
l

PHYSICAL REVIEW B 1 JANUARY 1998-IVOLUME 57, NUMBER 1
Anomalous behavior of the internal stretching modes above and below the incommensurate
phase transition of Cs2HgBr4

A. Jório, M. S. S. Dantas, C. B. Pinheiro, N. L. Speziali, and M. A. Pimenta
Departamento de Fı´sica, Universidade Federal de Minas Gerais, C. P. 702, 30123-970, Belo Horizonte, Minas Gerais, Brazi

~Received 25 July 1997!

A Raman study of Cs2HgBr4 crystals was performed in the temperature range 90–290 K, using different
scattering geometries. A high-resolution analysis of the bands associated with the stretching vibrations of the
HgBr4

22 tetrahedra reveals that the frequency of the peak associated with theAg symmetryn1 mode observed
in the (xx) spectrum is smaller than those observed in the (yy) and (zz) spectra. The temperature dependence
of this frequency shift shows a discontinuous decrease at the incommensurate phase transitionTI and a jump
to zero at lower temperature. This result is interpreted in terms of the orientational disorder of the HgBr4

22

groups. Besides, a TO-LO splitting appears atTI , increases continuously in the incommensurate phase, and
remains constant below the lock-in phase transition. This result is in disagreement with the centrosymmetric
structures proposed for the low-temperature phases and is probably due to the presence of a layered structure
of domain walls with polar symmetry.@S0163-1829~97!07246-9#
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I. INTRODUCTION

Crystals of the familyA2BX4 have been the object o
many experimental and theoretical studies in the last ye
due to the existence of a large variety of structural pha
The richness of the structural phases is related to the e
tence of orientational disorder of theBX4 sublattice at high
temperature and different possible orientations of theBX4

tetrahedra when temperature decreases. In particular, s
crystals of this family exhibit incommensurate phases, wh
the angle of rotation of theBX4 tetrahedra is modulate
along a given direction. The most studied of them, e
K2SeO4, Rb2ZnCl4, Rb2ZnBr4, K2ZnCl4, etc., present the
same sequence of phase transition, that is, a h
temperature phase belonging to thePnma space group, an
incommensurate structure where the modulation wave ve
presents a temperature dependence given byq(T)5n/m@1
1d(T)#a* , and a lock-in~or commensurate! m-fold super-
structure belonging to thePn21a space group. The high
temperature structure, above the incommensurate phase
sition atTI , is also characterized by an orientational disord
of the BX4 tetrahedra, the extent of disorder varying fro
one compound to another.

Cs2HgBr4 crystals also exhibit an incommensurate pha
at low temperature, but their structural behavior belowTI is
different from the well-known K2SeO4-type incommensurate
compounds. The high-temperature structure~phase I! be-
longs to thePnma (D2h

16 ,Z54) space group, but the in
commensurate phase~phase II! below TI5245 K is charac-
terized by a wave vectorq'0.16a* that practically does no
change in the whole incommensurate interval. At aboutTC

5232 K, the modulation wave vector jumps to zero, yieldi
a commensurate structure~phase III! belonging to the mono-
clinic space groupP21 /n (C2h

5 ,Z54), without the appear-
ance of a superstructure. The crystal undergoes two o
phase transitions, at aboutTL15165 K and TL2580 K.
Phase IV (80 K,T,165 K) belong to the triclinic space
570163-1829/98/57~1!/203~8!/$15.00
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groupP1̄ (Ci
1,Z54) and phase V (T,80 K) belong to the

same group, withZ58.1

Different experimental techniques have been used
study the sequence of phase transitions of Cs2HgBr4, like
x-ray diffraction,2,3 NQR,2–5 NMR,6 optical
birefringence,3,7–10 acoustical studies,10 specific heat,11 and
Raman scattering.12 Besides the appearance of satellite sp
in the x-ray-diffraction patterns, the incommensurate pha
between 245.T.232 K, was also characterized by th
broad NMR and NQR bands.

Dmitriev et al.12 performed a Raman study of Cs2HgBr4
between 100 and 300 K using different scattering geo
etries. They focused their attention on the low-frequency
gion of the spectrum, which corresponds to the exter
modes of the crystal. At very low frequency they observe
relaxation mode with a characteristic timet'5310213 s,
which was ascribed to the existence of a small-angle or
tational jump of the HgBr4

22 groups. According to them, the
orientational disorder of the HgBr4

22 groups is present in
phases I, II, and III, and disappears in phase IV, belowTL1
5165 K.

In this work, we study the high-frequency region of th
spectra which corresponds to the internal stretching mode
the HgBr4

22 tetrahedra. Raman spectra were obtained us
different scattering geometries and different phonon pro
gation directions, between 90 and 290 K. The hig
resolution of the spectra allowed us to perform a care
line-shape analysis of the bands associated with the inte
stretching modes, revealing new aspects of the transitio
behavior above and below the incommensurate phase tra
tion.

II. EXPERIMENT

Single colorless crystals of Cs2HgBr4 were grown by H.
Arend ~ETH, Zurich! using the Bridgman method. We hav
used the convention for the orthorhombic crystal axes
which a is the pseudohexagonal axis andb,a,c ~a
203 © 1998 The American Physical Society
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TABLE I. Correlation diagram for the internal modes in the room-temperature phase I of Cs2HgBr4.
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510.248 Å,b57.927 Å, andc513.901 Å!,4 in accordance
with the Pnma space group for the structure at roo
temperature.13 The c axes is perpendicular to an easy clea
age plane of the crystal. The samples were cut and polis
with the faces perpendicular to the crystallographic axes

The Raman spectra have been recorded with a tri
monochromator spectrometer~DILOR XY! equipped with a
multiarray detector~GOLD! and excited with a 150 mW
green line (l5514.5 nm) of an argon laser~COHERENT
INNOVA 70!. A flow cold-finger cryostat~Janis ST-300!
and a temperature controller~LakeShore 330! allowing a
temperature stability better than 0.1 K were used for
low-temperature experiments.

We have used nine different backscattering configurati
to observe all modes belonging to all Raman-active repre
tations and propagating along different directions, that
x(yy) x̄, x(zz) x̄, x(yz) x̄, y(xx) ȳ, y(zz) ȳ, y(xz) ȳ,
z(xx) z̄, z(yy) z̄, z(xy) z̄. The symbols inside the parenth
ses give the polarization of the incident and scattered l
and the symbols outside the parenthesis give the pho
propagation directions.
-
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e

s
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III. GROUP THEORY ANALYSIS

The present analysis is restricted to the internal vib
tional modes of the HgBr4

22 anions in phases I–IV. Tables
II, and III show the factor-group analysis for the norm
phases I, III, and IV, respectively. The unit cell contains fo
HgBr4

22 tetrahedra and thus there are 36 internal mo
(4n1,8n2,12n3,12n4). Since all the point groups are cen
trosymmetric, only the 18 internal modes associated with
gerade irreducible representation are Raman active
therefore, their frequencies should not depend on the di
tion of propagation. The quadratic functions, which give t
scattering polarization used to observe the modes assoc
with each representation, are also presented in these ta
The functionsxx, yy, andzz always belong to theAg rep-
resentation.

At the room temperature phase I~Pnma or D2h
16 space

group!, the HgBr4
22 tetrahedra are localized, on average,

sites withsy mirror-plane symmetry. Therefore, the symme
ric stretching moden1 is not expected in the cross-polarize
B1g and B2g spectra. In phases III and IV, the crystal do
not present thesy mirror plane and therefore at least onen1
TABLE II. Correlation diagram for the internal modes for the commensurate phase III of Cs2HgBr4.
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TABLE III. Correlation diagram for the internal modes for the commensurate phase IV of Cs2HgBr4.
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mode is expected in each cross-polarized spectrum. M
over, due to the lowering of the crystal symmetry with d
creasing temperature, a large number of internal mode
expected in all spectra, as shown in Tables II and III.

There are different kinds of theoretical models which d
with the Raman activity in incommensurate structures and
of them predict the appearance of extra internal modes be
the incommensurate phase transition.14,15 According to the
superspace description,14 six new modes ofAg andB2g sym-
metries, and 12 new modes ofB1g andB3g symmetries are
expected belowTI , considering that the incommensura
phase of Cs2HgBr4 has P

1̄ss

Pnma
symmetry like as the

K2SeO4-type compounds.

IV. RESULTS AND DISCUSSION

The n1 and n3 stretching internal modes in Cs2HgBr4
have their frequencies in the range 150– 200 cm21. The n2

FIG. 1. Room-temperature Raman spectra of Cs2HgBr4 showing
the bands associated with the internal stretching modes for six
ferent scattering geometries.~a! y(xx) ȳ, ~b! z(yy) z̄, ~c! x(zz) x̄, ~d!
y(xz) ȳ, ~e! z(xy) z̄, ~f! x(yz) x̄.
e-
-
is

l
ll
w

andn4 bending modes appear in the spectra below 85 cm21

and are overlapped with the external modes due to the la
mass of the HgBr4

22 tetrahedra. Figure 1 shows the room
temperature Raman spectra for different scattering ge
etries, which allow us to investigate all the Raman-act
stretching modes~n1 and n3!. The n1 modes are the mos
intense and have their frequencies at about 179 cm21. The
peaks at about 160 and 185 cm21 are associated with then3
modes. The assignment of these modes were confirmed
recent infrared study of Cs2HgBr4.

16

Analysis of the n1-peak

The first interesting experimental result obtained conce
the observation of forbidden modes in some spectra. Acco
ing to the factor-group analysis of Table I, an1 mode with
B1g andB3g symmetry is not expected if the HgBr4

22 tetra-
hedra are on asy mirror plane. However, onen1 mode is
always observed in the cross-polarized (xy) and (yz) spec-
tra, which display theB1g and B3g modes, respectively, a
shown in Figs. 1~e! and 1~f!. Care was taken to be sure th
these extra lines are not due to a crystal misorientation
leakage effects; the orientation of the crystallographic a
was systematically checked by x-ray diffraction.

The observation of then1 mode in the cross-polarize
(xy) and (yz) spectra can be explained if we consider th

if-
FIG. 2. Projection along thea axis of the disordered room

temperature structure of Cs2HgBr4.
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the tetrahedra are not on thesy mirror plane of thePnma
structure. A recent x-ray-diffraction experiment17 showed
that the room-temperature structure of Cs2HgBr4 is better
described by an orientational disordered model, illustrate
Fig. 2. In this model the tetrahedra are slightly deviated fr
thesy mirror plane, but the average structure presentsPnma
symmetry. It must be emphasized that the observation
forbidden internal modes aboveTI is a very common feature
in K2SeO4-type compounds,18–22 and led several authors t
come to the same conclusion concerning the tetrahedra
entational disorder.

Let us now discuss the diagonally polarized (xx), (yy),
and (zz) spectra. According to the group theory analy
three stretching modes withAg symmetry~one n1 and two
n3! are expected at room temperature. The spectra show
Figs. 1~a!, 1~b!, and 1~c! corresponding to (xx), (yy), and
(zz) configurations are quite different. The three predic
modes are clearly observed only in the (zz) spectra@Fig.
1~c!#. For the (xx) spectra we can observe then1 mode and
the low-frequencyn3 mode @Fig. 1~a!#. On the other hand
only then1 and the high-frequencyn3 modes are present i
the (yy) spectra@Fig. 1~b!#.

The bands associated with the stretching modes were
ted by a sum of Lorentzian curves, as shown in Figs. 1~a!,
1~b!, and 1~c!. In all cases, then1 mode is the most intens
one and the frequency of the associated peak can be d
mined with a precision better than60.3 cm21. Since only
one n1 and two n3 modes are expected in the diagona
polarized spectra, the bands shown in Figs. 1~a!, 1~b!, and
1~c! should be fitted using only three distinct frequenci

FIG. 3. Temperature dependence of the frequency of the p
associated with then1 mode in nine different backscattering geom
etries.
in
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Surprisingly, we could not fit these bands with only thr
distinct frequencies since the frequency of the peaks ass
ated with then1 mode depends on the scattering geometry
the diagonally polarized spectra. Figure 3~a! shows the tem-
perature dependence of the frequency of the peak assoc
with the n1 mode in six different diagonally polarized spe
tra, which allow the observation of theAg phonons propa-
gating along the three crystallographic directions. Note t
the frequency of the peak associated with theAg-symmetry
n1 mode depends on the spectra polarization, that is,
frequency of then1 peak observed in the (xx) spectra
~curvesa anda8! is smaller than those observed in the (yy)
and (zz) spectra~curvesb,b8,c,c8!. This frequency shift is
about 2 cm21 at room temperature, and it is much grea
than the precision in the determination of the frequen
peaks. On the other hand, at very low temperatureT
;90 K) the frequency of then1 peak depends on the phono
propagation direction, that is, the peaks associated with
modes propagating along they direction ~curvesa and c!
have frequencies larger than those propagating along thx
and z directions~curvesa8,b,b8,c8!. The same behavior is
observed in Fig. 3~b! for the cross-polarized spectra. In th
intermediate cases~phase II and III! the frequency of then1
peak depends both on the spectra polarization and the
non propagation direction.

Let us now analyze the dependence of then1 peak fre-
quency on the spectra polarization. This anomalous beha
was already verified in a very precise Raman study
K2SeO4 reported by Katkanant, Hardy, and Ullman.21 They
observed that the frequency of a given line in theAg sym-
metry can be different in (xx), (yy), and (zz) spectra and
ascribed this result to a ‘‘smearing’’ of the effective orth
rhombic crystal caused by slightly random misorientations
the various tetrahedra groups. As previously discussed,
room-temperature phase of Cs2HgBr4 is characterized by an
orientational disorder of the tetrahedra groups. The dis
dered model proposed by Pinheiroet al.17 assumes that the
tetrahedra rotations occurs about the pseudohexagonx
axis. Moreover, Dmitrievet al.12 observed in the low-
frequency Raman spectra of Cs2HgBr4 a relaxation wing as-
sociated with orientational jumps, which is absent in the (xx)
spectra and concluded that the relaxation excitation is po
ized. All these results lead us to the following qualitati
conclusion: then1 mode with symmetryAg is coupled to the
relaxation mode associated with the orientational disor
and the coupling shifts the frequency of the peak associa
with then1 mode. The strength of the coupling is not isotr
pic since rotation occurs preferentially about thex axis.
Therefore, the shift in the frequency of then1 peak observed
in the (xx) spectra is different from the value observed in t
(yy) and (zz) spectra.

Figure 4 shows the temperature dependency ofvb8
2va8 , wherevb8 andva8 are the frequencies of then1 peaks
observed in thez(yy) z̄ and z(xx) z̄. We can observe two
discontinuous decreases in this curve, the first one at
incommensurate phase transition (TI5245 K), and the sec-
ond one at aboutTL15165 K, which corresponds to th
III-IV transition. Below TL1 , the shiftvb82va8 tends prac-
tically to zero, as it would be expected from the group theo
analysis. Figure 5 shows the temperature dependence o

ak



th
Fi

de
pr

a
is

a

ow

se

he

tric
in-
des
to
of

-
s at
con-

ses
up-
ive.
s-
of

ng
in
ob-

ins,

do-
try

ts
n
ele-

,

ts

ee

57 207ANOMALOUS BEHAVIOR OF THE INTERNAL . . .
damping constants of the internal stretching modes. Note
these curves present a similar behavior of that shown in
4, that is, discontinuous decreases atTI5245 K and TL1
5165 K. In this sense, the orientational disorder start to
crease below the incommensurate phase transition and
tically disappears in the ordered phase IV (T,165 K). This
interpretation agrees with the low-frequency Ram
results,12 in which a relaxation mode, ascribed to the ex
tence of small-angle orientational jumps of the HgBr4

22

groups, was observed at high temperature and disappe
upon the transition to phase IV.

Let us now discuss the dependence of then1-peak fre-
quency on the phonon propagation direction. Figure 3 sh
that, belowTI , the modes propagating along they direction
~curvesa, c andd! have their frequencies larger than tho
propagating along thex andz directions~curvesa8, b, b8,
c8, d8 and d9!. This frequency splitting is similar to a
TO-LO splitting for a polar mode if one considers that t

FIG. 4. Temperature dependence ofvb8
2

2va8
2 wherevb8 and

va8 are the frequencies of then1 modes observed inz(yy) z̄ and
z(xx) z̄ spectra, respectively.

FIG. 5. Temperature dependence of the damping constan
the internal stretching modes in Cs2HgBr4 for six different scatter-
ing geometries.h5n1 ; n5n3 ; s5n38 ; ,5n39 .
at
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mode propagating alongy is longitudinal ~LO! and those
propagating alongx andz are transversal~TO!. The higher
value of the frequency of the modes propagating in they
direction is related to the existence of a macroscopic elec
field in this direction, that increases the restoring forces,
creasing their frequencies. The polar character of this mo
can be given by its effective charge which is proportional
vLO

2 2vTO
2 . Figure 6 shows the temperature dependence

va
22va8

2 , whereva and va8 are the frequencies of then1

modes observed in they(xx) ȳ and z(xx) z̄ spectra, respec
tively. Therefore, the polar character of this mode appear
TI , increases in the incommensurate phase and remains
stant below the lock-in phase transition atTC . However, it is
well established that the low-temperature structural pha
are centrosymmetric and therefore, according to the gro
theory predictions, the polar modes are not Raman act
The reason of this intriguing result is not yet clear. A po
sible explanation for this result is related to the existence
domain walls. Notice that the symmetry breaking occurri
from phase I to phase III gives rise to two types of tw
domains at low temperature, which have already been
served by x-ray diffraction.17 There are, in principle, three
possible types of domain wall separating these twin doma
that is, walls perpendicular to thex, y, andz directions.

Let us now analyze the symmetry of these types of
main walls. The point group of phase I has eight symme
elements (D2h5$E,C2x ,C2y ,C2z ,i ,sx ,sy ,sz%) and the
phase III point groupC2h has the four symmetry elemen
(C2h5$E,C2x ,i ,sx%). Therefore, the two types of domai
states are related between each other by the symmetry
ments that are lost at the phase transition, that isS

of

FIG. 6. Temperature dependence ofva
22va8

2 , where va and
va8 are the frequencies of then1 peaks observed in they(xx) ȳ and
z(xx) z̄ spectra.

TABLE IV. Symmetry elements and point groups of the thr
possible domain walls in phase III of Cs2HgBr4.

direction normal
to the domain
wall

symmetry elements of
the domain wall

point group of the
domain wall

x E,C2x ,C2y ,C2z D2

y E,C2z ,sx ,sy C2v(z)
z E,C2y ,sx ,sz C2v(y)
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FIG. 7. Schematic projection of the phase III structure of Cs2HgBr4 along thea axis showing two domains separated by a domain w
perpendicular to thez direction. The arrows show the displacement of the cesium ions. The domain wall carries a polarization alony
direction.
-
th
1

r

ts
lls
ai

.
e

o

i
rl

ll
n-
o
e

um
tr
ll
in
p

e
e
lit
p
d

m
t-
co
ns

ca
d

des
o-
has

tch-
ote
hase
s

of
in
ility
ysis
ian
ing
om-

ter-
-

5$C2y ,C2z,sy ,sz%. The point group of a given type of do
main wall separating two regions 1 and 2 is formed by
symmetry elements ofC2h that do not interchange regions
and 2 and by the symmetry elements ofS that interchange 1
and 2. Consider, for example, a domain wall perpendicula
the z direction. The point group of this domain wall isF (z)

5$E,C2y ,sx ,sz%. Table IV shows the symmetry elemen
and the point groups of the three types of domain wa
Notice that the point groups associated with the dom
walls perpendicular to they and z directions are polar, the
polar axis being along thez and y directions, respectively
Therefore, in spite of the fact that each domain has a c
trosymmetric structure, the domain walls perpendicular ty
andz can present a macroscopic polarization.

As pointed out in Sec. II, the Cs2HgBr4 crystals present an
easy cleavage plane perpendicular to thez direction. The
bonding between atoms in that direction is weaker than
other directions. This can be seen in Fig. 7 which clea
shows an empty layer perpendicular toz, between two
neighboring HgBr4 tetrahedra. Therefore, the domain wa
perpendicular toz is of lower energy than the walls perpe
dicular to x and y since it is easier to accommodate tw
domains in this plane. Figure 7 shows that the displacem
of the cesium ions@Cs~1!# occurs principally along they
direction creating a local electric dipole. Since the cesi
ions in the unit cell move in opposite senses, the net elec
dipole of the unit cell is null. However, in a domain wa
perpendicular to thez direction, the cesium atoms move
the same direction. In this case, there is a macroscopic
larization along they direction, in accordance with th
group-theory analysis of the domain wall discussed abov

In summary, a possible explanation for the TO-LO sp
ting presented in Fig. 6 is the existence of a macrosco
polarization along they direction associated with a layere
structure of domains perpendicular to thez direction. The
polarization is due to the displacement of the cesium ato
from thesy mirror plane. The increasing of the TO-LO spli
ting in the incommensurate phase probably reflects the
relation between the cesium ion displacements with the o
of the tetrahedra orientational ordering, that occurs atTI .

The appearance of new modes at low temperature

As discussed in Sec. III, there are different theoreti
models that predict the appearance of new internal mo
e
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below the incommensurate phase transition inA2BX4
compounds.14,15 In a Raman study of Rb2ZnBr4, Rasing
et al.14 observed the appearance of three new internal mo
below TI , while 16 were expected according to their the
retical model. The appearance of new internal modes
also been observed in K2SeO4, Rb2ZnCl4, and K2ZnCl4.

23–25

Figure 8 shows the temperature dependence of all stre
ing internal mode frequencies between 90 and 290 K. N
that no extra bands appear below the incommensurate p
transition in Cs2HgBr4, in disagreement with the prediction
of the superspace approach displayed in Table II.14 Dimitriev
et al.12 came to the same conclusion in their Raman study
Cs2HgBr4. We performed a careful fit of each spectra
order to observe a possible effect of the incommensurab
on the line shape of the bands. The line shape anal
showed that all spectra could be fitted as a sum of Lorentz
lines, exactly as in the room-temperature structure, lead
us to the conclusion that no extra bands appear in the inc
mensurate phase of Cs2HgBr4.

FIG. 8. Temperature dependence of the frequencies of the in
nal stretching modes in Cs2HgBr4 for six different scattering geom
etries.h5n1 ; n5n3 ; s5n38 ; ,5n39 .
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It must be observed that the appearance of additio
modes in the incommensurate phase of K2SeO4-type com-
pounds is compatible with the triplication of the unit ce
which occurs in the commensurate phase. The absenc
extra internal modes in the incommensurate phase of
Cs2HgBr4 should be related to the fact that there is no sup
structure in the commensurate phase, belowTC . Another
possible explanation is the important disorder effects t
partly obscure the validity of the theoretical predictions.

Figure 9 shows the temperature dependence of thex(yz) x̄
spectra between 224 and 238 K. The lock-in phase trans
at 232 K manifests itself by the increase of the intensity
then1 mode and the appearance of a new mode~see Fig. 8!.
Note that now, then1 mode is allowed by group theory in th
(xy) and (yz) spectra. The particular increase in then1 peak
intensity in the (yz) spectra can be related to the fact th
(yz) quadratic function belongs to the identical represen
tion below the lock-in transition~see Table II!.

On further cooling, a phase transition is observed at ab
165 K, in agreement with different experimental studies. F
ure 8 shows the appearance of additional internal stretc
modes in practically all scattering geometries. The appe
ance of those modes is ascribed to the decrease of the p
group symmetry, as shown in Table III.

V. CONCLUSION

It is well known that the sequence of phase transitions
the A2BX4 compounds is related to the orientation and d

FIG. 9. Temperature dependence of thex(yz) x̄ Raman spectrum
showing the bands associated with the internal stretching mod
r,
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e
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order of theBX4 tetrahedra. In particular, the incommens
rate modulation is associated with the orientation of theBX4

groups. The main conclusions of this study were obtain
from the detailed analysis of the totally symmetrical stretc
ing mode (n1). At room temperature, the frequency of th
peak associated with then1 mode observed in the (xx) spec-
tra is smaller than its value in the (yy) and (zz) spectra.
Moreover, its frequency does not depend on the pho
propagation direction. This difference is ascribed to the o
entational disorder of the HgBr4

22 tetrahedra, which couple
the n1 mode with a relaxation mode associated with the o
entational jumps of the tetrahedra and shifts the frequenc
the peak associated with then1 modes. The strength of th
coupling is not isotropic, due to the fact that the rotations
the tetrahedra groups occurs preferentially around thex axis.
Probably this kind of behavior is common, in a greater
lesser extent, to the otherA2BX4 incommensurate com
pounds since they exhibit orientational disorder effects ab
TI . The difference in the frequency of the peaks associa
with the n1 mode observed in different diagonally polarize
spectra presents a discontinuous decrease at the incom
surate phase transition and jumps practically to zero at ab
TL15165 K ~III-IV phase transition!. These discontinuities
are also observed in the temperature dependence of
damping constants, suggesting that the orientational diso
starts to decrease belowTI and disappears only below th
III-IV phase transition.

On the other hand, a TO-LO splitting of then1 mode
appears atTI , increases in the incommensurate phase
remains practically constant belowTC . The polar character
of this mode belowTC is incompatible with the centrosym
metric structures proposed for the low-temperature pha
Probably, this result is related to the existence of a mac
scopic electric field along they direction associated with
layered structure of domains perpendicular toz direction.
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