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In this paper we present a Raman-scattering study of the phase transitions in the PRy systems
around the morphotropic phase boundary over a wide temperature range. The boundary between rhombohedral
and monoclinic phases was found to be a quasivertical line betwe®46 andx=0.47. We also studied the
monoclinic-tetragonal phase boundary and our spectroscopic results agree very well with those reported by
using x-ray diffraction.
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I. INTRODUCTION Il. EXPERIMENT

The details of the sample preparation are reported

The Pbzi_,Ti,O5 (PZT) solid solution is a ferroelectric > S .
. : : Isewheré? The spectral excitation was provided by an Ar-
system presenting unusual ferroelectric properties close t%n laser, using the 514.5-nm lin@.41 eV} and with a

the morphotropic phase bounddiMPB) related to the giant . .
electromechanical coupling due to a polarization rotatio ower density Of~.1 Mwi/en? on the sample surfao_@ms
aser power density was found to optimize the signal-to-

mechanisnt. This new concept in the origin of outstanding ‘> : ) )

ferroelectric properties was recently confirmed in PZT with:ﬂ.'or'fte ratio W:thOL:jt o.\{ﬁrhe\]atlbr)g \t(he S?gzpégge scattteredt

the discovery of a new ferroelectric phase with monoclinic Ight was analyzed with a Jobin rvon spectrometer,
equipped with a Btcooled charge-coupled device detector.

symmetry? where the polarization vector is no longer con—_l_h lov-t " ; ; d usi
strained to lie along a symmetry axis, but instead the polar- € low-temperaiure measurements were performed using an

ization vector can rotate within the monoclinic plah& This air products closed-cycle He cryostat that provides tempera-

property is now associated with a universal characteristic ofures ranging from 7 to 300 K. A Lgkeshor.e.controller was
sed to control the temperature with precisionz00.1 K.

ferroelectric systems with MPB and huge electromechanic . .
coupling’ This phenomenon has already been experimen! € high-temperature studied £ 300 K) were performed

tally observed in PZT, Pb(MgNby:)Os-PbTiO; by using a resistive homemade furnace.
(PMN-PT),2 and Pb(ZnsNb,,5) O3-PbTiO; (PZN-PT).":910
The main technique used to study these new structural ll. RESULTS AND DISCUSSION

properties has been x-ray scattering that has indeed provided h . fth linic oh dth .
a very detailed structural characterization including the ob-_ 1 "€ €xtension of the monoclinic phase around the MPB in

. . . 8
servation of phase transitions. Raman spectroscopy has alff X7 phase diagram was first studied by Nohexal."
been widely used for studying structural phase transitions iy /fough x-ray-difiraction measurements. Recently, Lima

12 X ; ;
ferroelectric systems. In particular, Raman spectroscopy h al. con}‘_lrmedhthose reSI;Its b);]studymg the extension of
been applied for studying these novel structural features iff'® Monoclinic phaseta K through Raman-scattering mea-

PZT ceramicd!~Raman scattering is a simple, nondestruc-Surements and group theory analysis based on the point
tive, and readily available characterization technique allow3rPUPCs for the monoclinic phase. It should be pointed out
ing one to study the material already incorporated in a delhat the recent studies performed on the composition
vice. The understanding of the Raman spectra is useful in thBPZbs2Tl0.4d0s have suggested thatzthere are two mono-
characterization of PZT-based devices. clinic phases™*® One of them is theC (M) phase dis-
Recently, we have successfully determined througtfovered by Nohedat al.? which is stable in the tenlwgJerature
Raman-scattering studies the rhombohedral-monoclinictange 216T<280 K. ForT<210 K, Ranjaret al=> have
tetragonal phase-transition sequence at low temperat@res Proposed a monoclinic phase wi@ (M 1) space group.
K).12In this paper we present the phase-transitions studies ihhis new phase arises from an antiferrodistortive mechanism
PZT system near the MPB over a wide range of temperature@iven by instabilities at th& point of the cubic Brillouin
(7<T=<750 K). We determined both phase boundaries bezone. Since our Raman analysis is based on the point group
tween the rhombohedral and the monoclinic phase and bdCs), our previous analysté remains valid independent of
tween the monoclinic and the tetragonal phase. The boundhether the space group@ or C3. Due to the doubling of
ary between the rhombohedral and the monoclinic phase wdbe unit cell, it is expected to observe new Raman modes in
found as a quasivertical line and the boundary between théhe Raman spectra. However, these changes are expected to
monoclinic and the tetragonal phases agrees well with thappear for the external modéew-frequencies modesThis
x-ray-diffraction results. phase transition proposed by Ranjeinal*® occurs at rela-
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FIG. 1. Raman spectra fga) x=0.46 rhombohedral antb) x
=0.47 (monoclinig, respectively, taken at several temperatures.
The narrow mode marked with an “*” stands for a plasma from the
laser source.
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tively high temperatures where the elastic scattering is strong 40 190
and some extra modes due to the zone folding should be
underneath this elastic scattering. Since we were not able to
observe the transitions betwebh, andM 1, we hereafter FIG. 2. Raman spectra for PlaZr, Ti,O5 around the morphotro-
refer to these phases only as the monoclinic pfase. pic phase boundary taken at 300 K. The mode symmetry labeling
Both studies by Nohedat al* and Limaet al? sug-  stand for the tetragonal phagRef. 19.
gested that the boundary separating the rhombohedral from
the monoclinic phase is more vertical than the well-knownphase transition in the temperature range from 7 to 170 K,
tetragonal-monoclinic line boundary for which the slope isremaining in the starting rhombohedral phase at 7 K. The
~90 K/1% concentratioh® While the monoclinic-tetragonal same behavior is observed for the compositien0.47[Fig.
phase boundary is well determined, few reports has beel(b)] for which the monoclinic phase remains stable in the
published to study the rhombohedral-monoclinic phases stemperature range 7 KT<200 K. By comparing the spec-
far*'? We have performed a detailed study of thetra presented in Figs.(d and 1b), one can clearly observe
rhombohedral-monoclinic boundary by analyzing the datahat they present different spectral signatures thereby indicat-
keeping the temperature fixed and changing the concentrang that the compositions=0.46 andx=0.47 exhibit differ-
tion. This approach is, in particular, very important for deter-ent structural phasés?2 The main difference in the Raman
mining the line boundary by using Raman scattering as thgpectra lies in the doublet mode indicated by down arrows in
experimental technique to probe phase transitions irxtfie  Fig. 1. In the rhombohedral phase, the three modes with
phase diagram. The PZT system exhibits a considerableymmetryA,&E come from theT,, representation of the
amount of anharmonicity and is somewhat hard to distincubic phase. The mode belonging to thgirreducible rep-
guish whether the small changes induced by the temperaturesentation has no Raman activity in the point gr@p of
in the phonon spectra are associated with the anharmonige rhombohedral phase. When the rhombohedral-
effects or with the structural changes. By keeping the temmonoclinic phase transition takes place, fhemode trans-
perature constant, the anharmonic effects are surpassed afa@ims into theA” modes and th& mode into theA’ @ A”
the effects of the structural changes induced by the concenmodes thus giving rise the observed splittfi@oth A’ and

tration become accessible in the phonon spectra. With this\” are Raman-active modes in the monoclinic phase.
we were able to determine by using Raman spectroscopy,

with a precision better than 1% in concentration, the
rhombohedral-monoclinic and monoclinic-tetragonal phase
boundaries. At high temperatures (369T<450 K), Nohedaet al*
has proposed based on x-ray-diffraction measurements a co-
existence of monoclinic and tetragonal phases. The Raman
spectra in this temperature range exhibit very broad peaks.
Raman spectra taken at several temperatures for compélence it is not possible to clearly identify exclusive features
sitionsx=0.46 andx=0.47 are presented in Figs(@l and of each phase thus not allowing to precisely determine the
1(b), respectively. The spectra shown in Figa)l from the  amount of each phase present in the such a phase coexistence
bottom to the top, exhibit slight changes in the relative in-(see Fig. 2 However, there is some experimental evidence
tensity thus suggesting that the material does not undergofar this coexistence in the Raman spectrum of composition

B. Monoclinic phase at high temperatures

A. Monoclinic phase at low temperatures
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FIG. 4. Phase diagram for PbZr, Ti, O3 around the MPBC, T,
, R, andRy stand for cubic, tetragonal, monoclinic, rhombo-

edral at low temperature, and rhombohedral at high temperature,
respectively. The gray area denotes the region whkteT phases
possibly coexist. The thick horizontal bars separate two probed
x=0.47. This result in connection with the transitions be-samples with different structural phases. The boundary between the
tween the different phases is discussed in the following. ~ Phases is placed somewhere in the thick horizontal bars.

In Fig. 2, we show the Raman spectra for several compo-
sitions (0.46=x=0.60) around the MPB taken at 300 K. The Fig. 2). Further evidences that corroborate our analysis can
labeling in the top of the Fig. 2 denotes the mode symmetnpe obtained by analyzing the temperature dependence of the
based on the polarization studies performed in PREi@gle  spectra obtained for composition=0.48 [Fig. 3(b)]. This
crystals™® By analyzing the Raman spectra, from the bottomcomposition is reported to exhibit a tetragonal phaseTior
to the top, the main changes observed are, namely: =300 K415 This is actually confirmed by analyzing the

(i) From x=0.40 tox=0.46, the spectra remains exactly Raman spectra shown in Fig(t3, where no evidence of a
the same, there are no changes either in frequency or iphase transition is observed from 390<470 K and the
relative intensities of the different modes. This indicates thea, (2TO) mode is present in all spectra. By comparing the
stability of the rhombohedral phase from=0.40 to X Raman spectra of composition=0.46 [Fig. 3@)] with that
=0.46 at 300 K. of compositionx=0.48[Fig. 3(b)] (both taken at 450 K it

(i) For x=0.47, the relative intensity of some modes js clear that the structural phase for these compositions is the
seems to exhibit some changes, mainly the relative intensitgame, i.e., the tetragonal phase.
of the bandsA,(1LO) andE(2TO) where the spectra for  For the sake of completeness, we further investigated the
compositionx=0.47 has intermediate properties from thosetetragonal-cubic phase transition for compositions0.46
of x=0.46 (rhombohedral and x=0.48 (tetragonal. The  andx=0.48 for which the spectra are shown belfsecond
changes in line shape for the broadband that appears betweghace from the top in Figs.(8) and 3b)] and abovdfirst
490 and 640 cm! is also observed. These changes might barace from the top in Fig. @) and 3b)] the cubic phase-
due to the coexistence of monoclinic and tetragonal phases g&tnsition temperature. In this case the phase transitions are
x=0.47 as reported by Nohed al* clearly observed in the Raman spectra owing to the strong

(i) For x=0.48 the Raman spectra clearly exhibit new suppression of both the first-order Raman spectrum and the
features. The bands composed &{(1LO)®@A;(1TO), elastic scattering intensity, typical of perovskite cubic
A;(1LO)@E(2LO), andE®B; modes have an abrupt in- phases. The presence of Raman modes in the cubic phase
crease in intensity and the modg(2TO) appears. implies that the structure is not a perfectly cubic perovskite

From the above analysis we conclude that the composibut has some disorder that breaks the symmetry thereby al-
tion x=0.46 [Fig. 1(a)] does not undergo any phase transi-lowing Raman activity. The phase-transition temperatures
tion from 7 to 300 K. Forx=0.46, a phase transition from agree well with those reported earltér.
rhombohedral to tetragonal phase is expected to occur at Our results can be summarized in thd phase diagram
about 450 K8 We show in Fig. 8) the temperature de- shown in Fig. 4 along with results from other groujpen
pendence of Raman spectra for0.46. The changes in the circles and squares, solid diamon&$®>*¥The boundary be-
Raman spectra can be observed in the temperature rangeeen the tetragonal and monoclinic phase is consistent with
420-450 K. The main change is the appearance of the modke line determined either by Jafiet al!® or by Noheda
A;(2TO) [indicated with a double arrow in Fig.(@]. We et al? In the present study, the boundary between the rhom-
attributed the appearance of tAg(2TO) mode as being due bohedral and monoclinic regions appears as a quasivertical
to the tetragonal phase. This mode is indeed a clear signatuliee between 0.48x<0.47. To precisely determine the ex-
of the tetragonal phase at high temperaturete0.48(see  act position of the boundary, it would be necessary to carry

FIG. 3. Raman spectra fga) x=0.46 and(b) x=0.48, respec-
tively, taken at several temperatures. The narrow mode marked wit
an “*” stands for a plasma from the laser source.
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out experiments in samples with intermediate compositions Note added in proofRecently, we became aware of a
between 0.46 and 0.47. It should be pointed out that Nohedaork by Franttiet al?® on phase transitions by using neutron
et al* reported that the composition=0.46 is monoclinic, powder diffraction techniques. These authors have verified
and we attributed this to a small deviatith5% in concen-  the symmetry determined by Nohee&al? for the mono-
tration as a consequence of the sample preparation procelinic phase at low temperatures. In addition, they reported
dure. Finally, the verticality of the rhombohedral-monoclinic that this phase coexists with the rhombohedral low-
boundary suggest that the devices taking profit of the hugéemperature R, 1) phase, but the former appears dominant
electromechanical coupling, peculiar of the monoclinicthereby not affecting our analysis. Another concern is related
phase, can operate in a large temperature rdfigen 7 to  whether the phase transition is either fr&n; to monoclinic
300 K). or from rhombohedral high temperatui®,) to monoclinic.
Since these two phases have the same point g&ypour
IV. CONCLUSION Raman analysis does apply independently of the kind of

rhombohedral phase.
In summary, we have determined a quasivertical boundary

separating the rhombohedral from the monoclinic phase in
Pbzr, _,Ti, O3 system by using Raman-scattering techniques.
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our results agree well with x-ray-scattering results thus sugian agency CNPq under Contract No. 301322/2001-5. K.C.V.
gesting that our approach in analyzing the Raman-scatteringima acknowledge Agecia Nacional do Petteo (ANP) for
data for PZT can be used to investigate these novel phagiancial support. The authors acknowledge financial support
transitions in other ferroelectric systems with similar MPB from Brazilian agencies FUNCAP, CNPqg, CAPES, and
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