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Multidomain relaxor-based ferroelectric single crystals (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-PT) have
extraordinarily large electromechanical properties, but the origin of their giant piezoelectric properties is
still not well understood. The Landau-like phenomenological theory is a feasible tool to study domain
structures and their correlation with piezoelectric effects, but so far no expansion coefficients have been
measured due to the phase mixture complication involved. In this work, the Landau free-energy expansion
parameters for 0.70Pb(Mg1/3Nb2/3)O3-0.30PbTiO3 (PMN-0.30PT) single crystal were determined from the
temperature-dependent polarization-electric field (P -E) hysteresis loops along [001]C and [011]C directions, and
the rhombohedral (R) to tetragonal (T ) phase-transition temperature. Using the obtained parameters, ferroelectric
and dielectric properties were quantitatively calculated and compared with experiments. Good agreement was
achieved in the temperature regions of T and R phases, but deviations were found in the cubic-phase temperature
region since the contribution of polar nanoregions was not considered. In the phase-coexistence region from
73 to 93 ◦C, the polarization and dielectric constant can be quantitatively explained with the volume fractions
of the coexisting R and T phases predicted by the canonical distribution. These obtained parameters can help
theoretical studies and simulations of these relaxor-based ferroelectric single crystals to reveal the correlation
between domain microstructures and the origin of giant electromechanical properties of multidomain PMN-PT
single crystals.
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I. INTRODUCTION

Relaxor-based ferroelectric single crystals with remarkable
electromechanical performance have been extensively studied
over the past two decades owing to their wide applications in
ultrasonic medical imaging, large strain actuators, sensors, and
other electromechanical devices [1–3]. In particular, [001] di-
rection poled (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-xPT)
single crystals with engineered domain structures show giant
piezoelectric response (d33 > 2000 pC/N) and very high
electromechanical coupling factor (k33 > 90%). The highest
piezoelectric properties were found in compositions near the
morphotropic phase boundary (MPB), i.e., with the PT content
ranging from about 0.31 to 0.35 [4–8]. The large effective
piezoelectric response was attributed to the easy rotation of
polarization in the MPB composition, in which rhombohedral
(R) and tetragonal (T ) phases coexist or bridging monoclinic
(M) phases appear [9–11].

The Landau thermodynamic theory has been proven effec-
tive to study the dielectric and piezoelectric responses, as well
as the polarization rotation and domain formation in classical
ferroelectrics, such as BaTiO3 and PbTiO3 [12–14]. However,
there is still no quantified Landau free energy to describe the
relaxor-based ferroelectrics for better understanding of their
physical properties. Although the Landau theory failed to
describe diffusive dielectric properties in relaxor ferroelectrics
because of the polar nanoregions, it still can be adopted
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to describe the behaviors of relaxor-based ferroelectrics in
the ferroelectric states, i.e., it works well in the temperature
region below the paraelectric-ferroelectric phase transition.
The challenge is to experimentally determine the expansion
coefficients because two phases usually coexist in the MPB
compositions. To date, there are only two attempts in the
literature on this issue, but the theoretical predictions based
on those published Landau parameters did not fit well with
experimental results [15,16]. In general, the Landau expan-
sion parameters can be extracted from typical polarization
switching behaviors around phase-transition temperatures,
since the P -E loops show different features as the crystal
goes through a field-driven phase transition [17,18]. For
example, typical double-hysteresis loops exist around the
paraelectric-ferroelectric phase-transition temperature, which
can be used to extract the parameters along the [001]C direction
[19,20]. Other parameters can also be fitted by using the
Landau expansions along particular orientations. In principle,
we could cut crystals along the [001]C, [011]C, and [111]C

directions to extract the complete set of Landau expansion
parameters, but the task involves many technical complications
and uncertainties.

In order to meet the theoretical conditions, single-domain
state must be used to avoid contributions of internal stresses
and domain walls. For crystals with [001]C orientation, we
applied a high electric field (usually larger than two times the
coercive field) near the tetragonal to cubic (C) phase-transition
temperature to avoid the presence of tetragonal a/c domains.
Similarly, we induced tetragonal to orthorhombic (O) phase
transition using a large field along the [011]C direction. For
the rhombohedral phase, it is almost pure in the temperature
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FIG. 1. Phase diagram of PMN-xPT system given by Noheda
et al. [8].

region from −250 ◦C to room temperature for the PMN-
0.30PT according to the phase diagram as shown in Fig. 1
[8], which can be used for extracting the parameters related
to the [111]C direction [21]. Thus, a set of Landau expansion
parameters for PMN-0.30PT can be obtained by analyzing the
double loops around the cubic to tetragonal and orthorhombic,
and tetragonal to rhombohedral phase transitions. To verify
the obtained parameters, we calculated the dielectric constant
and polarization in a wide range of temperature within the
ferroelectric phase state and compared with experimental
results. Finally, the room-temperature orientation-dependent
piezoelectric responses were theoretically calculated and
compared with experimental results.

II. EXPERIMENTS AND FITTING PROCEDURE

The PMN-0.30PT single crystal was grown by the modified
Bridgeman method, and the samples were oriented by the
Laue x-ray machine and cut into 4 mm × 4 mm × 0.5 mm
plates. To eliminate the oxygen defects, all the samples were
annealed at 600 ◦C for 1 h before further processing. The
PT content was defined by comparing the Curie temperature
tc with the phase diagram given by the synchrotron x-ray
powder diffraction [8]. Two kinds of plates were prepared.
One (plate #1) is for the measurement of dielectric constant
ε33 and P -E loops along the [001]C direction with gold
electrodes sputtered onto the (001)C faces. The other (plate
#2) is poled along the [110]C direction with gold electrodes
on the (110)C faces. To measure the dielectric property, plate
#1 was poled under an electrical field of 15 kV/cm for
15 min at room temperature. Domain configurations were
determined by polarizing light microscopy (Zeiss Axiokop40)
with crossed polarizer/analyzer (P/A) pairs based on the
extinction position of the domains and the orientation of the
domain walls. The dielectric constant ε33 was measured from
room temperature to 200 ◦C using an LCR meter (Agilent,
E4980A) with the heating rate of 2 ◦C/ min at frequencies
of 100 Hz, 1 kHz, and 10 kHz. After the measurement of
dielectric constants, the crystal was slowly cooled down to
room temperature, then put into a silicon oil bath for the
measurement of the P -E loops using the Precision Premier
II system (Radiant Tech, USA). For both samples, the tested

FIG. 2. Temperature-dependent polarization and dielectric con-
stant at different frequencies. Inset figures are hysteresis loops along
[001]C at temperatures of 64, 75, and 100 ◦C.

electric field is sinusoidal with the maximum field magnitude
of 10 kV/cm at 0.1 Hz, which ensures the polarization to be
fully reversed in each cycle. Verifications of the single-domain
states for these samples are given in the Appendix. The
temperature-increasing steps were set differently near and
far away from the phase-transition temperatures. From room
temperature to 65 ◦C, the temperature step was 5 ◦C; around
the R-T phase-transition temperature of 73 ◦C, i.e., from 65
to 75 ◦C, the temperature step was 1 ◦C; from 75 to 120 ◦C,
the temperature step was 5 ◦C. Near the tetragonal to cubic
phase-transition temperature of about 132 ◦C, i.e., from 120 to
145 ◦C, the temperature step was 1 ◦C. All data were recorded
after the temperature in the oil bath became stable.

The Landau phenomenological theory with the free energy
up to sixth-order expansions in polarization was used in
this work. We should note that although free energy with
eighth-order expansions is needed to allow the presence of M

phases, it is not possible to determine uniquely the eighth-
order expansion coefficients using available experiments.
Furthermore, both the R and T phases can be easily distorted
to M-like phases due to internal stresses from the interface
mismatch of coexisting phases, so M phases may not be an
intrinsic phase [22]. We found that it is sufficient to describe
all experimental phenomena in the ferroelectric state using the
free energy up to the sixth-order expansion Landau theory.

The temperature-dependent polarization and dielectric con-
stant of a [001]C poled PMN-0.30PT single-crystal plate
were measured in the heating process. As shown in Fig. 2,
there are four temperature regions, corresponding to different
polarization and dielectric susceptibility states. Here, we
mainly focus on the ferroelectric state, i.e., the R state, T

state, and coexistence of R and T states. The inset figures
are hysteresis loops along [001]C at different temperatures.
At 64 and 100 ◦C, the crystal shows typical loops of R and
T phases, respectively. At 75 ◦C, the crystal shows a phase
transition under a large electric field, which indicates the
rotation of polarization from [111]C to [001]C. The measured
phase-transition temperatures were slightly different because
two isolated measurement systems were used, although they
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FIG. 3. Theoretical fittings of [001]C-oriented PMN-0.30PT hysteresis loops at temperatures of (a) 132 ◦C, (b) 138 ◦C, and (c) 140 ◦C.
Single-domain state at 132 ◦C was verified by using the polarizing light microscopy as inset in (a).

matched quite well over the whole measured temperature
range.

A. Double-hysteresis loops along [001]C

Since the Landau parameters can be determined from
typical polarization switching behaviors around the phase-
transition temperatures, we will first focus on the electric-field-
induced double-hysteresis loops around the T → C phase
transition temperature (tc). As expected, the crystal (plate
#1) showed a typical single loop under an electric field
below the phase-transition temperature. When the temperature
approached tc, double loops were observed. In our case, the
double loop initially occurred at t1 = 132 ◦C, at which the
cubic phase was transformed into the tetragonal phase by
the applied electric field [11]. For the tetragonal phase, the
free energy can be simplified as a function of the polarization
component P3:

G001 = α1P
2
3 + α11P

4
3 + α111P

6
3 −E3P3. (1)

The relationship between the applied electric field E3 and
the polarization P3 along [001]C can be expressed as

E3 = ∂G001/∂P3 = 2α1P3 + 4α11P
3
3 + 6α111P

5
3 . (2)

The observed double-hysteresis loops in a certain temper-
ature range indicate the contributions of high-order terms as
shown in Fig. 3. The final single-domain states at different
temperatures under a large electric field were verified by using
the polarizing light microscopy (PLM) as described in the
Appendix. Since all results are similar, PLM results at 132 ◦C
under an electric field of 3 kV/cm were inset in Fig. 3(a) as a
showcase. Because the behavior of polarization with respect to
the electric field is determined by the coefficients α1, α11, and
α111, those double-hysteresis loops can be used to obtain these
three coefficients by fitting the measured loops. The obtained
parameters at different temperatures are listed in Table I.
Here, α1 is linearly dependent on temperature and can be ex-

TABLE I. Parameters obtained by fitting the [001]C loops of
PMN-0.30PT at three typical temperatures.

t (◦C) 132 138 140

α1(106 m/F) 1.470 1.832 2.033
α11(108m5/C2F) −0.5000 −0.5000 −0.5025
α111(109m9/C4F) 0.5567 0.5571 0.5567

pressed as α1 = α0(t − t0), with α0 = 0.745 × 105(m/F ◦C),
where t and t0 are ambient temperature and Curie-Weiss
temperature, respectively. The corresponding Curie constant
is Cr=1/2ε0α0=7.584 × 105◦

C, which is of the same order of
magnitude for displacive ferroelectrics [23]. The parameters
α11 and α111 are almost temperature independent.

B. Hysteresis loops along [011]C

The parameters α12 and α112 cannot be obtained in the
orthorhombic phase with the assistance of electric field along
[011]C at a temperature slightly higher than tC. Thus, we heated
plate #2 up to 120 ◦C with a temperature step of 5 ◦C, then with
a temperature step of 1 ◦C when the temperature is higher than
120 ◦C. Typical hysteresis loops obtained from plate #2 are
shown in Fig. 4. In order to reach the single-domain state, we
applied an electric field large enough to make sure that the O

phase appears in the hysteresis loop. We should note that the
polarization vector in the T phase is smaller than that in the O

phase, which can be used to verify the phase state. Additional
verification of the single-domain state was carried out using
PLM as shown in the Appendix. Results at 132 ◦C under an
electric field of 3.5 kV/cm were selected as a showcase and
inset in Fig. 4(c).

At 128 ◦C, the crystal is in the tetragonal state when
the applied electric field is lower than 0.4 kV/cm. Under
the electric field of 0.4 kV/cm, the crystal goes through a
very sharp T → O phase transition. With further increase
of the electric field, stable O phase state gradually formed
as shown in Fig. 4(a). With the increase of temperature, the
T phase becomes unstable and suddenly disappears at the
critical temperature, as what happened in the [001]C case.
At 132 ◦C, PMN-0.30PT shows the typical P -E curve for an
initial T phase and a sudden T -O phase transition with the
assistance of a large electric field along [011]C. The zero-field
polarization along [011]C at 132 ◦C is 13.35 μC/cm2, about
1/

√
2 of [001]C polarization (18.30 μC/cm2), which indicates

the initiation of the tetragonal phase at this stage. With further
increase of the temperature, paraelectric phase dominates, but
field-induced phases can also be formed. As shown in Fig. 4(c),
at 137 ◦C the formed O phase indicates a direct transition from
the cubic to orthorhombic phase. By numerically fitting the
induced O phase data, two combinations of Landau expan-
sion parameters can be obtained: αO

11 = 0.3781×108m5/C2F
and αO

111 = 0.4724 × 109m9/C4F, respectively [19]. Then,
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FIG. 4. Hysteresis loops of [011]C-oriented PMN-0.30PT at (a) 128 ◦C, (b) 132 ◦C, and (c) 137 ◦C. Single-domain state at 137 ◦C was
verified by using the polarizing light microscopy as inset in (a).

from the relations of αO
11 = 1

2α11 + 1
4α12 and αO

111 = 1
4 (α111 +

α112), we can extract the two expansion parameters α12 =
−0.5125 × 108m5/C2F and α112 = 1.3333 × 109m9/C4F.

C. Parameter α123 determined by R → T phase transition

Following the same procedure, α123 was supposed to be
found in the [111]C-oriented hysteresis loops. To decrease the
number of used samples, we use an alternative way, which
is to numerically equate the free energies of the R and T

phases following the same method adopted by Haun et al.
[24]. In plate #1, the R → T phase transition temperature
obtained from the remnant polarization-temperature curve is
about 73 ◦C as shown in Fig. 2, which is close to the value
given by the phase diagram (tR-T = 77 ◦C) [8]. Since 73 ◦C
is a phase-transition temperature from fully poled 4R state
to newly formed 1T phase state, it is a rather sharp phase
transition, as illustrated in the polarization and dielectricity
curves in Fig. 2. The parameter α123 thus was determined to
be 0.24 × 109m8/C4F by equating the free energies of the R

and T phases at 73 ◦C.

III. LANDAU PHENOMENOLOGICAL MODEL

In order to verify the obtained expansion parameters, we
calculated the polarization and dielectricity in a wide range
of temperature based on the Landau phenomenological theory
with the parameters determined only by the high-temperature
hysteresis loops and R-T phase-transition temperature of
73 ◦C. Under an external electric field E of arbitrary direction,
the classical Landau-Devonshire free-energy expansions with
internal stress Xi and polarization Pi as the primary and
secondary order parameters can be expressed as [22,24]

G = α1

(
P 2

1 + P 2
2 + P 2

3

) + α11

(
P 4

1 + P 4
2 + P 4

3

)
+α12

(
P 2

1 P 2
2 + P 2

2 P 2
3 + P 2

3 P 2
1

)
+α111

(
P 6

1 + P 6
2 + P 6

3

) + α112
[
P 2

1

(
P 4

2 + P 4
3

)
+P 2

2

(
P 4

3 + P 4
1

) + P 2
3

(
P 4

1 + P 4
2

)] + α123P
2
1 P 2

2 P 2
3

− 1
2 s11

(
X2

1 + X2
2 + X2

3

) − s12(X1X2 + X2X3 + X3X1)

− 1
2 s44

(
X2

4 + X2
5 + X2

6

) − Q11
(
X1P

2
1 + X2P

2
2 + X3P

2
3

)
−Q12

[
X1

(
P 2

2 + P 2
3

) + X2

(
P 2

3 + P 2
1

) + X3

(
P 2

1 + P 2
2

)]
−Q44(X4P2P3 + X5P1P3 + X6P2P1)

−E1P1 − E2P2 − E3P3, (3)

where sij and Qij are the elastic compliances and electrostric-
tive coefficients, respectively. The elastic compliances sij for
PMN-0.30PT were taken from Ref. [25].

The electrostrictive coefficients Qij for x = 0.30 can be
obtained by fitting the spontaneous strains to the values given
by the synchrotron x-ray powder diffraction [8] with obtained
polarization. The strains in the tetragonal phase are S1 = S2 =
Q12 P 2

3 , S3 = Q11 P 2
3 , and S4 = Q44 P 2

3 , corresponding to
the strain S1 = S2=(aT − a′

C)/a′
C , S3 = (cT − a′

C)/a′
C , and

S4 = 1 − α
90 given by the synchrotron x-ray powder diffrac-

tion, respectively [21,24]. aT and cT are the lattice constants
of the tetragonal structure, a′

C is the lattice constant of the
cubic structure extrapolated into the tetragonal region, and
α is the tilting angle of the crystal structure [21,23]. The
obtained temperature-independent electrostrictive coefficients
are Q11 = 0.055m4/C2, Q12 = −0.023m4/C2, and Q44 =
0.0315m4/C2, which are in good agreements with the results
given in Ref. [26] with Q11 = 0.0555m4/C2 and Q12 =
−0.023m4/C2 for the T phase, and Q44 = 0.020m4/C2 for
R phase of room-temperature PMN-0.30PT. The value of
Q44 in our fitting is about 1.58 times the value in Ref. [26].
The difference may come from the different polarization of
the R phase at room temperature. The polarization given in
Ref. [26] is about 24 μC/cm2, which is higher than our results
(about 22 μC/cm2 from our experiment and 20 μC/cm2 from
the theoretical calculation). With the obtained electrostrictive
coefficients, the comparison between theoretical fittings and
experimental values of normal strains S1, S2, and shear
strain S4 are given in Fig. 5, and are in good agreement.
Due to the lack of experimental results on the temperature-
dependent strain, the elastic compliances were taken from
Ref. [26]. All parameters used for PMN-0.30PT are listed in
Table II.

Up to now, we extracted the full set of the six-order
Landau free-energy expansion parameters directly using the
high-temperature P -E hysteresis loops along the [001]C and
[011]C directions and the rhombohedral (R) to tetragonal (T )
phase-transition temperature. The electrostrictive coefficients
were obtained by fitting the strain given by the synchrotron
x-ray powder diffraction and the polarization measured in our
experiments, and also verified with the results obtained by
using the resonance method.

In the next section, the polarization and dielectricity in the
whole temperature range will be calculated and compared with
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FIG. 5. Experimental and theoretical calculated strains for PMN-
0.30PT and PMN-0.31PT single crystals.

the experimental results. In addition, phase coexistence in the
temperature range from 73 to 93 ◦C will be considered with an
estimation of the existing R and T volume fractions.

IV. PHASE COEXISTENCE AND PHYSICAL PROPERTIES

The polarization vector in different ferroelectric states can
be determined by using the equilibrium conditions ∂G/∂Pi =
0 (i = 1,2,3). As illustrated in Ref. [22], there is an obvious
phase-coexisting region near the phase transition, especially
for phases with similar free energies. In this case, R and T

phases may coexist in the temperature range from 73 to 93 ◦C
since significant differences between the calculated results and
the experimental results were observed. To better understand
the increase of the dielectric constant and the decrease of
polarization, we first verified the phase stability using the
Hessian matrix [27,28], and calculated the free-energy surfaces
with coexisting R and T phases as shown in Fig. 6. With
an arbitrary spatial polarization as a function of angles θ

and ϕ [as schematically shown in the inset of Fig. 6(a)], the
coexistence of R and T phases was confirmed in the energy
surface [Fig. 6(b)]. To better illustrate the phases’ coexistence,
the representative free-energy surfaces in the (110) plane (ϕ =
π/4) as a function of angle θ (0.5 � θ � 1.5π , where θ = 0
corresponds to the [001]C direction) are shown in Fig. 6(c)
at various temperatures, which illustrates the coexistence of R

and T phase at 75 ◦C and the instability of the R phase with the

TABLE II. Landau parameters and tetragonal phase elastic
constants sij and Qij .

Parameters of PMN-0.30PT

t0 (◦C) 112.7 ◦C Q11 (m4/C2) 0.055
C(105 ◦C) 7.584 Q12 (m4/C2) − 0.023
α0(105 m/F◦C) 0.745 Q44 (m4/C2) 0.0315
α1(105 m/F) 0.745×(t − 112.7 ◦C) s11 (10−12m2/N) 39.7
α11(108m5/C2F) −0.5000 s12 (10−12m2/N)) − 32.1
α12(108m5/C2F) −0.5125 s13 (10−12m2/N) − 4.7
α111(109m9/C4F) 0.5567 s33 (10−12m2/N) 10.8
α112(109m9/C4F) 1.333 s44 (10−12m2/N) 12.9
α123(109m9/C4F) 0.24 s66 (10−12m2/N) 15.2

FIG. 6. (a) Schematic of arbitrary spatial polarization as a
function of angles θ and ϕ, (b) energy surface of coexisting R and T

phases, and (c) the angular variation of free energy of R and T phase
at 75, 85, and 93 ◦C.

increase of temperature. At 93 ◦C, the energy profit is flatter
than those at 75 and 85 ◦C, indicating a lower phase-transition
barrier between the T and R phases. In this case, the R phase
is metastable and can be easily rotated into the T phase by an
external field [29].

To better describe the physical properties, phase-volume
ratio should be estimated for the phase-coexisting region from
73 to 93 ◦C. Based on the canonical distribution within the
framework of statistical mechanics, the distribution function
of the unit cell being in the energy level Ei can be written as
[22]

γi ∝ exp

(
−GiVi − G0V0

kt

)
, (4)

where k is the Boltzmann constant, t is temperature. Gi is
the system free-energy densities for the ith low-temperature
structural phase with volume Vi . G0 and V0 are the ground-
state energy density and volume, respectively. The volume Vi

refers to the occupation of each phase and can be expressed
as Vi = nivi , with ni being the total number of unit cells for
each domain, and vi the volume of each cell. We first consider
the R and T phases in PMN-0.30PT. The volume fraction is
fi = γi/(γR + γT ) with fR + fT = 1 (i = R, T refers to R

and T phases, respectively).
The distribution function is exponentially dependent on the

volume size and free-energy density of each phase, which
is highly temperature dependent as shown in Fig. 7. For
simplicity, we consider the same domain size for the two
phases. Volumes containing different unit cells also affect the
ratio of R and T phase fractions. Smaller volume shows larger
coexisting probability in a larger temperature range. In this
case, the R phase disappears around 93 ◦C; thus, a volume
containing 35 000 u.c. was used for further calculations, which
corresponds to a 13-nm cube.

With the predicted volume fraction and volume size, the
dielectric constant and polarization in the temperature range
of 73 to 93 ◦C were calculated. Together with the results
for the single-domain states in other temperature ranges,
the dielectric constant and polarization were calculated and
compared with experimental results as shown in Fig. 8. In
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FIG. 7. Distribution fractions for tetragonal and rhombohedral
phases from 73 to 125 ◦C with volumes containing n unit cells (u.c.)
and n = 20 000, 35 000, and 50 000.

the whole temperature range, the theoretical results fit well
with the experimental data except the slightly lower theoretical
value of P3 in the R phase compared with the experimental
values. We should note that the [001]C poled crystal at low
temperatures is in the 4R state with four symmetrically
distributed R domains around [001]C. If the domain size is
big enough and domain wall contributions can be neglected,
the dielectric constant ε33 of the 1R state along [001]C would
be the same as the results for the 4R state along [001]C; thus,

FIG. 8. Comparison between theoretical calculations and ex-
perimental results. (a) Dielectric constant ε33 and (b) spontaneous
polarization P3.

TABLE III. Orientation-dependent piezoelectric coefficients at
room temperature.

dij (pC/N) d33 d31 d15

Theory (this work) 1860 −910 141
Experiments [25] 1981 −921 190

the theoretical calculation can be directly compared with the
experimental results.

The room-temperature anisotropic piezoelectric coeffi-
cients dij were also calculated and compared with the
experimental values as shown in Table III. All three predicted
piezoelectric constants are in good agreement with experi-
mental results of Ref. [25]. We also calculated the dR

33 in the
rhombohedral crystallographic coordinates [30], which was
about 106 pC/N, comparable but larger than the experimental
result of about 80 pC/N [31].

V. SUMMARY AND CONCLUSIONS

The Landau expansion parameters for the PMN-0.30PT
single crystal have been obtained by fitting the hysteresis
loops and analyzing the R → T phase-transition temperature.
Using the experimentally obtained parameters, polarization
and dielectric response have been calculated, which are in
quantitative agreement with experimental values. In the phase-
coexisting temperature range, the R phase is metastable and
could be easily rotated by an external field, which will help
generate large piezoelectric responses. Although the relaxor
nature could not be described by the Landau theory in the
cubic phase, our work here shows that the Landau theory
works well for the ferroelectric R and T phases, in which
the polar nanoregions are being aligned with the spontaneous
polarization field. The complete set of Landau expansion
parameters we obtained in this work will greatly facilitate
the simulation studies on the domain formation and domain
dynamics in the PMN-xPT single crystals and could help
us quantitatively link the giant piezoelectric properties with
domain size and domain wall contributions.
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APPENDIX

In order to determine reliable expansion parameters of
the free energy by fitting the saturated D-E loop within the
framework of the Landau theory, samples must be in single
domain of pure phase. In our experiments, the single-domain
states of PMN-PT single crystals were verified by using
the polarizing light microscopy based on the birefringence
of crystals. To observe the domain structures under certain
temperatures or applied electric fields, we used PLM (Zessi
Axioskop 40) equipped with a heating-cooling optical stage
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FIG. 9. P -E hysteresis loop at 132 ◦C. Inset is the illustration
of the sample with crossed analyzer/polarizer pairs and the applied
electric field direction.

(LINKAM THMS 400) and a dc source with a dc bias fixture
(Agilent 16065A).

When a single-domain crystal is placed in between the
mutually perpendicular polarizer and analyzer, the transmitted
light intensity is given by

I = I0sin22αsin2 φ

2
, (A1)

where I0 is the amplitude of the transmitted light intensity, a

is the angle between the polarizer and the projection of the
optic axis, and φ is the phase angle, which is usually fixed, so
that the transmitted light intensity depends only on the angle
a. The extinction angles can tell the phase of the crystal and

FIG. 10. Electric-field-dependent phase change at high tempera-
ture of 132 ◦C with a dc electric field applied along [001]C observed
at the polarizer angle of 0 and 45°, respectively.

FIG. 11. P -E hysteresis loop at 128 ◦C. Left inset is the illustra-
tion of the sample #2 with crossed analyzer/polarizer pairs and the
applied electric field direction. Right inset is the polarization state
from 6T state to 1O state.

the intensity distribution can tell us if the crystal is in a single
phase.

1. Phase hysteresis under an electric field along [001]C

Both experiments and Landau theory show that a special
double loop exists at a particular temperature t1 under an
electric field (Fig. 9). To probe the phase change under
electric fields and verify the single-domain state of [001]C

poled crystal at this temperature, a thin and slim plate
(sample #1) with dimensions of 0.6 mm ‖ [011]C × 1.1 mm ‖
[001]C × 3.0 mm ‖ [11̄0]C was used as shown in the inset of
Fig. 9. The two large surfaces were fine-polished for domain
observations, then the sample was annealed at 350 ◦C for 1 h to

FIG. 12. Electric-field-dependent phase change at high temper-
ature of 128 ◦C with a dc electric field applied along the [001]C

direction observed at polarizer angle of 45 and 0°, respectively.
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FIG. 13. P -E hysteresis loop at 137 ◦C.

eliminate the stresses induced by cutting and polishing. Gold
film was vacuum sputtered onto the [001]C and [001̄]C surfaces
as electrodes. The temperature was increased to 132 ◦C (above
tc) at a step of 5 ◦C and then kept there. The angle between the
polarizer and the [11̄0]C direction was q. As shown in Fig. 10,
complete extinction occurred in both 0 and 45◦ at zero field
above 132 ◦C, indicating the initiation of the cubic phase. With
the applied electric field increasing from zero to 3 kV/cm by a
small step of 0.1 kV/cm, the tetragonal phase begins to form
both in the in-plane and out-of-plane directions at the electric
field amplitude of 0.4 kV/cm. When the electric field reached
1.6 kV/cm, the light intensity was the maximum, indicating
the complete formation of tetragonal phase from the initial
cubic phase. Such field-induced transition is rather sharp and
the tetragonal phase can be kept under higher electric fields.

The field needed to form a stable T phase increases with the
increase of temperature as predicted by the Landau theory. We
have performed similar experiments at 138 and 140 ◦C, and
the coercive fields of this sample are 1.6, 2.0, and 2.2 kV/cm
at 132, 138, and 140 ◦C, respectively.

2. Phase hysteresis under an electric field along [110]C

To verify the orthorhombic (O) single-domain state under
an electric field along [110]C, sample #2 with the size
of 0.6 mm ‖ [001]C × 0.55 mm ‖ [110]C × 2.7 mm ‖ [11̄0]C

was prepared and fine-polished, then annealed at 350 ◦C and
kept 1 h without electric field. Gold electrodes were vacuum
sputtered onto the [110]C and [1̄10]C surfaces as shown in the
left inset in Fig. 11. For easier PLM observation, the sample

FIG. 14. Electric field dependence of domain structures at 137 ◦C
with a dc electric field applied along [011]C observed at 45 and 0◦,
respectively.

was poled under an electric field of 0.2 k V/cm at 100 ◦C
to switch the polarization into the in-plane tetragonal phase.
The P-E hysteresis loop at 128 ◦C was measured as shown in
Fig. 11.

At 128 ◦C, the T phase dominates as shown in Fig. 12 in
which typical extinction for the in-plane T phase appeared.
With the increase of electric field, the T phase changed to the
O phase with a typical extinction angle for the O phase, which
can be also seen in the P-E loops as shown in Fig. 11.

At 132 ◦C, which is above the phase-transition temperature
tc, the initial phase is cubic. Under a low electric field,
extinction for the in-plane T phase along the electric field
becomes dominant. With the increase of electric field along
[110]C, the O phase begins to form with bright in 0◦ and dark
in 45◦, indicating the formation of the O phase in a large area.

At even higher temperature of 137 ◦C, the O phase becomes
easier to be induced as shown in Fig. 13. Complete extinction
happens when the electric field reaches 5.5 kV/cm as shown
in Fig. 14, indicating a complete formation of single-domain
O phase.
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