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Raman study of an electric-field-induced phase transition
in Pb(Zn3Nby3) O3-8%PbTiO
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Electric-field-induced structural transition of a single crystal PhfRHp,5) O3-8%PbTiG, 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 electricHjgldnd completed at higher
transition fieldE.,. In the electric-field range frork.; to E.,, it is found that rhombohedral and tetragonal
phases coexist. The lower threshold fi€d, is found to coincide with the field at which the strain rises
abruptly in the strain electric-field hysteresis loop while the upper threshold Egldcorresponds to the
electric field where a slope change is observed in the high-field saturation region beyond the hysteresis loop.
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[. INTRODUCTION was suggested as due to a polarization rotation in the field-
induced phase transition from the rhombohedral phase of a
Since the 1960s many research workers have been intdew-level strain to the tetragonal phase of a high-level
ested in the mixed perovskite-type ferroelectricsstrain®®
A(B,B,,)03, whereA site ions are Pb ions anB sites are In the pre;ent experimental work, we measurgd Raman
occupied by two different ions of various combinations sat-SPectra of a single crystal of PZN-8%PT under various elec-
isfying the effective chemical valency of-4. These tric f|elds_ in the(001) direction in the hop_e_ for a bet_ter un--
pseudocubic or rhombohedral compounds tend to becon{éerstgndlng_ of the str_uptural phase transition a§300|ated with
ferroelectric relaxors and transform to relaxor-based tetragd!'€ 9iant piezoelectricity. PZN-8%PT grown in ttié01)
nal ferroelectrics when PbTiO(PT) is doped in high direction is found to have a larger piezoelectric constant than

"o £o o
concentratiort. These relaxor-based ferroelectric materialspz'\I 9.5%PT which is closer to the MPB concentratfon.

are found to have very large piezoelectric and dielectric Conl_?aman-scattenng spectra of both ferroelectric reldxarl

stants near the morphotrophic phase boundaNiRB), and relaxor-based ferroelectrit® with B-site ions of +2 and

have drawn great concern of many research works for actuar> valencies IM\(B, By O; perovskites has been studied in
9 . y 6(_l,jreat detail but only for temperature-dependent changes as-
tors and sensor applicatiofs.

. X . sociated with the structural phase transitions. Previous Ra-
~Lead zinc niobate Pb(ZpaNb;5) O3 (PZN) is a ferroelec-  an results show that, even in the high-temperature cubic
tric relaxor characterized by a broad and frequencyppase the Raman spectra do not differ qualitatively from
dependent diffused phase transition, whereas PT is a normg{ose of rhombohedral phase except in the intensities of vari-
ferroelectric crystal of tetragonal symmetry with space groupyys modes. This was taken as the evidence for existence of
PAmm at room temperature. The solid solution microdomains of different polarizations even in the cubic
(1-x)PZNXPT (PZNxPT) has the MPB in the range of PT phase with a built-in disorder of the-site ions® However,
concentration fronx=9.0% tox= 9.5% at room tempera- the effects of electric fields on the polar microdomains and
ture and can be grown to a single cry3tah contrast thus the structural changes have not been studied yet by Ra-
to the case of ceramic PZN relaxors. Recentlyman spectroscopy, which may offer detailed information
Pb(Zn5Nby/5) O5-xPbTiO; (PZN-XPT) crystals have re- about the field-induced structural changes associated with the
ceived a great attention after the discovery of a giant piezogiant piezoelectricity. Our Raman scattering study of
electricity in this relaxor-based ferroelectric single crystalpzN-8%PT single crystal clearly shows that the electric field
PZNxPT of x=8%.* PZNXPT shows a structural phase applied in the(001) direction induces a phase transition from
transition from the low-temperature rhombohedral phase tgéhe rhombohedral at low fields to the tetragonal phase at high
the high-temperature tetragonal phase, where the phasfelds through a phase coexistence region in the intermediate
transition temperature depends on the mixing concentration fields.
of PT35 In the rhombohedral PZNPT crystal with the
spontaneous polarization along t{iel1) direction, the elec-
tric field along the(001) direction gives rise to the giant
piezoelectric response, whereas a field along 144) direc- Single crystals of PZN-8%PT solid solution were grown
tion gives a normal small strafhThe origin of this giant by the high-temperature flux meth8d®seudocubic crystal
piezoelectricity observed in the PZN-8%PT single crystalaxes were determined by a Laue diffraction pattern, and the

Il. EXPERIMENT
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FIG. 1. Longitudinal strain of the PZN-8%PT crystal in the Raman Shift (cm'1)

(00D direction as a function of the electric fiel@V/cm) applied
along the(001) direction at room temperature (22.5. °C). The thick g5 2. Room-temperature (22.5°C) Raman spectra of the
arrow indicates an inflection point in the electric-field strain curve.pzn.gospT crystal at various electric fieldev/cm) applied in the

] ) ) ) ) (001) direction in the paralle{fVV) scattering geometry. Each spec-
crystal was cut into slices in th@01) direction. The(001)  trum is shifted by constant amount in intensity for clarity.
surfaces of the thin-film samples were carefully polished be-

fore coating electrodes on the two surfaces. Indium-tin-oxideédt a threshold field strength of 15-17 kV/cfdenoted as
(ITO) transparent electrode was coated on one side and gofd:) as the field strength increases. Park and Shrsug-
electrode on the other side of the crystalline sample, angested a phase transition from the rhombohedral to the te-
Raman signals of the samples were taken through the IT@agonal structure at this value of the applied field. At a
electrodes. The ITO electrode has no Raman active modstronger fieldmarked by an arrow in the figuréeyond the
and does not interfere with Raman spectra of the samplbysteresis loop, we notice that there exists a slope change in
beneath it. the electric-field strain curve. The slope change indicates that
Raman spectra were taken using an Ar-ion laser operatetiere might be a change in the structural properties at this
at the 514.5-nm line. Scattered light was collected by arparticular electric field, and indeed, it is observed in our cur-
ULWD lens (X 20) system in the backscattering geometry. Arent Raman study. We denote this particular fieldgs
triple grating spectrometer with a charge-coupled device We measured Raman spectra of the PZN-8%PT crystal
(CCD) detector(Jobin Yvon T6400p was employed to re- under electric fields applied in th@01) direction up to 45
duce the stray light background in the low-frequency RamarkV/cm to elucidate the details of the field-induced structural
spectra. Raman spectra were measured in two different scgthase transition. Figures 2 and 3 show the Raman spectra of
tering geometries; parallévV) and cross(VH) scattering the PZN-8%PT taken at room temperature (22.5°C) at sev-
geometries. In the parallel scattering geometry, the polarizeeral selected values of the applied electric field. From Raman
tions of the incident and the scattered light are both in thespectra in the parallel polarization scattering geoméfiy.
(100 direction. In the cross scattering geometry, the polar2), we observe that the Raman modes near 100 and
ization of the incident light is in thé100) direction and that 780 cmi ! increase in intensity when the applied electric
of the scattered light in th@10) direction. The PZN-8%PT field is increased. On the other hand, in the cross polarization
samples studied in this work have thickness of about 0.15cattering geometryFig. 3), Raman modes near 100, 600,
mm. The external electric field was applied in #®91) di- and 780 cm® are seen to decrease in intensity as the ap-
rection through the transparent ITO electrode in the range oflied field is increased. The Raman mode at 270 tm
0-45 kV/cm and temperature of the sample was varied fronfiowever, is seen to remain unchanged in both Figs. 2 and 3,
the room temperature to well above the transition temperawhich can be taken as a reference mode for a quantitative
ture. AK-type thermocouple was used to measure temperasomparison of the field-induced changes of the different
ture of the sample surface where Raman signals were cofnodes.
lected. When the applied electric field reaches 18.2 kV/cm, the
relative intensities of the Raman modes at 100, 600, and
Ill. RESULTS AND DISCUSSION 780 cm! with respect to that of the 270-cmh mode are
observed to make an abrupt change. Note that 18.2 kV/cm is
As can be seen in Fig. 1 of the electric-field strain curvejust above the threshold fiel, in the electric-field strain
of the PZN-8%PT crystal in thé001) direction, a rapid in-  curve of Fig. 1. Further increase of the electric field brings
crease of strain beyond a normal piezoelectric limit appearabout another notable change in the relative intensities of the
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FIG. 3. Room temperature (22.5 °C) Raman spectra in the cross FIG. 5. Raman spectra of the PZN-8%PT crystal at various
(VH) scattering geometry at various electric fiel@&/cm). Each  temperatures in the paralléV/V) scattering geometry. Each spec-
spectrum is shifted by constant amount in intensity for clarity. trum is shifted by constant amount in intensity for clarity.

Raman modes at 100, 600, and 780 “¢rwith respect to the almost linearly with the change of the electric fields between
mode at 270 cm! as the applied field reaches 34.1 kV/cm. E., andE.,. Below E.; and aboveE,,, the relative intensi-
These changes are readily seen in Fig. 4, where the ratio dies stay nearly constant. Clearly there is a strong correlation
the cross component to the parallel component of 100betweenE.; and E., determined from the electric-field
(circle), 600- (triangle), and 780- (square) cit modes are  strain curve and those determined from the changes in the
plotted as functions of the applied electric field. The verticalrelative Raman intensities of the 100-, 600-, and 780-tm
lines are drawn at the values of tkg; andE., which were  modes. We do believe that these changes are due to structural
determined from the electric-field strain curifég. 1). From  phase transitions as confirmed from the following
Fig. 4, we notice that the relative intensities are changingemperature-dependent Raman spectroscopy.
The structure of PZN-8%PT is known to be rhombohe-
0.8 5 dral at room temperature, and becomes tetragonal at
Wt 225%C =100 °C (see Fig. 5 of Ref. B*° Figures 5 and 6 show our
074" **:}Q\g own Raman spectra of PZN-8%PT at various temperatures
' LI © [100 ecm™ mode in the parallel(VV) and the crosgVH) scattering geom-
800 cm™ mode etries, respectively. At low temperatures, the Raman spectra
¥ . in the parallel scattering geometry are similar to those in the
\ = |780 cm™ mode .

% cross scattering geometry. However, at temperatures above
C TN 100 °C, the Raman spectra in the parallel scattering geom-
‘ Q etry are distinguished from those in the cross scattering ge-
L N\ ometry. The three modes at 100, 600, and 780 tishow

X abrupt changes in intensity above 100 °C, which is known to
P be the critical temperature of the structural phase transition
from the rhombohedral to the tetragonal structiitdn a
previous Raman measurementon a (001)-oriented
PZN-9%PT at various temperatures, the Raman spectra were
0.2 PP almost identical to each other with a change only in the

E T polarization ratio of the 780-cit mode upon the phase
0 10 20 30 40 transition. Apparently, the PZN-8%PT single crystal is ex-
Electrc Field (kV/cm) hibiting stronger contrast than PZN-9%PT in ch_a_nges of the
Raman spectra upon the structural phase transition.

FIG. 4. Intensity ratio of the cross component to the parallel Note that all the Raman modes observed in the rhombo-
component of the 100-cht(circle), 600-cnt’(triangle), and hedral phase are also present in the tetragonal phase despite
780-cnt Y(square) modes as functions of the applied electric fielddhe large changes in their intensities. In addition, all the
(kVicm). modes appear both in the parallel and cross scattering geom-
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FIG. 6. Raman spectra of the PZN-8%PT crystal at variousServed Raman spectra of the PZN-8%PT crystal at one arbitrary
temperatures in the cro§¥H) scattering geometry. Each spectrum |nt(_ermed|ate electric fl_eld of 27.3 ky/cm |n_the paral(®V) scat-
is shifted by constant amount in intensity for clarity. tering geometry. Details of calculation are in the text.

etries. A strict selection rule should apply to the appearanciltermediate range of the electric fields betwégpandE.,,
(or disappearangeof Raman modes for single crystals of the phase of the PZN-8%PT is actually a mixture of the
single domain so that one should expect a complete extindhombohedral and the tetragonal phases but not a third
tion of certain Raman modes upon the structural phase traRnase. Assume that the mixing ratio of the two phases at an
sition. However, our Raman results of PZN-8%PT smg|e|ntermed|ate electrlc_: fieldEl) are propor_tlonal to the differ-
crystal as well as previous Raman results of PZN-9%pPTENCe from thek., with respect to the difference of the two
single crystal do show incomplete selection rules of the obgritical fieldsEc;—Ecy. Then one would expect that the Ra-
served Raman modes. This effect of apparent symmetr{fan spectra at the electrlc_ fields of the |r_1t_ermed|ate range
breaking may be due to, and thus may serve as an eviden&@uld be represented by a linear superposition of the Raman
for, the existence of the micropolar domains in the singleSPectrum at belovE., and the Raman spectrum at above
crystal of PZNx%PT. E.. In Figs. 7 and 8, we present the calculated Raman spec-
We note that the changes observed in the zero-field Ra-
man spectra across the critical temperature in the temperature
dependence measureme(figs. 5 and Hare significant and
comparable to the changes observed in the room-temperature VH Scattering
Raman spectra across the upper transition figld in the
electric-field dependence measuremefigs. 2 and 3 On
the other hand, the changes in the Raman spectra a€ggss
are not as obvious as those acriss. This suggests that the
field-induced phase transition from the rhombohedral to the
tetragonal phase is completed at the fields abByg not
E.1. This is in contrast to the earlier interpretation made by
Park et al, who suggested that the phase transition would
occur atE; from their x-ray-diffraction measurements under
electric field® The lower critical fieldE;, at which rapid
increase of strain beyond a normal piezoelectric limit appears
in the electric-field strain curvéFig. 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- 200 400 600 800
sition is initiated atE;; and completed &E,. In the figure, . -
the depolarization ratios of the 100-, 600-, and 780-m Raman Shift (cm")
modes remain constant beld#,;, decrease almost linearly FIG. 8. Calculated Raman spectra in comparison with the ob-
as the electric fields increase abdyg, and then saturate to served Raman spectra of the PZN-8%PT crystal at 27.3 kV/cm in
constant values aboVE.,. This figure suggests that, in the the crossVH) scattering geometry.

—— measured spectrum
—e— calculated spectrum

Intensity (arb. unit)
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tra in the parallel and the cross scattering geometries, respegran the value of the PZN-12%PT sample which is tetrago-
tively, at an intermediate electric field of 27.3 kV/cm in com- na| at room temperatur@.This indicates that their maximum
parison with the observed Raman spectra at the same fielglpplied electric field was just abo&,;, but less tharkE.,.

The calculated spectra was obtained from the linear superpo-
sition of the Raman spectra Bt; andE_,,

{CAL}=[rxX{RHS+(1-1)x{TGS], We have examined the electric-field-induced structural
where {CAL} represents the calculated Raman speatra, phase transition in the PZN-8%PT single-crystal samples us-
=(E.,—EI/(Eg;—E¢1), El an intermediate electric field ing Raman spectroscopy. Our Raman study shows that, in the
betweenE,; andE,, (27.3 kV/cm in this case {RHS} Ra-  PZN-8%PT single crystal under electric field in tf@01)
man spectrum of the rhombohedral phase, @@lS; Raman  direction, the structural transition from the rhombohedral
spectrum of the tetragonal phase. The agreement between thease to the tetragonal phase is initiatedEat (15-17 kV/
experimental and the calculated Raman spectra is excelleatm), and completed aE., (about 33 kV/cnm. In the inter-
for both parallel and cross scattering geometries, whichmediate electric fields betwedty; andE.,, both the rhom-
strongly suggests the coexistence of the rhombohedral arfabhedral and the tetragonal phases coexist in the PZN-8%PT
tetragonal phases in the intermediate field regi8+-33 kV/  single crystal.

IV. CONCLUSION

cm).
There exists an attempt to show a direct evidence for the
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