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High-pressure Raman study of a relaxor ferroelectric: The Na sBiy 5TiO 5 perovskite

J. Kreisef and A. M. Glazer
Clarendon Laboratory, University of Oxford, Parks Road, Oxford OX1 3PU, United Kingdom

P. Bouvier, and G. Lucazeau
Laboratoire d’Electrochimie et de Physicochimie des Naigex et des Interface, 1130 rue de la piscine, Boite Postale 75,
38402 Saint Martin d’'Hees Cedex, France
(Received 29 August 2000; published 5 April 2001

We report high-pressure Raman measuremamisto 19 GPaon the perovskite-type relaxor ferroelectric
sodium-bismuth-titanate, NaBi, sTiO5; (NBT). Distinct changes in the Raman spectra have been analyzed in
the light of a rhombohedral-to-orthorhombiR3c-to-Pnmg phase transition. Results show that this transition,
involving a change in the tilt systernd the cation displacement, does not occur in a single step, but goes
through an intermediate phaé27 to 5 GPa The frequency evolution of characteristic bands in the Raman
spectra allows us to propose a scenario where in the early stage of the transition a changa-gatibe
displacement[(111],—[010],) takes place, while at least one other change, Besite cation displacement
([111],—[000]) or the tilt change 4 a a”—a b"a~), appears to happen only at higher pressures. A
pressure-induced breakdown of the Raman intensity, preceding the phase transition, has been observed for the
bands at 135 and 275 crh It is suggested that a change in the polar character of nanosizéd@iBi; and
Nal*TiO; clusters is at the origin of this observation, being, in fact, the signature of a pressure-induced
relaxor-to-antiferroelectric crossover in NBT. Raman spectroscopy is shown to be an effective technique to
investigate the pressure-dependent behavior in relaxor ferroelectrics.
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I. INTRODUCTION or chemically differentB cations, but NBT has unlike-
valency Nd and BF* cations at the sites.(iv) For PB* it

In the past,ABO; perovskite-type oxides have been ex- has already been shown that its polarization plays a special
tensively studied mainly because of their technologically im-role in ferroelectric properti€sThe fact that Bi™ ions are
portant piezoelectric and dielectric properties. Relaxor ferroisoelectronic with Pb", both showing a lone pair effect,
electrics(relaxors form a special class of ferroelectrics and encourages further studies into NBT. Such studies might re-
are characterized by a dielectric response with a broad pealeal NBT-related perovskites as environmental-friendly al-
as a function of temperature and a frequency-dependent réernatives to the currently used lead-based ferroelectric and
sponse, rather than a sharp frequency-independent peak aspigezoelectric materials. Recent results on barium-doped
classical ferroelectrics. The true origin of the relaxor behaviNBT, revealing promising piezoelectric properties, are
ior in perovskites is still controversial, but is most likely due encouragind.
to heterovalent disorder. Well known perovskite re- In the past, the usual approach towards the understanding
laxors include PHB,Nb,3)O; (B=Mg, Zn, Ni, So, of relaxor ferroelectrics was mainly through their chemical
Pb(SgsTay O3, K(Tay_4Nb,)O;, or La-modified composition- or temperature-dependent behavior and only a
Pb(Zr, _,Tiy)Os. few pressure-dependent studies on relaxors have been re-

Only a limited number of studies of mixe&tsite relaxors  ported. However, recently, for instance through the work on
like K;_,Li,TaO; (KLT) or Na, &Bi, cTiO5 (NBT) have ap-  various perovskites by Samara and co-worket$,or on
peared in the literature. The latter relaxor NBT, discovered irPb(In, sNby 5) O3 by Yasuda and co-worket$;**the impor-
1961 by Smolenskit,is for several reasons interesting to tance of pressure as a variable in elucidating phase transi-
study. (i) From a structural point of view NBT has the spe- tions and the physics of mixed perovskites has been empha-
cial and rare feature to form a chemic@mpoundi.e., an  sized. Interesting results include pressure-induced
energetically stable substance of fixed composition, througferroelectric-to-relaxor crossover observed by Samara
substitution of theA-site cation in the perovskite structure. et al®~** and relaxor-to-antiferroelectric crossover reported
Among the thousands of variants of substitutional modifiecby Yasudaet all?~** The most commonly used techniques
perovskites, there is only a handful of casescompound for the investigation of pressure-dependent properties in re-
formation resulting from the substitution at tiesites.(ii)  laxors are dielectric spectroscopy and x-ray diffraction.
Virtually all previous studies of NBT point to the peculiar ~ Raman spectroscopy is known to be an appropriate tech-
nature of its temperature-dependent phase transitises, nique for the study of pressure-induced phase transitions as
e.g.,, Refs. 1-6 On cooling NBT transforms from a has been shown for various perovskite-type titanfees.,
paraelectrid PE) cubic phase to a ferroelectri€E) tetrago-  BaTiO,,*>8 PbTiO;, 1718 SrTi0,,*° CaTio, (Ref. 20]. Al-
nal and then to a rhombohedral relaX®R) phase?’.'5 (iii) though, this technique has been shown to be also useful for
Most relaxor ferroelectrics have pairs of isovaléntations temperature- or substitution-dependent investigations of re-
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laxors (see, e.g., Refs. 21-p7Raman spectroscopy has, to Z=2 | ferroic| three ferroelectric,
the best of our knowledge, never been used for the pressure- ) )
dependent study of relaxors. three ferroelastic variants

While the physical properties, phase transitions and lattice

dynamics of NBT as a function of temperature and substitutlll | <300 °C| R3c(161)]

tion rate are fairly well known, the aim of this study is to . .
extend our current understanding of the peculiar relaxor Z=6 | ferroic| four ferroelectric,
NBT with special regard to pressure-induced phase transi-
tions. In this paper we present a pressure-dependent investi-
gation of Ng gBiy 5TiO5 from ambient pressure up to 19 GPa -
along the 300-K isotherm using Raman spectroscopy as a
probe of the change in structure.

four ferroelastic variants.

With respect to the cubiP m3m structure the rhombohe-
dral and tetragonal structures can be obtained by rotation of
the adjacent TiQ octahedra and cation displacement. Phase
Il. EXPERIMENT Il is then characterized by having01], cation displace-

. ments(where the subscripp refers to pseudocubic perov-
NBT powder samples have been prepared at the Unlvers-kite axes and thea®a’c* octahedral tilt system(Glazer

sity of Warwick, experimental details are given in Ref. 4. yta1i0r#439, phase il ha§111], cation displacements with
Phase characterization and composition were confirmed USrea aa tilt system. Note that the transition from phase

ing x-ray diffraction and microprobe analysis. Il to phase Il involves a drastic change, not only to the

Raman spectra of NBT powders were recorded in backjjections of the cation displacements, but also to the sense
scattering geometry with a DilokY multichannel spectrom- ot ociahedral tilts, and therefore cannot proceed by a con-
eter equipped with a 20slwd microscope obijectif. Thetinuous or second-order phase transition.

514.5-nm line of an Af ion laser was used as excitation
line. High-pressure experiments were performed in diamond-
anvil cell using a 16:4:1 methanol-ethanol-water mixture as
was used as a pressure-transmitting medium. Powder Concerning the phonon picture of NBT, the ten atoms in
samples were placed in a chamber 25@ in diameter and the unit cell of the rhombohedral or tetragonal structures give
50 wm thick and the pressure was monitored by the shift offise to 27 k=0) optical modes that can be characterized
the 2F4—*A,, fluorescence bands of €rions in a small ~ according to the space group using group-theoretical meth-
ruby crystal placed in the vicinity of the sampfeNBT was ~ ods. Such a treatment has recently been preséraad leads
studied from ambient pressure up to 19 GPa. The Ramafor rhombohedral NBT R3c, C§,, Z=2) to 13 Raman-
spectra were systematically decomposed into individuaactive modes,

Lorentzian components using theNDEL Peakfit software.

B. Raman-active phonons

l_‘RamanRS(:: 7A;+6E,

IIl. GENERAL CONSIDERATIONS
o and for tetragonal NBTR4bm, C3,, Z=2) to 15 Raman-
A. Crystal structure and phase transitions active modes,

The ideal structure of perovskite-type oxidesSBOs) is
essentially simple, with corner-linked anion octahedra,Bhe T Ramanpabm= 3A1+ 3B, + 2B, + 7E,
cations at the center of the octahedra, andileations in the
(Sjipfs?:%ev(ecrc;/ 0(;’;1 |plaBt_||9 (rlgel]?_z l;))e'g\t/geggofr&e C?;;?Qleg{ﬁcilpecigzeOn the other hand, in the ideal cubic perovskite structure
been controversial for a |ong time’ rhomboheaPaL (Pm?)m) none of the vibrational modes is Raman active.
triclinic,®® and monoclinic(ICSD database and Ref. 81 Experimental NBT-Raman data at ambient pressure as a
structures being considered. Recent structure refinements fnction of temperature or chemical composition are given in
temperature-dependent neutron data of NIREfs. 3,4 and Refs. 22,24,36 and 37
32) confirm that NBT undergoes a first phase transition from
the high-temperature cubic prototype phase | to phase Il of C. Ordering scheme

ragonal symmetryR4bm) and then nd one with . . . .
ts?:o?]ggodﬁ‘fussye chgtrgci(erbto)pﬁaget Iﬁ of rﬁgrcr?b(;jhgdrzl s;t/m- For B—S|te. substituted perovskltes Qrderlng often occurs
metry (R3c). The phases in the nomenclature of Toledano\'\’h(.an there_ is a substantial charge d|ffer_enc_e betwe_en_two
et al>® are given by cation species on the same crystallographlc _S|te. In this view,

the chemical nature of NBT raises the question of a possible

_ ordering scheme of the cations on thesite. However, to the
I| >530 °C|Pm3m (221)] best of our knowledge, there has so far been no convincing
published evidence for any long-range cation ordering in this
compound. On the other hand, a recent Raman study of
(Nay _«K,)0.8Big sTiO5 gives some insight into the NBT mi-
I1] 140-560 °C| P4bm (100)| crostructure. Based on the observed two-mode behavior of a

Z=1 | nonferroic| paraelectric, paraelastic
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FIG. 1. Raman spectra of l&BipsTiO3 (NBT) at low pressure 0.74
(0.42 GPa and 19 GPa, respectively. The gray continuous lines 0.42
represent the experimental data, while the solid thin lines display
the spectral deconvolution.
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particular Raman mode at 135 cf it has been reportéd
that NBT shows locally nanometer-size domains, which Wave number (cm ')
should be seen as local BiTiO; and N&*TiO; clusters .
L - FIG. 2. Pressure-dependent Raman spectra forgBlgsTiOs.
(but no superstructuyePreliminary electron microscopy and The shifts and splitting of the phonon bands are due to structural

diffuse x-ray scattering investigations support this type Ofphase transitions with increasing press(see text
local arrangement over several unit cells.

B. Pressure-dependent Raman spectra

IV. RESULTS _ _
Figure 2 presents the overall evolution of the NBT Raman

A. Raman spectra at ambient pressure and 19 GPa spectra with applied hydrostatic pressure up to 19 GPa, while

Before discussing in detail the phonon characteristics ofig. 3 shows the pressure-dependent evolution of the band
NBT at different hydrostatic pressures it is useful to inspecfrequencies deduced from the spectral deconvolution. The
the Raman data for the end members of our study. Ramamotations used throughout this paper for the different bands
spectra at low pressure and 19 GPa are shown in Fig. ih the NBT Raman spectraA(to C) are given in Fig. 2.
together with their spectral deconvolution into Lorentzian-Several qualitative features in the NBT Raman spectra can
shape peaks. In agreement with literature resisé® Refs. be discerned for increasing hydrostatic pressure:

22,24,36 and 37the Raman bands of NBT are relatively .
broad. The NBT Raman spectrum at ambient conditions cafl)
be deconvoluted in the 160700-cm ! range into five peaks
located at roughly 135, 275, 490, 530, and 580 ¢niThe
spectral signature at 19 GPa is dominated by a band at 600
cm ! together with a density-of-state-like feature at lower

In the low-frequency range, band, around 135
cm 1, shows an important low-frequency shift from
ambient pressure up to 2.7 GPa. When the pressure is
then further increased, one observes a slope change
and the band starts to shift at a rate

frequencies, which can most likely be deconvoluted into 6 +3.2 cm Y/GPa to higher frequencies. This anomaly
bands at roughly 165, 255, 300, 345, 400, and 445 tm seems to be accompanied by a splitting into two over-
The obvious difference in the Raman-spectra at low- and lapping components A(/A"), mainly observed

high-pressure, as displayed in Fig. 1, points to a structural through the increasing peak width. However, for the
rearrangement with applied pressure. frequency-shift displayed in Fig. 3 a single band has
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sons one has to be careful to argue on the basis of Raman
600 | e spectra only. _ o . _
(@Pag), r‘*“/ A[though any flrst-ordgr Raman scattering is forbidden in
Olows® y= 50x+ 5141 the ideal cubic perovskite structure, Raman spectra have
N been observed for several cubic perovskites. One well-
500 ° known example is the Raman spectrum of BaJi®@hich is
observed even well beyond the pressure-induced tetragonal
T ceeoee® *° * to cubic phase trgnsitiolr‘?:This_c_)bservatio_n has been attrib-
2 400 } o .® uted to disorder in the Ti positions, leading to a breakdown
é oo ®” of the Raman-scattering selection rules. Furthermore, Uwe
g o o ®° ° et al®® have shown that the presence of ferroelectric mi-
é w0 | oo ee®®’ o croregions, acting as symmetry-breaking defects, can lead as
) Y oo well to first-order Raman scattering in the cubic phase.
nb%o ':‘ PUPIF S Even though we cannot exclude underlying second-order
| gt e et O ez scattering, as in SrTig™ we believe that the detected Ra-
200 man signal, being persistent over 14 Gfam 5 to 19 GP3
PP = should most likely be attributed to first-order scattering and
o, Y ndEEE T thus to a rhombohedratnoncubic phase transition. Such a
100 S ‘ - structural change is supported by very recent results from a
0 2 4 6 & 10 12 14 16 18 20 pressure-dependent study of NBT using synchrotron
Pressure (GPa) radiation®® In the latter study Jonest al*° observed a phase

N _ ~transition at 2.6 GPa to a new high-pressure phase of NBT
FIG. 3. Band position change as a function of pressure in thgyhich is isomorphic to the orthorhombic structure of CaJiO
Raman spectra of NaBig 5sTiO3. The lines are guides for the eye to perovskite[space groufPnma g pnma=TA,+ 7B,
emphasize spectral changes and equations are relative to a linear fit aman rnma 9. g
o 10.GP 5B,4+5B34 (Ref. 20]. In the following, the different
in the 5-19-GPa range. characteristic spectral changes will be separately discussed,
particularly in the light of the rhombohedraR8c) to ortho-

been used in order to facilitate the fit of this band,rhombic (Pnma phase transition.

which is close to the central peak.

(i)  The broad band centered on 275 cnt shows a
negative frequency shift from ambient pressure up to
5 GPa, where a discontinuity is observed, after which At ambient pressure this region is dominated by an in-
bandB shifts by~1.7 cm Y/GPa to higher frequen- tense band at 135 ci (earlier assigned té; symmetry"),
cies. which has been associated with Na-O vibratih$n the

(i) A number of new bands appear in the middle-hombohedralR3c structure the Na cation occupiesa 2
frequency region at a pressure higher than 5 GPa. (X.X,X) positions, being therefore displaced alopl1],

(iv) The overlappingC, C’, andC” high-frequency bands, from_ the center of.a dodecahedral c_oord.mat|on of OXygens in
observed around 500—600 crat ambient pressure, the |d¢al perpvsklt_e structure. A vibrational mode Q|rectly
merge into a single band at 5.0 GPa. This band dis@ssociated with this cation is expected to be sensitive to-

plays now an important=5 cm~/GPa linear high- wards phase transitions when the site symmetry is changed.
frequency shift up to 19 GPa As a consequence, the slope change in the pressure-

. _ dependent frequency evolution of baAdin NBT (Fig. 3
V) EhecbIggjf)ret?:rfg\?gsf%?:grzrﬁsuigdcg%c)pgxs%inc\j\ﬁth gives evidence for a structural change, which is associated

with a symmetry change of the Na site, i.e., to another type
the low- and middle-frequency regio100—400 y y J ¥P

4 , " of cation displacement.
c¢m 7). Once band<, C’, and C" are merged to- In the orthorhombid® nmastructure the Na cation occu-

gether, the single band remains almost unchanged ifies 4 (x,1/47) positions, i.e., showing antiparallel dis-
its shape and intensity with increasing pressure, Wh"eplacements along thg100], direction. As a consequence,
the features at lower frequencies decrease dramatine anomaly of the 135-cit band can be interpreted as a

A. 80—200-cni ! region (band A)

cally in intensity. pressure-induced change in the cation displacement from
parallel[ 111], to antiparalle[ 100], displacements, i.e., for
V. SPECTRAL ANALYSIS a pressure-induced relaxor ferroelectsiantiferroelectric

Each of the points mentioned above, describing disconphase transition.

tinuous or distinct changes in the Raman spectral features, 1
can be seen as an indication of a pressure-induced structural B. 275-cnT™ band (band B)

change for NBT in the 2.7—5-GPa region. The determination The broad and intense bamdcentered on 275 cnt (of

of the symmetry in the high-pressure structure is not straightA; symmetry® and assigned to TiQoctahedrd) is the
forward. Intuitively one might consider first the “parent” dominating feature in the NBT Raman spectrum at ambient
cubic perovskite structure. However, for the following rea-conditions.
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For the discussion of this band it is useful to consider D. High-frequency bands

already published quan_studies on mate.rials having a simi- Hjigh-frequency Raman bands in oxides are dominated by
lar crystal structure, liké\TiO3 (A=Ba, P titanates, where yiprations involving mainly oxygen displacements and can
the tetragonal structure is obtained from the cubic structurgften be interpreted in terms of polyhedra vibratifig

by a cation-anion displacement without octahedra tilts, thugor NBT the high-frequency band C’, andC” have been
leading to ferroelectric properties. In the Raman spectra ofssigned to vibrations of the Ti(bctahedr&* Even though
these titanates a pressure-induced negative frequency shéftastic spectral changéiike soft mode are not expected at
has been observed for th#%, bands in the 30850-cmi*  high frequency, high-frequency modes have shown to be
frequency region, namely in BaTiOfor the 260-cm®  useful for the determination of phase transitions. For in-
band® in PbTiO, for the 350-cm® band!’ and in stance, in titanates spectral changes like band spfiftiag

Bay 7P 25TiO5 for the 300-cm ! band®° This negative fre-  band-coalescencé,appearance of new bantfsas well as
quency shift has been interpreted in terms of a soft-modéntensity changes have shown to be useful criteria.
behavior describing a pressure-induced tetragerwabic For NBT the threeC, C’, andC" high-frequency bands
phase transition, i.e., the reduction of the anion-cation diserge into a single band at 5 GKégs. 2 and ® A similar
placement towards totally symmetric anion-cation octahedr®r€ssure-induced spectral evolution has been interpreted in
in the ideal-perovskites structure. PbTiO; as the coalescence of a pairAf andE modes to a

On the other hand, studies of other isostructural materialSin9/€ T, mode at the tetragonalcubic phase transitiot.

seem to indicate a correlation between the vibrational fre>UCh @ transition to a cubic phase should be ruled out in the

- - : - case of NBT, as discussed above. We believe that the spec-
(Fq{L_Jrelgcy( Sn_dLsatrlg:;urslr dﬁéorg%n. gg;l:vsi:lzn;i?r?]i?ﬁog tral change in NBT is more likely to be due to the overlap-
3 - ’ ’ ’ ’ ’ -

bically distorted perovskite structure, decrease in frequenc g Of A1 and E bands and the loss of their longitudinal
i . o LO) and transversalTO) character. The arguments are the
from 385 to 275 cm? with decreasing orthorhombic distor- ) versalTO) gu

. ) following. In the rhombohedral phase each of theandE
tion (although other explanations have been proppsed modes is Ramaandinfrared active and thus a LO-TO split-
In the light of the above discussion, the negative fre-

: ting can be expected as a result of long-range electrostatic
quency shift and the anomaly observed for the 287tm forces. Such a LO-TO splitting has already been reported for
phonon in NBT suggests that this particular phonon is di-BaTi0, (Ref. 16 and PbTiQ.1” As a consequence, ban@s
rectly involved in the structural phase transition. We shouldc’  ¢”, and possibly a fourth masked band, can be tenta-
note that the proposed high-pressure orthorhombic structuiig/ely assigned in the rhombohedral phase Ag(LO),
for NBT (Ref. 39 has no Ti-cation displacements, but is A,(TO), E(LO), and E(TO) modes. In contrast, in the
characterized by aa"b*a~ octahedral tilt system. In this orthorhombic-phase modes Af, B4, By, andBsz, sym-
context the downshift of the 275-cm band in NBT is prob-  metry are only Raman active and therefore no LO-TO split-
ably related to a structural rearrangement that is conditioneting is expected. Based on this consideration the band merg-
by both, the restoring of the Ti cation to the center of sym-ing can be interpreted as a reduction of the LO-TO splitting
metry (111],—[000]) and a change in the tilt system on approaching the rhombohedrabrthorhombic phase
(a"a"a"—a b*a"). transition, together witi\; and E modes having almost un-

A remaining question is whether these two structuraldistinguishable frequencies as reported for pressure-
changes appear together or at different pressures. By havirflgpendent Raman spectra in tetragonal BaFftHowever,
a closer look to the low-frequency shift of baBadt is tempt-  in order to support this scenario, further Raman and IR spec-
ing to point to a slope change at 2.7 GPa, which might inditroscopy work on NBT single crystals is needed to determine
cate that the displacement and tilt changes happen at diffef® actual mode symmetry. o
ent pressures. However, according to the concept of harci]-_ Finally, as mentioned earlier, bard shifts linearly to
mode spectroscofyany structural change might affect the |gher frequencies. This sensitivity of baﬁdtow_ards ap-
whole phonon spectrum, and, as a consequence, this slo ged pressure together with its easy observation makes it

change might also be caused by the structural rearrangeme abIe_ fqr pressure determmatlon in NBT samp.les. Further-
described above in Sec. V A. more, it is tempting to use this mode for an estimate of the

NBT compressibility. A detailed discussion of the compress-
ibility in NBT, estimated from pressure-dependent Raman
C. Middle-frequency region (300-500 ci-2) spectra, will be presented elsgwhé?e. _ .
) ) o ) ) As a conclusion of this section, we wish to point out that
This region, which is first dominated by the large wing of |attice dynamics calculations as a function of pressure are
the bandB, develops a new spectral signature at higher presgesirable for NBT in order to understand in more detail the

appearance with a number of new bands, suggests a trangjgr present study.

tion to a crystal symmetry, whose irreducible representations
are characterized by a higher number of Raman active bands.
This observation is in agreement with a phase transition from
R3c (13 Raman-active mode$o Pnma (24 Raman-active How can we imagine the mechanism of the structural
modes. phase transition? Let us recall that the pressure-induced

VI. PHASE-TRANSITION MECHANISM
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rhombohedrat-orthorhombic phase transition represents a (i) (1) A-cation [111],—~[100],
drastic structural change that can be described by the follow-

ing characteristics: and B-caton [111] p—>[000],

Na/Bi cations (A site): (2) a"a a —a b*a,

[111], (paralle) — [100], (antiparalle], (ii) (1) A-catiorf111],—[100],

S . anda"a"a —a b*a’,
Ti cationB site):

(111, (paralle) — [000] (2) B-catiorf111],—[000].

The common point of these scenarios is that the first
TiOg-tilt system: structural rearrangement is accompanied by a change in the
displacement of thé-site cation. Concerning thg-site dis-
placement and the octahedron tilt, which belong to the same
aaa —abta. chemical entity, one would rather expect first a restoring of
the cation to the center of the octahedron and only secondly

. tilt change. The latter argument, together with the indica-
[000] means the displacement has gone to zero. As has q .
ready been pointed 082*2527it appears plausible that for Fion of a slope change in the frequency of bahdt 5 GPa,

such a large structural change, i.e., in the cation displacememVors scenaridii) over the other two. Given that antiparallel

and octahedra tilts, the phase transition does not occur in %anon—anlon displacements lead to antiferroelectric proper-

single step. We should rather expect an intermediate “buff—t'es’ while polyhedra tilts are not polar, scenai) points

ering” phase which makes such a change energetically mor
plausible. Similar mechanisms for other perovskites have
been recently discussed in the literature. Experimental evi-  relaxor—antiferroelectrid — antiferroelectric I1
dence for such an intermediate phase has been, for
instance, found for the substitution-induc&Bc— P4bm  phase sequence. We expect pressure-dependent dielectric
phase transition in a NBT-related solid solution, SPectroscopy measurements, similar to those reported in
(Nay_4K,) o BigTiO3.2* Very recently Nohedaet al® re- Refs. 8—13, to give more insight into the dielectric character
ported a synchrotron x-ray-diffraction experiment on Of the occurring phase transitions.
PbZn, s,Tig4dOs giving evidence for a monoclinic phase,  We finally point out that the space groug8c andPnma
which provides a “bridge” between tetragonal and rhombo-are not in a pure or simple super- or subgroup relation. This
hedral phases_ Fina”y, thR3c phase in barium cerate is would have Slmpllfled the Symmetry identification of the in-
seen as a bridge between its orthorhombic and cubic gfiasetermediate phase as Salje and Bism&y&have reported for

As can be seen from Fig. 3, the pressure-inducedhe relaxor Pb(SgsTags)Os. In fact, the space groupR3c
rhombohedrab orthorhombic change in NBT appears to ahdPnmain NBT are only related over a cascade of numer-
proceed indeed through an intermediate phase. A first transpus symmetry changes through a common super- or sub-
tion is found around 2.7 GPa, being manifest in the fre-group. For instance, the cubic space grd@m3m is the
quency slope change of baid and a second around 5 GPa, common supergroup oR3c and Pnma according to the
being manifest by the evolution of banBsandC. Although  following cascades:
the intermediate phase, existing over 2.3 GPa, does not ap-
pear to have its own characteristic signature, it is clearly
distinguished through distinct changes in the Raman spectra.
As discussed in the previous Sec. V, characteristic vibrations
dominate band#, B, andC and so we propose three hypo-
thetical scenarios for the phase transition(1at2.7 GPa and
(2) 5 GPa:

Pm3m— R3c— R3c,

Pm3m— P4/mmm—Cmmm-Cmcm—Pnma

On the basis of our Raman spectra we should rule out a
cubic intermediate phase, since no associated spectral signa-
ture has been observed. Given the large number of phases in
the cascade, and knowing that in principle all intermediate
(2) B-catiof111],—[000] steps in such a cascade of phase transitions might be

P considered®?” we think that for NBT no further judgment
about the intermediate phase is reasonable on the basis of our
anda"a"a”—a b*a’, data. To clarify the actual symmetry of the intermediate

(i) (1) A-cation [111],—[100],,
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One of the striking features in the pressure-dependent Ra-
man spectra is that bar@ remains almost unchanged in its
Shape and intensit&oncec’ C’, C" are merge}j while the FIG. 5. Evolution of the integrated intensity of bandlq), B
bands at lower frequencies decrease dramatically in intensity?). ahdC (gray X) in the Raman spectra of N&BiosTiO; as a
In order to emphasize this spectral signature Fig. 4 presenf§nCti°” of pressure. The lines are guides for the eye to emphasize
the pressure-dependent Raman spectra directly superimposgRctral changes.
and normalized to ban@, emphasizing that the intensity of
the low-frequency region drops by a factor of roughly 3 onthe intensity of bandC remains almost constant up to 19
going from ambient pressure to 19 GPa. To the best of ougpa, band#\ and B have at 6 GPa already lost roughly 70
knowledge, such a spectral signature with increasing pressnd 85% of their intensity, respectively. Note that Raman
sure is very unusual and has no precedent among report@fectra in ferroelectric perovskites are often analyzed on the
Raman studies on perovskites. _ _ ~ basis of so-called transverse mod@ mode$ such as

The reason for this unusual change is not immediately,5n4sa andB in NBT. The intensity-evolution of such TO
obvious and several possible causes should be taken injg,qes is pelieved to reflect the ferroelectric state in complex

consideration. ; ; . :
) . R . perovskites through the coupling of the light to the polariza-
(i) Looking at the spectral evo[utlon in Fig. 2 one might tion in polar microregions, and has therefore been used to
be tempted to attribute the evolution to a change in the cen-

tral peak, especially because central-peak features have be&iy mify ferroelectric phase transitior(see, e.g., Ref. 52

observed to be phase transition sensitive in several other pe Wo arguments let us be_llfave that in NBT polar clusters are
ovskites like PbMggNby05 48 BaTiO; 49 oy KNbO; 49 present at ambient conditions. First, such clusters are com-

However, such changes, which have been attributed to udnonly observed in relaxors like NBTSecond, a recent Ra-
derlying quasielastic Rayleigh-scatteritigare expected at Man scattering stucf, where a band associated with Na-O
lower frequencies and are unlikely to be the origin. vibrations has been observed, indicates polar ‘NiO,

(i) Since Raman spectroscopy is a local probe, the orderclusters(and for stoichiometry reasons also polaf BTiO,
disorder character of a given material can affect its Ramalusterg which are large enougtnanometer-sizedo allow
spectrum. It is therefore important to realize that pressure catiie associated phonon to be observed. The coupling of light
affect the order-disorder character in materials: for instancéo such polar clusters leads to TO bands, where the intensity
in geological systems pressure tends to increase otdér. reflects their ferroelectric state and where broadening can be
Although the possibility of an disorder-order transition oc-due to disorder or to the dynamics of polar clustérs*As
curring in NBT cannot be ruled out, it is unlikely that this is a consequence, we believe that the drastic intensity change of
the origin of the observed important intensity changes, bebandsA andB indicates a change in the polar character of the
cause an order-disorder transition is expected to affect thelusters in NBT. For a discussion of such a change, it is
widths of peaks rather than decreasing the intensity. instructive to consider already published investigations

(i) Figure 5 presents in more detail the pressurediscussing pressure-induced phase transition in mixed
dependent intensity evolution of bands B, andC. While  perovskites.
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Yasudaet al1?~**reported dielectric and diffraction stud- intense and broad TO bandsandB are related to the pres-
ies of Pb(Ip sNby5)O3 (PIN), ordered PIN being antiferro- ence of polar nanoclusters, and, in respect thereof, their in-
electric with 80-100-nm clusters and disordered PINtensity breakdown observed in the 1-ba2.8-GPa region
being a relaxor with 20—-30-nm clusters. For disorderedFigs. 4 and  mirrors the progressive vanishing of polar
PIN a pressure-induced relaxor-to-antiferroelectric crossovemicroregions.(ii) The intensity loss of bandé and B is
(R3m— Pbam), similar to that in NBT, has been observed mainly important up to 2.7 GPa, and thus we believe that the
and the authors propose a model where the crossover is coficst transition at 2.7 GPa is a relaxor-antiferroelectric transi-
ditioned by precursor antiferroelectric-nanoclusters that befion. The second transition at 5 GPa, having a less pro-
come larger with increasing pressuffer clusters>80 nm ~ nounced intensity change, might be the signature of an
macroscopic antiferroelectricity appepr§hrough the work antlferroeIectlrlc—to-an_uferroelectpc transition, i.e., through
on various perovskites, Samara and co-workétave pro- octahedron tilts leading to the intensity jump observed for
posed pressure-induced ferroelectric-to-relaxor crossover @and B. However, we cannot rule out that the 2.7-5 GPa
be a general feature of soft-mode ferroelectrics. According t@ressure range reflects a situation where relaxor and antifer-
these authors the ferroelectric-to-relaxor crossover can be ifo€lectric states still competgii) The persistence of baril
terpreted in terms of pressure-induced changes in the corréattributed to Na-O vibrationsover the whole pressure range
lation length,r, between polar nanodomains. In their view indicates that Na"TiO; and BF"TiO; clusters still exist, -
r. decreases markedly even by applying modest pressurk®: they change on!y th_elr d_lele_ctrlc character bu_t_ not their
and, as consequence, wherbecomes sufficiently small the ordering _scheme via dlffu_5|on(|v) The rever5|p|llty of
correlation among polar domains becomes too small to equressure-induced qha_nges in the Raman spectra indicates that
tablish a macroscopic ferroelectric state, i.e., one observesthe relaxor state with its polar nanoclusters are not the result
transition to a relaxor state. of an incomplete reaction during sample preparation but cor-

Even though pressure-dependent dielectric measuremerf@SPonds to a stable state of the sample at 1 atm.
on NBT are not yet available to discuss in all detail the
m_echanism in the reIa>_<or-to-antiferr0ele_zctric transition, we VIIl. CONCLUSION
might draw, on the basis of the above literature results and
our Raman spectra, the following microstructural picture. At We have studied the pressure-dependent Raman spectra
ambient conditions NBT would present polar’N@iO; and  of polycrystalline NgsBi sTiO3, which belongs at ambient
Bi**TiO; clusters in a matrixprobably antiferroelectric as conditions to the family of relaxor ferroelectrics. The
discussed below; disordered or ordered, yet to be discowressure-induced evolution of the Raman spectra has been
ered, the latter matrix preventing the onset of a macroscopidgliscussed in the light of changes in the structural and ferro-
ferroelectric ordering and leading to the observed relaxor beelectric properties of NBT.
havior. When hydrostatic pressure is applied the polar vol- Through discontinuous or distinct changes in the Raman
ume of the clusters decreases and with further pressurépectra we have observed two phase transitions which have
increase long-range antiferroelectricity permeates throughoulteen analyzed in terms of a rhombohedral-to-orthorhombic
the sample. As has been discussed for PiN*the presence (R3c-to-Pnma phase transition, which involves a large
of a small fraction of ordered antiferroelectric domains, al-symmetry change in the tilt system and the cation displace-
ready present in the relaxor phase, facilitates the developgnents. Our results, in agreement with symmetry consider-
ment of antiferroelectricity. As a consequence, it is conceiv-ations, show that this transition does not occur in a single
able for NBT that the matrix already presents localstep, but goes through an intermediate phisé-5 GP#
antiferroelectric ordering, acting as a precursor for the phasehich makes such a change energetically more plausible.
transition. Such complex antiferroelectric regions have al-The frequency evolution of characteristic bands in the Ra-
ready been observed through a transmission electroman spectra allows us to propose a model where a change in
microscopy study of another perovskite-type compoundthe A-cation displacement[{11],—[100],) takes part in
PbCq,,W;,,0; (PCW).% Furthermore, it is interesting to no- the early stage of transition, while at least one out of the
tice that birefringence images of rhombohedral NBT showother changes, i.eB-site displacement[@11],—[000]) or
very complex pattern together with an unexpected orientathe tilt changed a"a”—a b*a™), appear to happen only
tion of the optical indicatrix. Both have been attributed toin a second stage.
twinning coupled with strain, i.e., strain-induced birefrin- We have observed an unusual pressure-induced break-
gence dominating natural birefringentéhe origin of the down of the Raman intensity in the 100-400-Cinfre-
strain being unknown. On the basis of the above model aguency region, namely for the bands at 135 and 275%m
antiferroelectric matrix could be one of the origins of the This intensity breakdown, preceding the phase transition at
observed strain, caused by inequivalent parallel or antiparaR.7 GPa, has been attributed to a change in the polar charac-
lel dipole ordering between clusters and the matrix. Finallyter of nanosized Bi TiO; and N&* TiO5 clusters, seen as a
we remark that an antiferroelectric precursor phase, althougsignature of a pressure-induced relaxor-to-antiferroelectric
at higher temperatures, has already been considered for tlseossover in NBT. We have proposed a model in which the
interpretation of dielectrfcand acousti®® behavior in NBT.  size of polar clusters is reduced with pressure, while an an-

Raman spectroscopy supports the above phase transitidifierroelectric matrix acts as a precursor for long-range anti-
picture and allows insight into some microstructural detailsferroelectricity, which percolates the sample with increasing
as discussed belowi) As stated earlier, we believe that the pressure.
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