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The phase transitions, dielectric properties, and polarization versus electric field (P-E) hysteresis loops of
Pbg.97Lag 02(Zro.42Sng 58 Tix)O3 (0.13< x <0.18) (PLZST) bulk ceramics were systematically investigated. This study
exhibited a sequence of phase transitions by analyzing the change of the P—E hysteresis loops with increasing temperature.
The antiferroelectric (AFE) to ferroelectric (FE) phase boundary of PLZST with the Zr content of 0.42 was found to locate
at the Ti content between 0.14 and 0.15. This work is aimed to improve the ternary phase diagram of lanthanum-doped
PZST with the Zr content of 0.42 and will be a good reference for seeking high energy storage density in the PLZST system

with low-Zr content.
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1. Introduction

The lead zirconate stannate titanate [Pb(Zr,Sn,Ti)Os, or
PZST] system including lanthanum-doped PZST (PLZST)
has been widely investigated for applications as charge-
etcl!-8l
Berlincourt established the ternary phase diagram of PZST

storage capacitors, transducers, actuators, since
in the 1960s, as shown in Fig. 1.°0 In particular, the
antiferroelectric (AFE)/ferroelectric (FE) phase boundary
in PLZST has been mostly studied for obtaining a high
energy storage density.  Markowski et al.l’! evaluated
the effect of compositional modifications on the electrical
properties of (Pbg.ogLag 2)(Zro.66Sn036—xTix)O03 (x = 0.07,
0.08, 0.09, 0.10, 0.11) (shown as S1-S5 in Fig. 1) and
(Pbg.9gLag 02)(Zro.o—»Sn,Tip.1)O3 (x = 0.3, 0.25, 0.2, 0.15,
0.1) (shown as B1-B5 in Fig. 1) ceramics. They found that
with Ti** content increasing in S1-S5 ceramics or Zr** con-
tent increasing in B1-B5 ceramics, the switching field de-
creased while the AFE-FE transition temperature increased.
Some other researchers, including Mirshekarloo, % Forst, ']
and Frederick,'? also confirmed that when the ratio of Sn/Ti
or Sn/Zr increased, the AFE phase was stabilized. Recently,
Wang et al.!'3! obtained a relatively high energy storage den-

Sity in the Pb0,97La0.02(ZI‘(),9SH()_05Ti()_()5)03 ceramics.
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Fig. 1. (color online) Room temperature phase diagram of ternary sys-
tem PbTiO3—PbZrO3;-PbSn0Os3.

The previous investigations almost concentrated on the
high-Zr region where the Zr content is above 0.50. As
a matter of fact, when the Zr content is lower than 0.50,
PLZST ceramics such as Pb0.97La0,02(Zro,428n0,4Tio,18)03
also exhibit some interesting performance.!!*!3] Zhang et
al." detected a relatively high pyroelectric coefficient
in Pbg.g7Lag 02(Zro.42Sng 40 Tip.13)O3 ceramics due to the
electric-field-induced ferroelectric (FEN) to AFE phase tran-

sition in the poled sample and obtained a high reversible max-
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imum pyroelectric response with a dc bias applying on the de-
poled sample. Recently, Chen ez al.!%! investigated the effect
of La doping on the phase transition in Pb(Zrp 42Sng 4Tip.13) O3
by Raman scattering. However, compared with the PLZST
system with Zr content above 0.5, there is relative little re-
search on the PLZST system with low Zr content. When the
Zr content is below 0.50, the phase transition behavior of the
PZST system is not clear. So the phase diagram in the Zr-low
region is blank, as seen in Fig. 1.

To seek a high energy storage density in the PZST
system with low-Zr content, it is necessary to investigate
the variation of the polarization versus electric field (P—
E) hysteresis loops with the change of the Sn:Ti ratio in
the Zr-low region. In this study, we investigate the phase
transitions, dielectric properties, and P—E hysteresis loops
of Pbyg.g7Lag.02(Zro.42Sng 58, Ti,)O3 ceramics with various
Sn:Ti ratios. The compositions selected in this research are
shown in Fig. 1, where Al, A2, A3, A4, and A5 correspond
tox =0.18, x =0.16, x = 0.15, x = 0.14, and x = 0.13, re-
spectively. This work improves the ternary phase diagram of
lanthanum-doped PZST with the Zr content of 0.42 and is a
good reference for seeking high energy storage density in the
PLZST system with low-Zr content.

2. Experimental procedure

The Pbg.g7Lag 02(Zrp42Sngss—Ti,)O3 bulk ceramics
with 0.13 < x < 0.18 were fabricated using the conventional
ceramic process. The starting raw materials were PbzOg4
(97.43%), ZrO; (99.87%), TiO2 (99.38%), SnO, (99.5%),
and La;O3 (99%). They were mixed stoichiometrically, and
0.5 wt.% excess Pb304 was added considering the volatiliza-
tion of PbO during sintering. Aqueous suspensions of all raw
materials were ball-milled for 6 h and dried at 120 °C. The
dried powder was then calcined at 850 °C for 2 h and ball-
milled again for 24 h. After drying, about 6 wt.% PVA was
mixed with the powder, and the mixture was crushed to pass
through a 30-mesh sieve. Then the powder was pressed into
disks of 15 mm diameter. Following binder burnout at 800 °C,
the pellets were put in a sealed crucible filled with powder of
the same composition, and sintered at about 1320 °C for 1 h.

The fresh bulk ceramics were fabricated as disks with a
diameter of 10 mm and a thickness of 1 mm, and silver elec-
trodes were attached to both sides of the disks for electrical
measurements. The crystal phases of the specimens were ex-
amined by x-ray diffraction ( XRD, D/max2550V; Rigaku,
Tokyo, Japan) using Cu K« radiation. The temperature-
dependent dielectric properties at 1 kHz were measured using
an HP4284A LCR meter (Hewlett-Packard, Kobe-shi, Japan).
The P-E hysteresis loops at 10 Hz were obtained by aix ACCT
TF Analyzer 2000 (aix ACCT Co., Aachen, Germany).

3. Results and discussion

Figure 2(a) displays the XRD patterns of five PLZST
samples at room temperature (RT). The patterns show high
similarity to those of single powder,[!”! suggesting a pure per-
ovskite structure in all specimens. Moreover, A5 and A4 have
a tetragonal structure as mainly evidenced by the split of (200)
and (002) peaks over the 26 range from 44° to 45°, as shown
in Fig. 2(b). These two peaks of the tetragonal phase are com-
bined into one peak indicating the formation of the rhombohe-
dral phase in A3, A2, and Al.

5
(a) =y o (b)
s
_ - 3 =) —
g E 8 g8 gg
AS T ks ) A5 ~ S
Z |aa
= \ A I R VVERPN
g S g
5] Q <
) - S
g (A8, A A A A3
A2 N W LYIRAN
LA J A l A J\ Al _&
1 n 1 1 1 n 1 1 1 "
20 30 40 50 60 44 45
20/(°) 20/(°)

Fig. 2. (color online) XRD patterns of PLZST bulk ceramics with dif-
ferent Sn:Ti ratios.

There are two dielectric constant peaks in Al ceramic
shown in Fig. 3. One is at 110 °C, and the other is at 130 °C.
The FE squared loop changes into an AFE double loop when
the temperature increases to 110 °C, and then into a linear loop
as the temperature further increases above 150 °C. Zhang et
al.'" also reported that the P—E hysteresis loops of Al ce-
ramics exhibit a typical FE character at RT, with the first loop
inside the second one. The P; and E.. decrease as the tempera-
ture increases, but all P—E hysteresis loops exhibit the typical
FE character as long as the temperature is lower than 100 °C.
When the temperature reaches about 110 °C, the first loop is
outside of the second one, which indicates the AFE-induced
ferroelectric phase (FEy) transition induced by the electric
field.

There are two dielectric constant peaks in A2 ceramics
shown in Fig. 4. One is at 80 °C, and the other is at 127 °C. The
P-E hysteresis loops exhibit the typical FE character at 30 °C.
The P, and E, are 25.4 uC/cm? and 0.57 kV/mm, respectively.
As the temperature increases up to 80 °C, P; and E. decrease
quickly and a slight AFE-like P—E hysteresis loop appears,
which is caused by the phase transition of FE to AFE. So the
first dielectric constant peak can be attributed to the FE-AFE
phase transition. When the temperature rises up to 110 °C, the
P-E hysteresis loops exhibit the typical AFE character. As the
temperature further increases to 127 °C and above, the P-E
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hysteresis loop changes into a linear loop, and P and E. be-
come zero, which demonstrate that the second dielectric con-
stant peak is caused by the AFE-PE phase transition. Similar
results have been found in A1l ceramics.

The dielectric constant versus temperature of A3 ceram-
ics is shown in Fig. 5. The P-E hysteresis loops exhibit the
typical FE character at 30 °C. As the temperature increases
up to 55 °C, a slight AFE-like P-E hysteresis loop appears,

while the dielectric constant peak is weak and almost invisi-
ble, which indicates only a few FE changes to AFE. This phe-
nomenon demonstrates that with an increase in the Sn content,
the FE content decreases and the AFE content increases grad-
ually. This can be attributed to the Sn doping stabilizing the
AFE phase.!'8] With a further increase in temperature up to
the Curie point, the P-E hysteresis loop of A3 ceramics also
changes into a linear one.
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Fig. 3. Dielectric constant versus temperature of Al ceramics; insets show P—E loops at different temperatures.
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Fig. 4. Dielectric constant versus temperature of A2 ceramics; insets show P—E loops at different temperatures.
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Fig. 5. Dielectric constant versus temperature of A3 ceramics; insets show P—E loops at different temperatures.

The dielectric constant as a function of temperature for
A4 ceramics and the P-E loops are given in Fig. 6. There is
only one dielectric peak in A4 ceramics due to the only AFE—

PE phase transition. The forward-switching (Er) and back-

switching (E,) fields are 1.94 kV/mm and 0.28 kV/mm at
room temperature. When the temperature increases to 80 °C,
Er and Ep increase to 2.58 kV/mm and 2.08 kV/mm, respec-
tively. The reason is that the FE phase induced from AFE
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phase by the applied electric field is unstable and easy to re-
cover to the AFE phase at E5. As a result, when the tem-
perature increases, a higher applied electric field is needed to
stabilize the FE phase, which hence causes higher Er and E4.

The AE(= Er — Ep) represents the thermal stability of the in-
duced FE phase.!"”l When the temperature increases, the FE
phase becomes unstable, so AE decreases and the hysteresis
loops become slimmer.
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Fig. 6. Dielectric constant versus temperature of A4 ceramics; insets show P—E loops at different temperatures.
1400 b A5 o\'_ 10 80 °C
© L — Y
% o 20} 30°C %
< 1200} £ &0
g 9” ! 134 °C 150 “C
o MR . D : 710 '
© &—20 . L
£ 1000 —4 5 50
8 = =
.T.i L o A—10]
A —4 =2 0 2 4 —4 -2 0 2 4
8001 1 1 1 1 1 E/kV-mmp! 1 B/kY-mm! 1
20 40 60 80 100 120 140 160 180 200 220
Temperature/°C
Fig. 7. Dielectric constant versus temperature of A5 ceramics; insets show four P—E loops taken at different temperatures.
4000—2 ics, which indicates a relatively high amount of AFE phase
) i \ 1136 in PLZST and a high energy storage density in this region.
= ® 0 1 As the temperature increases, the double loop of A4 ceram-
g 3000F o — . . . .
2 o {132 ics becomes slimmer and gradually loses its double hysteresis
o} - 2 . . .
c ° i S behavior, and changes into a linear loop at about 134 °C.
% 2000 o 1108 From the results of A1-A5 ceramics, the dependences
[ . .
T L o—g \e of € and the Curie temperature 7Tc on the Ti content for the
A 1 . . .
1000 124 PLZST ceramics are shown in Fig. 8. It can be observed that

0.18 0.17 0.16 0.15 0.14 0.13
Ti content

Fig. 8. (color online) Dependences of € and Tc on Ti content of PLZST
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It can be known from the hysteresis loops of A3 and A4
ceramics at room temperature that FE phase PLZST changes
to AFE phase PLZST with a decrease in the content of Ti**
from 0.15 to 0.14, which indicates that an FE/AFE phase
boundary exists at the Ti content between 0.14 and 0.15.

Similar to A4 ceramics, A5 ceramics also exhibit one di-
electric constant peak as shown in Fig. 7. The Er and E are
2.94 kV/mm and 1.45 kV/mm larger than those of A3 ceram-

€max decreases with decreasing Ti content. This can be at-
tributed to the replacement of Ti** ions (0.068 nm) by Sn**
(0.071 nm) ions leading to a decreasing c/a, and then elimi-
nating the polarization contribution to the dielectric constant.
It can also be seen from Fig. 8§ that T¢ first drops with decreas-
ing Ti content and then increases with Ti content decreasing
lower than 0.15. With a drop in the Ti content, the FE long-
range order is destroyed and the FE-PE phase transition tem-
perature decreases. When the Ti content is at or just below
0.15, the AFE short-range order begin to establish and an FE
to AFE phase transition occurs.?’! With a further decrease in
the Ti content, the AFE phase becomes more stable, so the
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AFE to PE phase transition temperature increases. This result
demonstrates that the lowest T¢ exists at the FE to AFE phase
transition boundary with the Ti content at or just below 0.15,
which is consistent with the phase boundary result from the
P-E loop.

4. Conclusion

The effect of the Sn:Ti ratio varying from 40:18 to
45:13 on the phase structure and electrical properties of
Pbo.97La0.02(Zr 42Sng sg—»Tix)O3 ceramics has been investi-
gated. FE phase PLZST changes to AFE phase PLZST with
a decrease in the Ti content from 0.15 to 0.14, which indi-
cates that an FE/AFE phase boundary exists at the Ti content
between 0.14 and 0.15. With a further decrease in the Ti con-
tent, the AFE phase in PLZST becomes more stable, and the
back-switching fields increase, which indicates a high poten-
tial energy storage density in this region. With a decrease in
the Ti content, the FE long-range order is destroyed and the
FE-PE phase transition temperature decreases. With a further
decrease in the Ti content, the AFE phase becomes more sta-
ble, so the AFE to PE phase transition temperature increases.
This result demonstrates that the lowest T¢ exists at the FE to
AFE phase transition boundary with a Ti content at or just be-
low 0.15, which is consistent with the phase boundary result
from the P-E loop.
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