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A detailed investigation has been conducted on the dielectric anomalies induced by different
electrical and thermal conditions in@111# oriented 0.955Pb(Zn1/3Nb2/3)O320.045PbTiO3

~PZN-4.5%PT! single crystals. Application of a dc electrical field to the crystal results in field
induced dielectric anomalies to occur at specific temperatures, which can be explained by the
structural phase transitions from rhombohedral to orthorhombic, from orthorhombic to tetragonal,
and from tetragonal to cubic phase, respectively. All transition temperatures are independent of
frequency and have a threshold field that is dependent on the thermal history. The electric field–
temperature diagrams based on dielectric anomalies were developed under different schemes of
temperature and field variations. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1728315#

I. INTRODUCTION

Relaxor ferroelectrics were first synthesized in the late
1950s and have attracted a lot of attention due to their un-
usual behavior of dielectric permittivity.1,2 In contrast to
typical ferroelectric~FE! crystals, such as PbTiO3 ~PT!, re-
laxor ferroelectrics exhibit a broad and frequency-dependent
phase transition. Lead zinc niobate, Pb(Zn1/3Nb2/3)O3 ~PZN!,
is an example of relaxor ferroelectric material. In PZN crys-
tals, the difference in valence~51 vs 21! and ionic radii
~0.64 vs 0.74 Å! between the Nb51 and Zn21 ions on theB
site of theABO3 perovskite structure results in symmetry
breaking compositional and/or structural disorder, forming
local polar clusters, or nanodomains. These local clusters
can serve as nuclei for the ferroelectric phase and will
coarsen with decreasing temperature starting from tempera-
tures much higher than the dielectric maximum (Tmax).
These clusters, resulting from short-range correlated ionic
displacements, are dispersed as islands in the host lattice and
produce the unusual relaxor behavior of PZN crystals.3–6

Normal ferroelectric state could not be developed in PZN
crystals without the application of external field,7 which is
generally characterized by the disappearance of frequency
dispersion.3,8

Single crystal of Pb(Zn1/3Nb2/3)O3-PbTiO3 ~PZN-PT!
showed excellent dielectric and piezoelectric properties in
domain engineered state, which have great potential for
pushing new advances in transducer/actuator technology.9,10

Relaxor PZN can form a complete solid solution with the
normal ferroelectric PT. There is a morphotropic phase

boundary~MPB! between the tetragonal and rhombohedral
phases near 8% PT composition at room temperature. For
composition.9% PT, the solid solution system behaves as
normal ferroelectrics at room temperature, while some de-
gree of relaxor behavior persists if the PT content is,8%. In
order to find out the nature of the relaxor phase transition and
the influence of the internal charge carriers and electrical
field in both the paraelectric and ferroelectric phases, it is
important to systematically study the dielectric properties of
PZN-PT under various electric field and thermal
conditions.11,12A lot of work have been carried out to study
the electric field induced phase transitions in PZN-PT crys-
tals along@001# of the cubic coordinates to make superpiezo-
electric materials.13 This work will focus on the electric field
induced dielectric anomalies in@111# oriented relaxor
PZN-PT crystals.

In our recent work,14 moderate dc electrical field~0.65
kV/cm! induced dielectric anomalies were observed in@111#
oriented 0.955PZN-0.045PT~PZN-4.5%PT! single crystals.
Three distinct phases were revealed, which were distin-
guished by their frequency dispersion behavior and the di-
electric anomalies. In this paper, we have extended the work
to different levels of applied electric field applied to the crys-
tals under different thermal histories. The focus of this paper
is to develop electric field–temperature diagrams that de-
scribe the electric field induced dielectric anomalies in@111#
oriented PZN-4.5%PT crystals. This composition of PZN-
4.5%PT was chosen because it is away from the MPB and
has relatively strong relaxor nature.

II. EXPERIMENTAL DETAILS

The @111# oriented PZN-4.5%PT sample crystals used in
our experiments were grown using the high temperature flux
method. The crystals were cut into a plate shape with the
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orientations of@111#, @ 1̄10#, and@ 1̄1̄2#, respectively. Their
dimensions are 0.7–0.9 mm in thickness and 3–4 mm on
each side dimension in the@111# face. The@111# and @ 1̄1̄1̄#
faces were polished and electroded with gold. The dielectric
response was measured as a function of temperature, fre-
quency, and different dc electrical bias fields. Computer as-
sisted dielectric measurements using a HP 4284LCR meter
were made in the temperature range of 30–250 °C on heating
and cooling at a rate of 2 °C/min using a Delta 9023 oven.
The temperature was measured using a platinum resistance
thermocouple and a Keithley 740 system scanning thermom-
eter. The thermocouple was mounted inside an aluminum
plate, which supports the sample. In order to protect theLRC
meter, a blocking circuit~HP16065A! was used when a high
dc bias field was applied.

III. RESULTS AND DISCUSSIONS

In the experimental investigation of field and thermal
history effects on relaxor PZN-4.5%PT, we have used three
different schemes:~1! field cooling~FC!, ~2! zero-field heat-
ing after FC~ZFH-FC!, and~3! field heating after zero-field
cooling ~FH-ZFC!.

A. FC measurement

Figures 1~a!–1~d! show, respectively, the dielectric con-
stant and loss as a function of temperature for the FC scheme
under dc biases of 0, 0.43, 0.87, and 3.00 kV/cm. When the
sample is cooled without the application of electrical field,
the @111# oriented PZN-4.5%PT crystal showed typical
relaxor-type ferroelectric phase transition atTmax ~near
150 °C!, as shown in Fig. 1~a!. The results are consistent
with those reported for relaxor PZN-PT crystals.15 The rhom-

bohedral phase belowTmax shows significant frequency dis-
persion, indicating that it is a relaxor phase. Upon the appli-
cation of a small electrical field of 0.43 kV/cm during FC,
one can see from Fig. 1~b! that three critical temperatures
occur in the dielectric loss versus temperature curves below
Tmax. The highest loss peak occurs atTc1;137 °C, which is
superimposed on the broad background of the dielectric
maximum. This peak moves to a higher temperature of
146 °C as the dc bias increases to 0.87 kV/cm, as shown in
Fig. 1~c!. Below Tc1, the degree of dielectric frequency dis-
persion decreases abruptly. Another dielectric anomaly ap-
pears atTc2 ~near 104 °C! for the 0.43 kV/cm dc bias, which
moves to a higher temperature near 110 °C as the dc bias
increases to 0.87 kV/cm. The lowest critical temperatureTc3

indicates a different type of transition, below which the fre-
quency dispersion of the dielectric properties totally disap-
pears.

In our previous work,14 we proposed the existence of a
medium-range ordered phase between the long-range ordered
and short-range ordered phases to explain the above dielec-
tric anomalies. However, these phases have not actually been
observed up to date. Therefore, in the present study, we dis-
cuss the dielectric anomalies in the context of observed and
confirmed structural phase transitions. According to some re-
ported optical16 and x-ray measurements17 on ZFH of @111#
poled PZN-PT crystals, ferroelectric rhombohedral (FEr),
orthorhombic (FEo), and tetragonal (FEt) structural phases
have been found belowTmax. Using these transition anoma-
lies, our results may be explained as follows: without the
bias field, the PZN-4.5%PT crystals will transform directly
from cubic to rhombohedral phase atTmax, as illustrated in
Fig. 1~a!. When a bias field is applied along@111#, the FEt

FIG. 1. Dielectric constant and loss as a function of temperature for the FC scheme under various dc biases.
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phase seems to be stabilized by the field projection in^001&
at the temperature belowTc1. Thus, the dielectric anomaly at
Tc1 is due to the structural phase transition from cubic to
FEt . As the temperature decreases, the field along@111# will
pull the system into another ferroelectric phase (FEo) at Tc2,
and eventually into FEr at Tc3. Phase transitions from FEr to
FEo and from FEo to FEt symmetry will be induced at tem-
peratures near 108 °C and 113 °C, respectively, during ZFH.
These transitions are confirmed by the optic method16 and
high-resolution x-ray diffraction experiment.17 We note that
the dielectric frequency dispersion is different in the three
induced structural phases, as shown in Figs. 1~b! and 1~c!,
indicating different degrees of ordering. From Fig. 1, it can
also be noted that the induced transition atTc1 and Tc2 be-
came sharper with increasing dc bias andTc3 moves closer to
Tc2 when the dc bias increases. Since the@111# oriented field
helps to stabilize the ferroelectric rhombohedral phase, the
tetragonal region shrinks with the increase of the@111# ori-
ented bias field. At the same time, the transition to FEr phase
becomes easier. Eventually,Tc3 moves up beyondTc2 as
shown in Fig. 1~d! and the ralxor nature nearly vanished.

The above three induced phase transitions had threshold
field (Eth). This is illustrated in Fig. 2, which shows the
dielectric constant and loss as a function of temperature un-
der various dc bias levels (Edc) at a frequency of 10 kHz. For
Edc,0.08 kV/cm, the dielectric properties can be found
nearly independent ofEdc. However, when the bias level is
between 0.08 and 0.11 kV/cm, anomalies appeared on both
the dielectric constant and loss curves. From Fig. 2 one can
see the presence of a threshold fieldEth of about 0.11 kV/cm
for Tc1, Tc2, andTc3. This is demonstrated more clearly in
Fig. 3. One can see thatTc1 increases rapidly with increasing
Edc and eventually becomes saturated close toTmax whenEdc

is above 1.3 kV/cm.Tc2 also increases with increasingEdc.
However, the change ofTc2 is much slower and has a trend
to approachTmax under higher applied electric field.Tc3

moves closer toTc2 and finally overlapped byTc2 as Edc

increases. From Fig. 3 one can derive the electric field–
temperature diagram for the induced dielectric anomalies
during FC in PZN-4.5%PT crystals. It is evident that three
structural states will occur in sequence if we cool the sample
at temperatures aboveTmax and under electric fields above
the threshold value of 0.11 kV/cm, i.e., from cubic to FEt to
FEo to FEr symmetry phases. The changes between different
order states are not continuous, but rather drastic, resulting in
the appearance of dielectric anomalies atTc1, Tc2, andTc3.

B. ZFH-FC measurements

In relaxors the induced normal ferroelectric state in the
FC case remains stable at low temperature even after the
removal of the bias electric field. A subsequent heating of the
sample without the electric field~ZFH-FC! does not destroy
this state until a critical temperatureTc3. According to the
above FC results,Tc2 and Tc1 should also appear at higher
temperatures. This is illustrated in Fig. 4, where ZFH-FC
dielectric data are collected for different electric field during
FC. We found that bothTc1 and Tc2 are indeed present as
shown in Figs. 4~b!–4~d!. The dielectric curves for three
different levels of bias electric field in FC were almost the
same, andTc1, Tc2, andTc3 were all found to be indepen-
dent of bias field. In order to explore whether there is a
threshold voltage for the above three induced transitions, we
measured the dielectric constant and loss as a function of
temperature under various dc biases in FC scheme. The re-
sults are shown in Fig. 5. It is found that a threshold voltage
of 0.07 kV/cm is clearly present. However, if the electrical
field is less than 0.22 kV/cm,Tc2 is found to be dependent on
Edc. It decreases gradually from 115 °C to 113 °C as theEdc

increases from 0.07 kV/cm to 0.22 kV/cm. There exists weak
frequency dispersion even belowTc2 when Edc is less than
0.22 kV/cm. This is due to that fact that the FEr phase is not
fully formed at low temperatures during FC whenEdc is
below 0.22 kV/cm. From Fig. 5 we can see thatTc1 is almost
independent ofEdc for all field levels.

Figure 6 shows the diagram for the bias field induced
phase transitions during ZFH-FC. This diagram indicates that
if the field strength is strong enough to induce the FEr phase
in the FC process, three subsequent phase transitions will
occur during ZFH, i.e., from FEr to FEo, then from FEo to
FEt , and finally from FEt to cubic state. The critical tempera-

FIG. 2. Dielectric constant~a! and loss~b! vs temperature for the FC
scheme under various dc biases at a frequency of 10 kHz.

FIG. 3. Dependence of critical temperaturesTc1 , Tc2 , andTc3 on dc bias
for the FC scheme.
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tures of the phase transitions,Tc3, Tc2, andTc1, are almost
independent of the magnitude of the dc biases during FC, so
long as it is above the threshold value.

C. FH-ZFC measurements

When the crystal is cooled without an external electrical
field from a temperature aboveTmax, polar clusters are
formed and persist down to room temperature, which is char-
acterized by the frequency dispersion of the dielectric prop-
erties as shown in Fig. 4~a!. Upon heating the sample under
a dc bias field along@111#, the tendency to form FEr in-
creases so that the frequency dispersion will be reduced. This
characteristic is shown in Fig. 7. When the applied electric
field is 0.43 kV/cm, frequency dispersion does not change
much in the low temperature region until the temperature

reaches a critical value of 120 °C. However, when the ap-
plied electric field is increased to 0.65 kV/cm, frequency
dispersion is visible at the beginning, as shown in Fig. 7~b!,
then a small but clear jump in the dielectric constant ap-
peared atTc4 near 88 °C, above which the dielectric disper-
sion disappears. This is an indication of the formation of the
FEr phase. With further increase of temperature under the
same dc bias field, the FEr phase is broken down again atTc3

to FEo, and then from FEo to FEt at Tc2, and from FEt to
cubic atTc1. Figure 7~c! shows similar characteristics with
Fig. 7~b!, where 0.87 kV/cm bias electric field is applied
during FH, butTc4 moves to a lower temperature. Figure
7~d! shows the dielectric properties with high dc voltage of
3.00 kV/cm applied on the sample during FH. Under such a
high electric field, the crystal is in the FEr phase even at
room temperature and the critical nature of the induced tran-
sitions~at Tc1, Tc2, andTc3) and the normal phase transition
at Tmax are all suppressed, which is consistent with what is
observed in the FC process.

Similar to the characteristics of phase transitions atTc1,
Tc2, and Tc3 in the cases of FC and ZFH-FC, the phase

FIG. 5. Dielectric constant~a! and loss~b! vs temperature for the ZFH-FC
scheme under various dc biases during FC at a frequency of 10 kHz.

FIG. 6. Dependence of critical temperaturesTc1 , Tc2 , andTc3 on dc bias
during FC for the ZFH-FC scheme.

FIG. 4. Dielectric constant and loss as
a function of temperature for the
ZFH-FC scheme under various dc bi-
ases during FC.

8127J. Appl. Phys., Vol. 95, No. 12, 15 June 2004 M. Shen and W. Cao

Downloaded 30 Nov 2004 to 144.214.24.90. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



transitions atTc1, Tc2, Tc3, andTc4 in the FH measurement
also show threshold fields. This is illustrated in Fig. 8. For
Edc,0.22 kV/cm, the dielectric properties are nearly inde-
pendent ofEdc. We notice that this value of threshold volt-
age ~0.22 kV/cm! is much higher than that in the FC case.
From Figs. 8~a! and 8~b!, one can see only two dielectric
anomalies when the electric field is between 0.22 and 0.43
kV/cm. In this relatively weaker bias electric field region, the
field is not strong enough to induce a FEr phase in the
sample, but may induce the FEo first. We propose that the
two dielectric anomalies in the electric region of 0.22–0.43
kV/cm are due to the phase transitions from FEo to FEt state
(Tc2), and then to cubic phase at the higher temperature of
Tc1. When the applied electric field is higher than 0.54 kV/
cm, four anomalies appear as shown in Fig. 8; they corre-
spond to the phase transitions from relaxor rhombohedral

phase to FEr at Tc4, FEr to FEo at Tc3, FEo to FEt at Tc2, and
FEt to cubic phase atTc1, respectively. It is evident that the
threshold voltages for the appearance of FEo and FEr are
0.22 (Eth1) and 0.54 kV/cm (Eth2), respectively, as shown in
Figs. 8 and 9.

Figure 9 shows the electric field–temperature diagram
for the induced dielectric anomalies during FH. Under a rela-
tively strong electric field, FEr can be induced at a particular
temperatureTc4, so that the system shows typical ferroelec-
tric phase behavior beyondTc4. In other words, the polar
cluster state has been transformed into a normal ferroelectric
phase induced by the external field atTc4. Since the disorder
increases with temperature, at a higher temperatureTc3, the
FEr phase will overcome the bias field to become a FEo

phase, and then to a FEt phase, followed by the increase of
dielectric dispersion, the characteristic of decreasing order.

From Figs. 1, 4, and 7, we can find some common char-
acteristics for theTc1, Tc2, andTc3 in the temperature de-
pendence of dielectric properties measured under FC,
ZFH-FC and FH-ZFC schemes, andTc4 for FH-ZFC
scheme.

FIG. 7. Dielectric constant and loss as
a function of temperature for the FH-
ZFC scheme under various dc biases.

FIG. 8. Dielectric constant~a! and loss~b! vs temperature for the FH-ZFC
scheme under the various dc biases at a frequency of 10 kHz.

FIG. 9. Dependence of the critical temperaturesTc1 , Tc2 , Tc3 , andTc4 on
dc biases for the FH-ZFC scheme.
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~1! Unlike Tmax, these critical temperatures do not depend
on frequency.

~2! All induced transitions had first-order-like characteris-
tics under low bias electrical field. Thermal hysteresis is
present between cooling and heating in the vicinity of
the dielectric discontinuities, indicating the system is
metastable in temperature regions of over heating and
under cooling. Metastability can only occur in a first-
order transition but not in a second-order transition.18

~3! The transitions at these temperatures are irreversible in
the absence of an external electric field.

It is found that for the PMN-PT crystals,19 normal ferro-
electric state can be induced either by increasing PT content
cross the MPB so that the ferroelectric nature of the PT be-
comes dominant, namely, composition induced transition, or
by applying a dc bias in@111# through field induced transi-
tion. The effect of the bias is to add more strength to the
ferroelectric feature in the solid solution system. Our results
revealed an interesting competing characteristic between the
relaxor PZN and the normal ferroelectric PT constituents in
the PZN-PT solid solution. Such competition produced four
distinct structural phases~relaxor rhombohedral, FEr , FEo,
and FEt) belowTmax and the transitions between these states
can be regulated by external bias and temperature, causing
the appearance of four additional critical temperaturesTc1,
Tc2, Tc3, andTc4.

IV. SUMMARY AND CONCLUSIONS

In this paper, we report a detailed investigation on the
dielectric anomalies in@111# oriented PZN-4.5%PT single
crystals induced by different levels of bias electrical field
during temperature variations. The electric field–temperature
diagrams of the anomalies were developed under three dif-
ferent schemes of changing the temperature and bias field,
i.e., FC, ZFH-FC, and FH-ZFC. It is demonstrated that the
application of a dc electrical field to@111# oriented PZN-
4.5%PT single crystals induced dielectric anomalies to occur
at specific temperatures, which can be explained by the tran-

sitions between five different phases: relaxor rhombohedral,
FEr , FEo, FEt , and cubic phase. The amplitudes of the di-
electric anomalies are frequency dependent, but the critical
temperatures are practically independent of the field strength.
There is a threshold field for the appearance of each of the
dielectric anomalies, which depend on thermal histories.
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