C) phase above the Curie temperature under the
multiple fields of electric field and temperature [16]. Under adiabatic conditions, the phase
transition of the low-temperature R phase to the high-temperature T phase induced by
a non-collinear electric field can produce a negative EC peak [25], while the T-C phase
transition can produce a positive EC peak. However, some researchers who focus on the
piezoelectric properties of the relaxor ferroelectric single crystal have found that there was
an intermediate monoclinic (M) phase during the R-T phase transition [26–29]. If this is the
case, the traditionally considered R-T phase transition process will be divided into three
parts, namely, R-M phase transition, single ferroelectric M phase transition, and M-T phase
transition. In 2017, Wu and Cohen found a negative EC peak induced by R-MA phase
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transition via classical molecular dynamics [30]. But for the M-T phase transition, there
was a positive EC peak. However, the direct method results of the EC effect of PMN-30PT
single crystals showed that the negative EC peak was induced by the M-T phase transition,
which has a higher energy barrier, while there is no negative EC peak near the R-M phase
transition [31]. As for why these two phase transitions (R-M and M-T) only produce one
negative EC peak, the reasons are still unclear. Therefore, clarifying the physical mechanism
behind the behavior of the negative EC effect is of great significance for the study of EC
materials and the design of high-efficiency refrigeration cycles.

In this work, we explored the EC behaviors more delicately in <001>-oriented PMN-
30PT single crystals under the multiple fields of electric field and temperature field and
discovered the continuous negative EC peaks induced by the R-M and M-T phase tran-
sitions for the first time in this experiment. An electric field-temperature (E-T) phase
diagram was drawn based on the changes in the unipolar polarization. Moreover, through
phenomenological calculations and analysis, the close relationships between the negative
EC peaks and the phase transition are further established.

2. Experimental Procedure
2.1. Experimental Methods

The 0.7Pb(Mg1/3Nb2/3)O3-0.3PbTiO3 (PMN-30PT) single crystals, which were grown
by the Bridgman technique, were commercially purchased from the SICCAS High Technol-
ogy Corporation company. The PMN-30PT crystals were cut perpendicular to the <001>
direction into plates with a size of 5 mm × 5 mm × 1 mm. The crystal samples were
polished and coated with electrodes on both sides for subsequent electrical performance
testing. The crystals were pre-poled with a DC electric field of E = 2 kV/cm at room.
The dielectric properties of unpoled and pre-poled crystals were measured by an LCR
meter (Keysight E4980A, America) equipped with an automated temperature controller at
different frequencies (0.1, 1, 10, and 100 kHz) from room temperature to 250 ◦C with heating
ramp rates of 1 ◦C/min. The ferroelectric performance was characterized by a ferroelectric
analyzer (TF1000, aixACCT). The unipolar polarization–electric field (P-E) curves were
tested with intervals of 10 ◦C under an electric field with an intensity of 10 kV/cm and a
frequency of 1 Hz. The bipolar P-E loops were tested with intervals of 2 ◦C under the same
electric field conditions.

2.2. Phenomenological Theoretical Calculations

In order to elucidate the evolution process of crystal structure and related electrical
properties, phenomenological theoretical calculations have also been carried out based on
the following tenth-order Landau–Devonshire free energy model [32]:

G = α1J1 + α11J1
2 + α2J2 + α12J1J2 + α111J1

3 + α3J3 + α1111J1
4 + α13J1J3 + α22J2

2 + α122J1J2
2 − E1P1 − E2P2 − E3P3 (1)

where J1 = P1
2 + P2

2 + P3
2, J1 = P1

2P2
2 + P1

2P3
2 + P2

2P3
2 and J3 = P1

2P2
2P3

2 are the basis
invariants composed of the polarization components P1, P2, and P3; E1, E2, and E3 represent
the applied electric field strength; the α1, α11, α12, α111, α3, α1111, α13, α22, and α122 are the
dielectric stiffness coefficients, which are listed in Table 1.

Table 1. Values of the dielectric stiffness coefficients of the LGD potential model (1) [32].

Coefficients Numerical Values Units

α1 8.5602 × 104 × (T-359) − 5.1361 × 107 × (x − 0.255) C−2m2N
α2 3.6692 × 105 × (T-359) + 1.8205 × 109 × (x − 0.255) C−4m6N
α11 −7.5298 × 107 C−4m6N
α111 9.7853 × 108 C−6m10N
α12 −2.3065 × 109 C−6m10N
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Table 1. Cont.

Coefficients Numerical Values Units

α3 1 × 106 C−6m10N
α1111 3.7752 × 109 C−8m14N
α22 2.5 × 1010 C−8m14N
α13 4 × 108 C−8m14N
α122 1 × 109 C−10m18N

3. Results and Discussion
3.1. Effect of the Electric Field and the Temperature on Phase Transition

Figure 1a shows the dielectric constant and loss as a function of temperature for the
pre-poled <001>-oriented PMN-30PT single crystals. There are three dielectric anomaly
peaks at 89 ◦C, 97 ◦C, and 128 ◦C, indicating three phase transitions in the process. The
variable temperature X-ray diffraction (XRD) spectrum was tested to investigate the phase
transition process. However, the XRD spectrum showed orientation peaks but failed to
display crystal structure information, as shown in the illustration in Figure 1a. Figure 1b
demonstrated the polarization components (P1, P2, and P3) of the PMN-30PT single crystal,
which can be determined by solving the equilibrium Equation (1) with ∂G/∂Pi = 0 (i = 1, 2, 3).
When the temperature is low, the polarization parameter P1 = P2 = P3 > 0 shows that
the single crystal is in a ferroelectric rhombohedral (R) phase. As the temperature in-
creases, the crystal will sequentially transform into monoclinic (M, P1 ̸=P2 ̸=P3), tetragonal
(T, P3 > 0, P1 = P2 = 0), and cubic (C, P1 = P2 = P3 = 0) phases.
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The dielectric constant in Figure 1b was calculated as

χij =

(
∂2G

∂Pi∂Pj

)−1

, (2)

εij = ε0 + χij (3)

where χij is the component of dielectric susceptibility; εij is the component of dielectric
constants, and ε0 is the electric constant:8.85 × 10−12 C2/Nm2. Theoretical calculations
and experimental results of pre-poled <001>-oriented PMN-30PT are consistent. The
three dielectric anomalies in a dielectric constant curve, from low to high temperature,
correspond to the R-M, M-T, and T-C phase transition processes in sequence, which is
consistent with previous work [31].

In addition to temperature, the phase transition of <001>-oriented PMN-PT single
crystals is also closely related to the electric field. The phase transition induced by an
electric field can usually cause a sudden change in polarization, as shown in Figure 2. In
order to more accurately determine the critical electric field of the phase transition, the
change rate of the unipolar polarization with the electric field, i.e., dP/dE, is calculated at
different temperatures. As shown in Figure 2, at 30 ◦C, there is a peak at E = 10.5 kV/cm
in the polarization curve (red line) during the process of applying an electric field, which
represents the R-M phase transition. However, due to the hysteresis, the M phase re-
transforms to the R phase in the process of withdrawing the electric field at E = 4.1 kV/cm
(green line). The electric field-induced M-T phase transition first appeared at 55 ◦C. At
this time, R-M was induced by a lower electric field, and M-T was induced under a higher
electric field, thus realizing that the dP/dE peaks produced by the R-M and M-T phase
transitions could co-exist on the same curve. This result proves that the crystal needs to
undergo R-M and M-T two-phase transitions in the process of transforming from the initial
R phase to the T phase through a stable M phase under the multiple fields of electric field
and temperature. While near the T-C phase transition temperature (Tm in Figure 1a), there
will also be a sudden change in polarization and a dP/dE peak, indicating the C-T transition
under the action of an electric field, as shown in Figure 2m–p.

According to the peak position of dP/dE at different temperatures, an electric field-
temperature (E-T) phase diagram is drawn, as shown in Figure 3. Regardless of the R-M
phase transition or the M-T phase transition, the phase boundary in the E-T phase diagram
is a linear phase boundary with a negative slope. This shows that their phase transition
temperature decreases linearly with the increase in the electric field, while the phase
transition temperature of the T and C phases increases nonlinearly with the increase in
electric field. The T-C phase boundary in the E-T phase diagram has a positive slope.

3.2. The Relationship between the EC Behaviors and the Phase Transitions

Figure 4a shows the bipolar polarization versus electric field (P-E) loops of <001> PMN-
30PT single crystals measured at different temperatures. In the entire test temperature
range from room temperature to 160 ◦C, the samples exhibit typical ferroelectric phase
hysteresis loops with high squareness and high polarization with Pmax > 27 µC/cm2. The
shape and value of the hysteresis loop prove that the crystal is always in the ferroelectric
phase. In order to further clarify the change law of polarization with temperature, the
polarization is counted under different electric fields at different temperatures, as shown
in Figure 4b. Here, we take the remanent polarization (Pr) as an example to introduce
the polarization behavior of the <001> PMN-30PT single crystals. In the range of room
temperature to 60 ◦C, Pr decreases linearly with increasing temperature. Combined with
the previous research [31], it can be seen that the single crystal is a single ferroelectric R
phase in this temperature range. While between 60 and 73 ◦C, the polarization increases
with the increase in temperature.
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electric field strength from 0 to 10 kV/cm at 1 kV/cm intervals.

According to previous studies [31,32], this polarization behavior indicates the occur-
rence of R-M phase transition induced by non-collinear electric field, which is similar to
the transition from antiferroelectric (AFE) to ferroelectric (FE) phase in the antiferroelectric
field [14] or from low-temperature ferroelectric phase to high-temperature ferroelectric
phase transition induced by the non-collinear electric field in the BaTiO3 single-crystal
material [13]. As the temperature further increases, the M phase tends to be stable in the
late stage of the R-M phase transition. Although the R-M phase transition still increases
the polarization, the polarization of the ferroelectric M phase decreases with increasing
temperature. Under the competition of these two mechanisms, a plateau area with a nar-
rower temperature zone of polarization is formed between 75 and 80 ◦C. Subsequently,
the polarization ushered in another increase (80–93 ◦C) as the temperature continued to
rise, which was induced by another phase transition, that is, the M-T phase transition.
When the temperature is higher than 95 ◦C, the polarization decreases as the temperature
increases due to the depolarization of the ferroelectric T phase in the temperature field.
Based on the above analysis, the evolution process from the R phase to the T phase under
the temperature field can be divided into the following five parts, which are R phase,
R-M phase transition, M phase, M-T phase transition, and T phase in succession. Among
them, the depolarization of the ferroelectric R, M, and T phases causes the polarization to
decrease with increasing temperature, but the R-M and M-T phase transitions induce the
polarization to increase.
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In addition to temperature, the polarization behavior is also very dependent on the
electric field. The characteristic change points of polarization all move toward lower
temperatures with the increase in electric field, which are consistent with the R-M and
M-T phase transitions in Figure 3. In addition, under a low electric field, the polarization
plateau generated by the M phase can separate the increased polarization regions induced
by the R-M and M-T phase transitions. But as the electric field increases, the platform
becomes less and less obvious until it disappears. So when the electric field is E = 10 kV/cm,
the original two separate areas of increased polarization merge together. The evolution
process of polarization can only be divided into three regions: polarization reduction area
for the depolarization in a low-temperature R phase, the polarization increase area caused
by phase transformation from R phase to T phase in the middle-temperature range, and
polarization decrease area for the depolarization in high-temperature T phase.

The derivative of polarization with temperature under different electric fields,
i.e., pyroelectric coefficient (∂P/∂T)E-T, curves are calculated to study the R-M and
M-T phase transitions under the action of the electric field more clearly, as shown in
Figure 4c. Under each electric field, there are two positive peaks in the (∂P/∂T)E-T
curve. The low-temperature peak is induced by the R-M phase transition, and the high-
temperature peak is induced by the M-T phase transition. As the electric field increases,
the peaks generally move toward the low temperature, and the peak values decrease.

Generally, the decrease in the polarization with the increase in temperature can pro-
duce a positive EC effect. And on the contrary, the increase in polarization can induce a
negative EC effect. Based on the thermodynamic Maxwell relation (∂S/∂E)T = (∂P/∂T)E,
the adiabatic temperature change, ∆T of <001>-oriented PMN-30PT single crystals are
calculated using the following formula:

∆T = − T
Cρ

∫ E2

E1

(
∂P
∂T

)
E

dE (4)

where T is the sample temperature; C is the heat capacity under the electric field, which is
given elsewhere [22]; ρ is the density measured by Archimedes’ method; E1 and E2 are the
initial and final applied electric fields, respectively; (∂P/∂T)E is the pyroelectric coefficient
given in Figure 4c.

Figure 4d plots the complex EC behaviors of <001>-oriented PMN-30PT single crystals
under the multiple fields of temperature and electric field. As the temperature rises,
the ∆T behaviors generally follow the trend of positive→negative→negative→positive.
Under low-temperature conditions, the positive EC effect originates from the polarization
elongation in the pure R phase under the adiabatic condition, and its value increases as the
electric field increases. When the electric field is 10 kV/cm, the value of ∆T can reach 0.08 K
at room temperature. As the temperature increases, ∆T gradually changes from a positive
value to a negative value. The first valley of ∆T (negative EC peak) is induced by the R-M
phase transition. The position of the valley moves to low temperature, and the value of
the EC effect (the absolute value of ∆T) becomes larger as the electric field increases. For
example, the EC effect reaches its peak value with ∆T = −0.04 K at 65 ◦C with E = 1 kV/cm
and ∆T = −0.11 K at 58 ◦C with E = 10 kV/cm, respectively.

After the R-M phase transition, the negative ∆T has decreased (E ≤ 4 kV/cm) due to
the positive EC effect induced by the M phase. As the electric field strength increases, the
two negative EC peaks gradually merge, which represents that the two-phase transitions of
R-M and M-T (especially the M-T phase transition) will jointly compress the living space of
the M phase and make the M phase unstable. In the previous reports using the Maxwell
relation [16], there was only one negative EC peak within the test temperature range with
∆E = 10 kV/cm, which may also be the reason. As the temperature further increased,
another ∆T valley was induced by the M-T phase transition. Similarly, the position and
value of the valley strongly depend on the magnitude of the electric field. As the electric
field increases from 1 kV/cm to 10 kV/cm, the position of the valley decreases from 83 ◦C
to 68 ◦C, and the value of the valley increases from −0.06 K to −0.22 K. After the M-T
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phase transition, the crystal steps into the pure ferroelectric T phase, and the ∆T turns into
a positive value.

Theoretical calculations show that there are also two negative EC peaks in <011>-
oriented BaTiO3 single crystals [13], induced by R-O phase transition near −90 ◦C and O-T
phase transition near 10 ◦C. Compared with <011>-oriented BaTiO3 single crystal, the two
negative EC peaks of <001>-oriented PMN-30PT single crystal are consecutive, which is con-
ducive to expanding the temperature range of negative EC effect and making it more suit-
able for combining positive and negative EC effects to improve refrigeration performance.

3.3. EC Behaviors and Physical Mechanisms

In order to establish the relationship between the EC behaviors and physical mecha-
nisms, the (∂P/∂T)E and ∆T are projected in the E-T phase diagram, as shown in Figure 5.
For the (∂P/∂T)E, the first peak appears at the R-M phase boundary, and the second peak
depends on the M-T phase boundary at the low electric field. Under a high electric field,
the peak positions slightly deviate from the phase boundaries toward a high temperature.
This is mainly because the contribution of polarization elongation in pure M phase or
T phase gradually increases, driven by the high electric field. The peaks of ∆T are also
associated with the phase boundaries at low electric fields. However, as the electric field
increases, the peak positions will deviate from the phase boundaries, and the deviation
is even greater than that of the (∂P/∂T)E. For the electric field-induced phase transition,
the phase transition temperature will move toward low temperature with the increase in
the electric field, so the superposition in the calculation process of the ∆T will increase the
degree of deviation at the high electric field.
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According to Maxwell relation and Equation (4), the EC behaviors are the manifesta-
tions of entropy change (∆S) under multiple fields of electric field and temperature [23].
Figure 6 depicts the intrinsic relationship between free energy, dipolar entropy (S), and ∆S,
as well as the ∆T based on the LGD potential model (1). Figure 6a shows the polarization
parameter P3 along the direction of the electric field with E = 0 and E = 1 kV/cm. Figure 6b
depicts the total free energy of PMN-30PT single crystal under different electric fields. As
the temperature rises, the material changes from the initial R phase to the M phase and T
phase successively and finally stabilizes to the C phase, as shown in Figures 1 and 6a, and
the free energy continues to increase throughout the process. The external electric field will
reduce the free energy of the material. Based on the equation S(E, T) = −[(∂GE,T/∂T)]E [23],
the S and ∆S were calculated, as shown in Figure 6c,d. When the crystal is in the R phase,
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the S(E = 0,Ti) > S(E = 1,Ti), which indicates that the addition of an electric field can induce
a decrease in entropy (∆S < 0). During the R-M-T phase transition stage, the electric field
induces S increase (∆S > 0). At the R-M and M-T phase transitions, ∆S exhibits two positive
peaks, as shown in the enlarged illustration in Figure 6d. Near the T-C phase transitions, the
electric field can induce S reduction, resulting in a distinct positive peak on the ∆S curve.
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Figure 6e shows the ∆T, which is calculated as [23]

∆T = Ti exp
{
− 1

C

[
S(E f , Tf )− S(Ei, Ti)

]}
− Ti (5)

where Ti and Tf are the temperatures. The type of EC effect (negative or positive) depends
on the relationship (cooperative or antagonistic) between the temperature or electric field
on S. Based on Equation (5), it is apparent that the magnitude and nature of the EC effect
are contingent upon the magnitude and nature of ∆S. In the pure ferroelectric phases,
R (rhombohedral), M (monoclinic), and T (tetragonal), the rise in temperature induces an
increased disorder, resulting in a marginal increase in material entropy. Conversely, the
application of an electric field-induced polarization order leads to a slight reduction in
material entropy. Consequently, the antagonistic relationship between temperature and
electric field restricts the ferroelectric phase’s ability to generate a substantial increase in
entropy, thereby inducing a small positive EC effect, while the phase transition-induced
∆S exhibits a significantly larger magnitude, resulting in a substantially greater ∆T value
than that observed in the corresponding pure ferroelectric phase. During the R-M or
M-T phase transitions, the electric field further induces a transition from low-temperature
(low-entropy) phases to high-temperature (low-entropy) phases, as depicted in Figure 3,
thereby facilitating an increase in entropy. Consequently, the electric field-induced R-M
and M-T transitions manifest as two negative EC peaks. Conversely, during the T-C phase
transition, the rise in temperature promotes the transformation from the T phase to the
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C phase. However, the electric field stimulates the transition from the C phase to the T
phase, resulting in an entropy reduction process, whereby the material dissipates heat to
the environment, thus generating a positive EC peak. The magnitude of ∆T is contingent
upon the value of ∆S. The relationship between the absolute values of ∆T generated by
the R-M, M-T, and T-C transitions follows the pattern |∆TT-C| > |∆TM-T| > |∆TR-M|, as
dictated by the |∆S| relationship.

Due to the ∆S peak generated by phase transition, the ∆T peak usually appears near
the phase transition. Due to the participation of the electric field, the peak position usually
deviates from the dielectric phase transition temperature. Near the phase transition from
the low-temperature phase to the high-temperature phase, the peak temperature of the
negative EC peak is usually lower than the dielectric phase transition temperature. While
near the phase transition from the high-temperature phase to the low-temperature phase,
the peak temperature of the positive EC peak is usually higher than the dielectric phase
transition temperature.

4. Conclusions

In summary, we characterized the ECE behaviors of <001>-oriented PMN-30PT single
crystals under the multiple fields of electric field and temperature, and two consecutive
negative ECE peaks have been found for the first time. By mapping the ∆T onto the
E-T phase diagram, the relationship between the micro mechanism and EC response is
further clearly established. It was found that the two consecutive negative ECE peaks
originated from the R-M and M-T phase transitions, which reach their extreme values with
∆Tmax = −0.11 K at 57 ◦C and ∆Tmax = −0.22 K at 68 ◦C, respectively. In addition, based on
thermodynamic calculations, the relationship between the entropy behavior of each micro
mechanism and the EC behavior has been depicted. The negative EC effect originates from
the entropy increase in the electric-field-induced phase transition process. The entropy
difference between the two phases determines the magnitude of the EC peaks. The positive
or negative EC is related to the influence relationship of electric field and temperature on
microstructural changes. When the electric field and temperature have the same response to
the microstructure, the change in microstructure can produce a negative EC effect. If there
is an opposite response, a positive EC effect will be induced. Our work provides deeper
insight into the physical mechanism and corresponding EC behaviors in high-performance
relaxor ferroelectric single crystal, which can promote the research progress in the related
EC and piezoelectric fields.
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