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Antiferroelectric (AFE) (Pb, La)(Zr, Sn, Ti)O3 (PLZST) single crystal with composition near

morphotropic phase boundary has been grown and studied. X-ray diffraction analysis and electrical

properties reveal coexistence of antiferroelectric/ferroelectric (FE) phases, with the AFE phase

dominated at room temperature. Temperature-dependent polarization and strain measurements

indicate that the AFE phase can be induced into a metastable FE phase by electric field. The FE

phase can be maintained in a wide temperature range above room temperature and recovers to AFE

phase around a critical temperature of 90 �C, accompanied with remarkable change in field-induced

strain. The strain at 90 �C (�0.50%) is ten times larger than that at room temperature (�0.04%),

which makes the PLZST single crystal a promising candidate for thermal switch and actuator

application. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4864317]

Antiferroelectric (AFE) materials, in contrast to ferro-

electric (FE) materials, do not exhibit macroscopic polariza-

tion because the neighboring electric dipoles orient in

antiparallel directions.1 However, an electric field of appro-

priate magnitude can induce the antiparallel dipoles into a

parallel alignment, resulting in FE phase.2,3 On the other

hand, certain FE specimens can be depolarized and transform

back into AFE phase by increasing temperature or applying

electric field or external stress.4–6 These phase transforma-

tions generally involve generation/release of large electrical

polarization as well as huge volume expansion/contraction,

which makes them attractive for many engineering applica-

tions such as actuators, transducers, and energy storage devi-

ces.3 Because the volume of the FE cell is larger than that of

AFE cell, field-induced strains in AFE materials are usually

3 to 4 times larger than that in conventional FE materials.7

In the AFE family, (Pb, La)(Zr, Sn, Ti)O3 (PLZST) sys-

tem is widely studied. Pan et al. had reported that the PLZST

ceramics with composition near the morphotropic phase

boundary (MPB) exhibit large electric field-induced strain,

low hysteresis loss, and short response time.8 Generally, the

free energy difference between AFE and FE states around

MPB is smaller. This allows the AFE-FE phase transition to

be easily realized by an electric field or a temperature

change, accompanied with other excellent properties like

high polarization and enormous strain.9,10 In recent years, a

tunable application for the PLZST system has been devel-

oped by using the principle of field-induced FE phase (FEin)

transforming to AFE phase at certain temperature.11,12

Researchers made some effort to tailor the composition

around MPB to achieve a low AFE to FE switching field

(EA-F) and to ensure that the FEin phase is stable at room

temperature even after removing the applied field. The FEin

can recover to AFE with increasing temperature, resulting in

abrupt jumps in dielectric constant, pyroelectric coefficient,

and field-induced strain.11–13

It is well known that single crystals with specific orien-

tation exhibit much superior properties than the crystallo-

graphic isotropic ceramics or films.14,15 However, it is very

difficult to grow PLZST single crystals. In the previous stud-

ies, we have reported the growth procedure and some per-

formances of PLZST crystals.16–22 But the crystals were

either too small in size or not located in the MPB composi-

tion, which limited further study on its functional properties.

Especially, the crystals with compositions far away from

MPB could hardly induce the AFE-FE phase transition by

electric field; in fact, we cannot obtain the field-induced

transformation strain because the crystals would breakdown

first.

In this paper, PLZST single crystals with the composi-

tion around MPB region were grown. Metastable FE phase

was induced by electric field at room temperature. The effect

of temperature on FEin-AFE phase switching behavior was

revealed. Moreover, field-induced strains as a function of

temperatures were studied in detail. A sharp increase of the

strain at the critical temperature was realized.

PLZST single crystals with the starting composition of

Pb0.97La0.02(Zr0.63Ti0.13Sn0.24)O3 were grown by a conven-

tional flux method using PbO-PbF2-B2O3 as the flux. The ex-

perimental setup is similar to the one described in Ref. 17.

The crystals are about 3 � 3 � 3 mm3 in size and no other

impurities can be detected. Crushed PLZST crystal powders

were placed on a Pt stage and examined by x-ray diffraction

(XRD, PANalytical X’Pert Pro MPD) with Cu Ka radiation
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at different temperatures to study the crystal structures. The

as-grown crystals were oriented along the crystallographic

directions [001] using the Laue x-ray machine with an accu-

racy of 0.5�. For electrical measurements, samples were pol-

ished along the (001) planes and then sputtered with Au

electrodes on both surfaces. Dielectric properties were meas-

ured using a LCR meter (Agilent, HP4294). Polarization and

strain under high electric field were performed at 1 Hz fre-

quency using a modified Sawyer-Tower circuit and linear

variable differential transducer (LVDT) driven by a lock-in

amplifier (Stanford Research system, Model SR830).

Temperature-dependent XRD patterns are shown in Fig.

1, in which the peaks of Pt stage are labeled by circles and

the major peaks of PLZST are indexed according to the

cubic (C) perovskite structure. As seen in Fig. 1(a), the pat-

terns present the characteristic of pure perovskite phase. Fig.

1(b) gives the {200}c reflection peaks around 2h¼ 44�,
which were fitted using the Lorentzian function after the Ka2

diffraction peaks were striped using the X’pert HighScore

Plus software. It is known that the {200}c reflection shows a

single peak (200)R in rhombohedral (R) structure, while it

appears as two peaks (200)T and (002)T in tetragonal (T)

phase with one intensity height being half of the other.9 In

Fig. 1(b), the {200}c diffraction splits into two peaks at room

temperature. However, relations between the intensity of

these two peaks do not follow the characters of a typical tet-

ragonal structure but with the left peak being higher than

twice of the right one. Careful fitting result shows that it con-

tains a small portion of rhombohedral structure, which dem-

onstrates that the composition of the crystal is around the

MPB region with rhombohedral and tetragonal phase (R/T)

coexistence. According to the phase diagram of PLZST at

room temperature, the tetragonal phase corresponds to an

AFE phase, while the rhombohedral phase belongs to a FE

phase.23 We can deduce that the crystal has been located in a

desired AFE/FE coexistence region. When the temperature is

higher, it can be seen that the right peak is becoming higher

and its intensity is nearly half of the left peak. However, a lit-

tle bit of rhombohedral phase still exists in the crystal even

at 90 �C, which means that the transformation from R/T

coexisting phase to pure tetragonal phase is rather diffuse.

With further increasing temperature, pure tetragonal phase

appears and maintains in the crystal, indicating that the crys-

tal is definitely in an AFE phase. When the temperature

reaches to 160 �C, a single peak can be seen, which demon-

strates that the crystal has changed to a cubic paraelectric

(PE) structure.

Fig. 2 shows the polarization-electric field hysteresis

loops (P-E loops) of the crystal over a range of temperatures

up to 155 �C at a field of 30 kV/cm. The meanings of EA-F

and EF-A represent the forward switching field inducing

phase transition from AFE to FE and the backward switching

field of the FE recovered to AFE, respectively. At room tem-

perature, P-E loop with the first run of the virgin sample is

also presented. As shown in Fig. 2, the crystal starts from the

first P-E loop which has a small slope (dP/dE), correspond-

ing to a typical AFE behavior. Then, it is induced to a FE

phase at a sufficiently large forward switching field. The

remnant polarization Pr remains even when the electric field

is zero. Afterward, a single P-E loop is apparent, suggesting

a FE-like behavior in the crystal. This phenomenon is quite

similar to what had been reported by Xia et al. and Yang

et al.24,25 Therefore, from the first loop, we deduce that the

virgin crystal is dominantly in AFE phase. The emergence of

FIG. 1. (a) X-ray diffraction patterns as a function of temperatures, the

circles mark the peaks of Pt stage. (b) The {200}c reflection peaks around

2h¼ 44�. The fitted blue dash lines in 25, 90, 120, and 140 �C separately

indicate the (200)T (left) and (002)T (right) splitting peaks; the red dash dot

lines in 25 and 90 �C represent the (200)R peak; and the pink line in 160 �C
is the (200)c fitted peak.

FIG. 2. P-E loops of the PLZST single crystal measured at (a) 25, (b) 90, (c)

110, (d) 130, (e) 140, and (f) 155 �C. The dashed line in (a) represents the

first run of the P-E loop for the virgin crystal. (g) The switching fields EA-F

(square) and EF-A (circle) at different temperatures above 90 �C.
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the single loop in subsequent measurement suggests that

influence of the small amount of FE phase is also important.

After applying the electric field for P-E loop measurement,

the crystal is therefore polarized and field-induced FE phase

(FEin) can be preserved at room temperature. This FEin state

is energetically metastable. It can be maintained in a wide

temperature range above 25 �C, but transforms back to a

AFE-like phase around a critical temperature of 90 �C (Fig.

2(b)) and transforms into a typical AFE phase upon further

heating (Figs. 2(c)–2(e)). Similar phase transition behaviors

were also found in many PLZST ceramics.11,12 The switch-

ing fields EA-F and EF-A at different temperatures above

90 �C are shown in Fig. 2(g). As the temperature is higher,

the forward switching field EA-F does not vary too much

between 100 �C and 135 �C, while the backward switching

field EF-A increases slowly. This indicates that the AFE

phase is more and more stable and the FEin phase can easily

recover back to AFE phase after the electric field is removed.

Both EA-F and EF-A decrease rapidly when the temperature is

above 140 �C, which can be attributed to the emergence of

PE phase. The AFE phase completely transforms into PE

phase above 150 �C.

Fig. 3 shows the temperature-dependent dielectric con-

stants at 100 kHz for the virgin crystal and polarized crystal

after P-E loop measurement at room temperature. The

dielectric loss tangents for both samples are smaller than

0.04 within the entire measured temperature range. As

shown in Fig. 3, it can be seen that both have the dielectric

constant peak around 152 �C, corresponding to the Curie

temperature Tc. According to the results of high temperature

XRD, Tc should be linked with the AFE to PE phase transi-

tion temperature. A hump is found at about 92 �C in the

dielectric curve of the polarized sample, which is consistent

with the transition temperature of FEin phase recovering to

AFE phase in the P-E loop measurement. It also verifies that

the composition around MPB with a small portion of FE

phase can achieve a metastable FEin phase in a wide temper-

ature range from room temperature to about 92 �C even

when the electric field is zero. Above the FEin-AFE transi-

tion temperature, an electric field can still induce a FEin

phase but the FEin phase cannot be maintained in the crystal

after the electric field is removed. However, none of the

anomalies can be found in the dielectric curve of the virgin

sample between room temperature and Tc, which indicates

that the AFE phase play a major role in its dielectric prop-

erty. The small amount of FE phase detected in the XRD

measurement gradually transforms to AFE phase with

increasing temperature, but without any noticeable dielectric

change observed. The gentle increase of the dielectric con-

stant verifies that the virgin crystal is intrinsically dominated

by AFE structure at room temperature.

The electric field-induced strain curves (S-E) of the

crystal is also obtained at different temperatures, as shown in

Fig. 4. The S-E curve shows typical butterfly shape, charac-

teristic of FE phase at room temperature. On increasing tem-

perature, this butterfly shape barely changes. However, near

the critical temperature of 90 �C, the negative part of the

strains starts to vanish and a much larger positive strain was

observed. Note the strain measured at the critical tempera-

ture is 0.50% and can sustain at a high value (up to 0.43%)

even when the electric field returns to zero. The remnant

strain can be removed by applying an electric field in the

reverse direction, which shows a strong shape-memory

effect.26 Typical antiferroelectric S-E curves can be obtained

at higher temperatures until the crystal changes into PE

phase. Fig. 4(b) shows the measured maximum value of

strain (Smax) for the crystal as a function of temperature. It

can be seen that the strain does not change too much with

increasing temperature but abruptly increases when the

FIG. 3. Temperature-dependent dielectric constants of the virgin crystal

(DownTriangle) and the polarized crystal (UpTriangle) at 100 kHz.

FIG. 4. (a) The electric field-induced strain curves (S-E) obtained at differ-

ent temperatures of 25, 90, 110, 130, and 140 �C. The inset shows the

enlarged S-E curve at 25 �C. (b) The maximum values of strains (Smax) as a

function of temperature.
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temperature is in the vicinity of the FEin-AFE transition tem-

perature and reaches a maximum value at 90 �C. It is noted

that the largest strain at 90 �C (�0.50%) is ten times larger

than that at room temperature (�0.04%), which makes the

crystal easily modulated as a promising thermal switch and

actuator. The strain gradually decreases with further heating,

but can still retain at a value of 0.22% even at 145 �C which

is close to the AFE-PE phase transformation temperature.

In summary, the phase transition induced by external

fields (electric field and temperature field) was studied in

PLZST single crystals. AFE/FE phase coexistence was

revealed, suggesting that the composition of the crystal is

located in the MPB region. A dielectric hump was observed

in the polarized crystal but not in the virgin sample, verifying

the structure of the virgin crystal is intrinsically dominated

by AFE phase. Temperature-dependent P-E loops and S-E

curves indicate that the AFE phase can be induced to a meta-

stable FEin phase at room temperature. The FEin phase can

remain in a wide temperature range above room temperature

and can recover to AFE around a critical temperature of

90 �C, accompanied with remarkable change of field induced

strain. The strain at 90 �C is 0.50%, which is ten times larger

than that of 0.04% at room temperature, indicating high tuna-

bility in the AFE system. The easy modulation of AFE-FE

and FE-AFE transformations by external fields as well as re-

markable changes in strains make the PLZST crystal a prom-

ising candidate for thermal switch and actuator application.
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