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Raman study of an electric-field-induced phase transition
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Electric-field-induced structural transition of a single crystal Pb(Zn1/3Nb2/3)O3-8%PbTiO3 grown in the
~001! direction was studied by use of Raman scattering spectroscopy. By comparing the changes in Raman
spectra induced by the electric field with the temperature-dependent changes, we could confirm that the
structural transition to tetragonal phase is initiated at a threshold electric fieldEc1 and completed at higher
transition fieldEc2. In the electric-field range fromEc1 to Ec2, it is found that rhombohedral and tetragonal
phases coexist. The lower threshold fieldEc1 is found to coincide with the field at which the strain rises
abruptly in the strain electric-field hysteresis loop while the upper threshold fieldEc2 corresponds to the
electric field where a slope change is observed in the high-field saturation region beyond the hysteresis loop.
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I. INTRODUCTION

Since the 1960s many research workers have been inter-
ested in the mixed perovskite-type ferroelectrics
A(BIBII )O3, whereA site ions are Pb ions andB sites are
occupied by two different ions of various combinations sat-
isfying the effective chemical valency of14. These
pseudocubic or rhombohedral compounds tend to become
ferroelectric relaxors and transform to relaxor-based tetrago-
nal ferroelectrics when PbTiO3 ~PT! is doped in high
concentration.1 These relaxor-based ferroelectric materials
are found to have very large piezoelectric and dielectric con-
stants near the morphotrophic phase boundaries~MPB!, and
have drawn great concern of many research works for actua-
tors and sensor applications.2

Lead zinc niobate Pb(Zn1/3Nb2/3)O3 ~PZN! is a ferroelec-
tric relaxor characterized by a broad and frequency-
dependent diffused phase transition, whereas PT is a normal
ferroelectric crystal of tetragonal symmetry with space group
P4mm at room temperature. The solid solution
(1-x)PZN-xPT (PZN-xPT) has the MPB in the range of PT
concentration fromx59.0% to x5 9.5% at room tempera-
ture and can be grown to a single crystal3 in contrast
to the case of ceramic PZN relaxors. Recently
Pb(Zn1/3Nb2/3)O3-xPbTiO3 (PZN-xPT) crystals have re-
ceived a great attention after the discovery of a giant piezo-
electricity in this relaxor-based ferroelectric single crystal
PZN-xPT of x58%.4 PZN-xPT shows a structural phase
transition from the low-temperature rhombohedral phase to
the high-temperature tetragonal phase, where the phase-
transition temperature depends on the mixing concentrationx
of PT.3,5 In the rhombohedral PZN-xPT crystal with the
spontaneous polarization along the~111! direction, the elec-
tric field along the~001! direction gives rise to the giant
piezoelectric response, whereas a field along the~111! direc-
tion gives a normal small strain.4 The origin of this giant
piezoelectricity observed in the PZN-8%PT single crystal

was suggested as due to a polarization rotation in the field-
induced phase transition from the rhombohedral phase of a
low-level strain to the tetragonal phase of a high-level
strain.4,6

In the present experimental work, we measured Raman
spectra of a single crystal of PZN-8%PT under various elec-
tric fields in the~001! direction in the hope for a better un-
derstanding of the structural phase transition associated with
the giant piezoelectricity. PZN-8%PT grown in the~001!
direction is found to have a larger piezoelectric constant than
PZN-9.5%PT which is closer to the MPB concentration.4

Raman-scattering spectra of both ferroelectric relaxors7 and
relaxor-based ferroelectrics8,9 with B-site ions of 12 and
15 valencies inA(BIBII )O3 perovskites has been studied in
great detail but only for temperature-dependent changes as-
sociated with the structural phase transitions. Previous Ra-
man results show that, even in the high-temperature cubic
phase, the Raman spectra do not differ qualitatively from
those of rhombohedral phase except in the intensities of vari-
ous modes. This was taken as the evidence for existence of
microdomains of different polarizations even in the cubic
phase with a built-in disorder of theB-site ions.9 However,
the effects of electric fields on the polar microdomains and
thus the structural changes have not been studied yet by Ra-
man spectroscopy, which may offer detailed information
about the field-induced structural changes associated with the
giant piezoelectricity. Our Raman scattering study of
PZN-8%PT single crystal clearly shows that the electric field
applied in the~001! direction induces a phase transition from
the rhombohedral at low fields to the tetragonal phase at high
fields through a phase coexistence region in the intermediate
fields.

II. EXPERIMENT

Single crystals of PZN-8%PT solid solution were grown
by the high-temperature flux method.4 Pseudocubic crystal
axes were determined by a Laue diffraction pattern, and the
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crystal was cut into slices in the~001! direction. The~001!
surfaces of the thin-film samples were carefully polished be-
fore coating electrodes on the two surfaces. Indium-tin-oxide
~ITO! transparent electrode was coated on one side and gold
electrode on the other side of the crystalline sample, and
Raman signals of the samples were taken through the ITO
electrodes. The ITO electrode has no Raman active mode
and does not interfere with Raman spectra of the sample
beneath it.

Raman spectra were taken using an Ar-ion laser operated
at the 514.5-nm line. Scattered light was collected by an
ULWD lens (320) system in the backscattering geometry. A
triple grating spectrometer with a charge-coupled device
~CCD! detector~Jobin Yvon T64000! was employed to re-
duce the stray light background in the low-frequency Raman
spectra. Raman spectra were measured in two different scat-
tering geometries; parallel~VV ! and cross~VH! scattering
geometries. In the parallel scattering geometry, the polariza-
tions of the incident and the scattered light are both in the
~100! direction. In the cross scattering geometry, the polar-
ization of the incident light is in the~100! direction and that
of the scattered light in the~010! direction. The PZN-8%PT
samples studied in this work have thickness of about 0.11
mm. The external electric field was applied in the~001! di-
rection through the transparent ITO electrode in the range of
0–45 kV/cm and temperature of the sample was varied from
the room temperature to well above the transition tempera-
ture. A K-type thermocouple was used to measure tempera-
ture of the sample surface where Raman signals were col-
lected.

III. RESULTS AND DISCUSSION

As can be seen in Fig. 1 of the electric-field strain curve
of the PZN-8%PT crystal in the~001! direction, a rapid in-
crease of strain beyond a normal piezoelectric limit appears

at a threshold field strength of 15–17 kV/cm~denoted as
Ec1) as the field strength increases. Park and Shrout4 sug-
gested a phase transition from the rhombohedral to the te-
tragonal structure at this value of the applied field. At a
stronger field~marked by an arrow in the figure! beyond the
hysteresis loop, we notice that there exists a slope change in
the electric-field strain curve. The slope change indicates that
there might be a change in the structural properties at this
particular electric field, and indeed, it is observed in our cur-
rent Raman study. We denote this particular field asEc2.

We measured Raman spectra of the PZN-8%PT crystal
under electric fields applied in the~001! direction up to 45
kV/cm to elucidate the details of the field-induced structural
phase transition. Figures 2 and 3 show the Raman spectra of
the PZN-8%PT taken at room temperature (22.5 °C) at sev-
eral selected values of the applied electric field. From Raman
spectra in the parallel polarization scattering geometry~Fig.
2!, we observe that the Raman modes near 100 and
780 cm21 increase in intensity when the applied electric
field is increased. On the other hand, in the cross polarization
scattering geometry~Fig. 3!, Raman modes near 100, 600,
and 780 cm21 are seen to decrease in intensity as the ap-
plied field is increased. The Raman mode at 270 cm21,
however, is seen to remain unchanged in both Figs. 2 and 3,
which can be taken as a reference mode for a quantitative
comparison of the field-induced changes of the different
modes.

When the applied electric field reaches 18.2 kV/cm, the
relative intensities of the Raman modes at 100, 600, and
780 cm21 with respect to that of the 270-cm21 mode are
observed to make an abrupt change. Note that 18.2 kV/cm is
just above the threshold fieldEc1 in the electric-field strain
curve of Fig. 1. Further increase of the electric field brings
about another notable change in the relative intensities of the

FIG. 1. Longitudinal strain of the PZN-8%PT crystal in the
~001! direction as a function of the electric field~kV/cm! applied
along the~001! direction at room temperature (22.5. °C). The thick
arrow indicates an inflection point in the electric-field strain curve.

FIG. 2. Room-temperature (22.5 °C) Raman spectra of the
PZN-8%PT crystal at various electric fields~kV/cm! applied in the
~001! direction in the parallel~VV ! scattering geometry. Each spec-
trum is shifted by constant amount in intensity for clarity.
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Raman modes at 100, 600, and 780 cm21 with respect to the
mode at 270 cm21 as the applied field reaches 34.1 kV/cm.
These changes are readily seen in Fig. 4, where the ratio of
the cross component to the parallel component of 100-
~circle!, 600- ~triangle!, and 780- (square) cm21 modes are
plotted as functions of the applied electric field. The vertical
lines are drawn at the values of theEc1 andEc2 which were
determined from the electric-field strain curve~Fig. 1!. From
Fig. 4, we notice that the relative intensities are changing

almost linearly with the change of the electric fields between
Ec1 andEc2. Below Ec1 and aboveEc2, the relative intensi-
ties stay nearly constant. Clearly there is a strong correlation
between Ec1 and Ec2 determined from the electric-field
strain curve and those determined from the changes in the
relative Raman intensities of the 100-, 600-, and 780-cm21

modes. We do believe that these changes are due to structural
phase transitions as confirmed from the following
temperature-dependent Raman spectroscopy.

The structure of PZN-8%PT is known to be rhombohe-
dral at room temperature, and becomes tetragonal atT
>100 °C~see Fig. 5 of Ref. 3!.3,5 Figures 5 and 6 show our
own Raman spectra of PZN-8%PT at various temperatures
in the parallel~VV ! and the cross~VH! scattering geom-
etries, respectively. At low temperatures, the Raman spectra
in the parallel scattering geometry are similar to those in the
cross scattering geometry. However, at temperatures above
100 °C, the Raman spectra in the parallel scattering geom-
etry are distinguished from those in the cross scattering ge-
ometry. The three modes at 100, 600, and 780 cm21 show
abrupt changes in intensity above 100 °C, which is known to
be the critical temperature of the structural phase transition
from the rhombohedral to the tetragonal structure.3,5 In a
previous Raman measurement9 on a ~001!-oriented
PZN-9%PT at various temperatures, the Raman spectra were
almost identical to each other with a change only in the
polarization ratio of the 780-cm21 mode upon the phase
transition. Apparently, the PZN-8%PT single crystal is ex-
hibiting stronger contrast than PZN-9%PT in changes of the
Raman spectra upon the structural phase transition.

Note that all the Raman modes observed in the rhombo-
hedral phase are also present in the tetragonal phase despite
the large changes in their intensities. In addition, all the
modes appear both in the parallel and cross scattering geom-

FIG. 3. Room temperature (22.5 °C) Raman spectra in the cross
~VH! scattering geometry at various electric fields~kV/cm!. Each
spectrum is shifted by constant amount in intensity for clarity.

FIG. 4. Intensity ratio of the cross component to the parallel
component of the 100-cm21(circle), 600-cm21(triangle), and
780-cm21(square) modes as functions of the applied electric fields
~kV/cm!.

FIG. 5. Raman spectra of the PZN-8%PT crystal at various
temperatures in the parallel~VV ! scattering geometry. Each spec-
trum is shifted by constant amount in intensity for clarity.

RAMAN STUDY OF AN ELECTRIC-FIELD-INDUCED . . . PHYSICAL REVIEW B64 0941XX

0941XX-3

  PROOF COPY [BX7240] 022133PRB  



  PROOF COPY [BX7240] 022133PRB  

  PRO
O

F CO
PY [BX7240] 022133PRB  

etries. A strict selection rule should apply to the appearance
~or disappearance! of Raman modes for single crystals of
single domain so that one should expect a complete extinc-
tion of certain Raman modes upon the structural phase tran-
sition. However, our Raman results of PZN-8%PT single
crystal as well as previous Raman results of PZN-9%PT
single crystal do show incomplete selection rules of the ob-
served Raman modes. This effect of apparent symmetry
breaking may be due to, and thus may serve as an evidence
for, the existence of the micropolar domains in the single
crystal of PZN-x%PT.

We note that the changes observed in the zero-field Ra-
man spectra across the critical temperature in the temperature
dependence measurements~Figs. 5 and 6! are significant and
comparable to the changes observed in the room-temperature
Raman spectra across the upper transition fieldEc2 in the
electric-field dependence measurements~Figs. 2 and 3!. On
the other hand, the changes in the Raman spectra acrossEc1
are not as obvious as those acrossEc2. This suggests that the
field-induced phase transition from the rhombohedral to the
tetragonal phase is completed at the fields aboveEc2, not
Ec1. This is in contrast to the earlier interpretation made by
Park et al., who suggested that the phase transition would
occur atEc1 from their x-ray-diffraction measurements under
electric field.5 The lower critical fieldEc1, at which rapid
increase of strain beyond a normal piezoelectric limit appears
in the electric-field strain curve~Fig. 1!, may be the field at
which the field-induced phase transition is initiated.

In fact, Fig. 4 supports that the field-induced phase tran-
sition is initiated atEc1 and completed atEc2. In the figure,
the depolarization ratios of the 100-, 600-, and 780-cm21

modes remain constant belowEc1, decrease almost linearly
as the electric fields increase aboveEc1, and then saturate to
constant values aboveEc2. This figure suggests that, in the

intermediate range of the electric fields betweenEc1 andEc2,
the phase of the PZN-8%PT is actually a mixture of the
rhombohedral and the tetragonal phases but not a third
phase. Assume that the mixing ratio of the two phases at an
intermediate electric field~EI! are proportional to the differ-
ence from theEc1 with respect to the difference of the two
critical fieldsEc22Ec1. Then one would expect that the Ra-
man spectra at the electric fields of the intermediate range
could be represented by a linear superposition of the Raman
spectrum at belowEc1 and the Raman spectrum at above
Ec2. In Figs. 7 and 8, we present the calculated Raman spec-

FIG. 7. Calculated Raman spectra in comparison with the ob-
served Raman spectra of the PZN-8%PT crystal at one arbitrary
intermediate electric field of 27.3 kV/cm in the parallel~VV ! scat-
tering geometry. Details of calculation are in the text.

FIG. 8. Calculated Raman spectra in comparison with the ob-
served Raman spectra of the PZN-8%PT crystal at 27.3 kV/cm in
the cross~VH! scattering geometry.

FIG. 6. Raman spectra of the PZN-8%PT crystal at various
temperatures in the cross~VH! scattering geometry. Each spectrum
is shifted by constant amount in intensity for clarity.
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tra in the parallel and the cross scattering geometries, respec-
tively, at an intermediate electric field of 27.3 kV/cm in com-
parison with the observed Raman spectra at the same field.
The calculated spectra was obtained from the linear superpo-
sition of the Raman spectra atEc1 andEc2,

$CAL%5@r 3$RHS%1~12r !3$TGS%#,

where $CAL% represents the calculated Raman spectra,r
5(Ec22EI)/(Ec22Ec1), EI an intermediate electric field
betweenEc1 andEc2 ~27.3 kV/cm in this case!, $RHS% Ra-
man spectrum of the rhombohedral phase, and$TGS% Raman
spectrum of the tetragonal phase. The agreement between the
experimental and the calculated Raman spectra is excellent
for both parallel and cross scattering geometries, which
strongly suggests the coexistence of the rhombohedral and
tetragonal phases in the intermediate field region~16–33 kV/
cm!.

There exists an attempt to show a direct evidence for the
structural transition in PZN-8%PT under electric field in the
~001! direction using an x-ray-diffraction~XRD! method.10

The measured value of the lattice parameterc at the highest
available electric field of their experiment was even smaller

than the value of the PZN-12%PT sample which is tetrago-
nal at room temperature.10 This indicates that their maximum
applied electric field was just aboveEc1, but less thanEc2.

IV. CONCLUSION

We have examined the electric-field-induced structural
phase transition in the PZN-8%PT single-crystal samples us-
ing Raman spectroscopy. Our Raman study shows that, in the
PZN-8%PT single crystal under electric field in the~001!
direction, the structural transition from the rhombohedral
phase to the tetragonal phase is initiated atEc1 ~15–17 kV/
cm!, and completed atEc2 ~about 33 kV/cm!. In the inter-
mediate electric fields betweenEc1 andEc2, both the rhom-
bohedral and the tetragonal phases coexist in the PZN-8%PT
single crystal.
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