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Infrared study of the low-temperature phase transitions in incommensurate CsHgBr,
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In this work we present a complete infrared reflectivity study of the five low-temperature phases of
Cs,HgBr,, including the incommensurate structure. Contrarily to the predictions by group theory, no extra
modes are observed at the incommensurate énd lock-in (T,) phase transitions, showing that the structural
changes associated with the modulation does not distort significantly the, kggBahedra. The absence of
predicted modes and the presence of a low-frequency relaxation mechanism are discussed in terms of the
orientational disorder of the HgBtetrahedra about the pseudohexagonal axis. An important increase of the
infrared dielectric constant, , observed in the incommensurate phase, is ascribed to the existence of a layered
structure of polar domain walls beloW; . [S0163-182629)00917-0

. INTRODUCTION between 245 T>232K, was also characterized by the
broad and typical NMR and NQR band&

Crystals ofA,B X, family exhibit a large variety of struc- A recent Raman study of gidgBr, (Ref. 13 showed that
tural phases, and different physical properties such as ferrghe symmetric stretching vibrational mode of the HgBr
electricity, ferroelasticity, and incommensurability. CeSiumtetrahedra(vl mode exhibits an anomalous behavior, which
mercury bromide (Cg#1gBr,) shares some similarities with s in disagreement with group theory predictions. The fre-
other comppunds from this family, but exhibits partlcularquency of the peak associated with tAg-symmetry v,
characteristics that are not yet well understood. The roommgade was found to depend on the parallel polarized scatter-
temperature structurgphase ) belongs to thePnmaD37)  ing geometry, and this result was interpreted in terms of the
space group wittZ=4.% Below T;=245K, it presents an orientational disorder of the HgB? groups. Besides, the
incommensurate structu(pr;ase ), that is characterizgd by frequency of theA,-symmetry v, mode propagating along
a wave vectorg~0.16a*."* The wave vector practically they crystallographic direction was found to increase con-
does not change in the whole incommensurate interval, cortinuously in the incommensurate phase, remaining constant
trarily to other well knownA,BX, incommensurate com- below the lock-in phase transition. The observation of a
pounds. For example, in &eQ and RBZnCl,, the modu- TO-LO splitting in a centrosymmetric structure was ascribed
lation wave vector changes with temperature @@T) to the presence of a layered structure of polar domain walls.
=n/m[1+ &(T)]a*, giving rise to amm fold super structure The above interpretation was confirmed by an x-ray
below the lock-in phase transition. In the case oft@Br,  study? which showed that the room-temperature phase of
modulation wave vector jumps to zero at the lock-in transi-Cs,HgBr, corresponds to Bnmadisordered structure, where
tion (T.=232K), yielding a commensurate structyphase the Hng;2 tetrahedra exhibit an orientational disorder about
[Il') belonging to the monoclinicPZl/n(Cgh) space group thex direction. The multisoliton regime in the incommensu-
with Z=4, without the appearance of a superstructure. Theate phase was evidenced by the coexistence of the lock-in
crystal undergoes two other phase transitions at afiput P2, /n and the incommensura@lg;mastructures above the
=165K and T ,=80K."? Phase IV (88cT<165K) be- |ock-in transition. Besides, the lock-in structure was better
longs to the triclinicPl(Cil) space group wittz=4 and described by a twinne®2,/n structure, with the presence
phase V T<80K) belongs to the same space group, withof two types of domains.
z=81 The purpose of this work is to present an investigation of

Different experimental techniques have been used tdhe CsHgBr, by infrared spectroscopy, in the temperature
study the sequence of phase transitions ofHO8r,, like  range between 10 and 290 K. Since all the five structures are
nuclear quadrupole  resonance(NQR),** x-ray  centrosymmetric, the infrared modes are Raman inactive and
diffraction2*® NMR,® optical birefringenc&;,’"'°acoustical  therefore the infrared spectra contain complementary infor-
studiest? specific heat! Raman scatterint#'® and dielec- mation about the lattice dynamics of the,HgBr, crystal at
tric measurement¥’ Besides the appearance of satellite spotdow temperature. The results presented in this work give in-
in the x-ray-diffraction patterns, the incommensurate phaseéprmation about the structural distortions and the role of the
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TABLE I. Correlation diagram of thengeraddrreducible reprsentations of the point groups in

phases I. lll. and IV of CdHaBr.. and the vibrational modes associated with each representation.
HgBr, vibrational Point groups
modes Dy, (Phase I) Cy (Phase III)  C; (Phase IV)

V3, V3, V4, 2lib, ext A,

Vi, V2, 2vs, 2v4, lib, 2ext Bru (x) l Ay (%)

Vi, V2, 2V3, 2V4, llb, 2ext By (Z)

Va, V3, Vg, 2lib, ext Bs, (y)

7 B. (v, 2)

> A%, Y, 2)

orientational disorder of the HgBr anions in the low-
temperature phase transitions of,BgBr,.

Il. EXPERIMENT

Single colorless crystals of g4gBr, were grown by H.

B,, representations, respectively. Therefore, according to
Table I, thex- and z-polarized spectra can exhibit nine dis-
tinct modes associated with the HgBranions, whereas six
modes are expected in thepolarized spectrum. Figure 1
gives a sketch of the infrared-active internal stretching
modes (v; and v3;) belonging to each representation of

Arend (ETH, Zurich using the Bridgman method. We have CsHgBr, at room temperature. These eigenvectors were de-
used the convention for the orthorhombic crystal axes inermined by applying the projectors associated with each

which the lattice parameteris along the pseudohexagonal

axis andb<a<c [a=10.270(2) A,b=7.946(1) A, andc

representation in arbitrary vectors of the 60-dimensional
space.

=13.935(2) A, in accordance t®®nmaspace group for the
structure at room temperatutélThe samples were cut and
polished with faces perpendicular to the crystallographic
axes and the orientation of the sample was confirmed by
X-ray experiments.

Infrared reflectance spectra were obtained with the light
polarized along the three crystallographic axes, in order to
observe all modes belonging to all infrared active represen-
tations. The spectra have been recorded using an IFS 113 v
Bruker interferometet® Measurements were performed be-
tween 10 and 450 cnt, from 10 K up to room temperature.

Ill. GROUP THEORY ANALYSIS

The present analysis is restricted to the modes related to
the HgBﬁ_ anions in phases I-V. Since all structural phases
of Cs,HgBr, exhibits a centrosymmetric structure, only the
modes associated with thengeradeirreducible representa-
tions are infrared active. Table | shows a correlation diagram
of the ungeradeirreducible representations of the point
groups in phases I, Ill, and IV, and the vibrational modes
associated with each representation, according to the factor
group analysis presented in Ref. 13. The unit cell in phases |,
IIl, and IV contains four HgB] tetrahedra and, therefore,
60 degrees of freedom are associated with the vibrations of
the HgBﬁ‘ groups. Twelve of them are related to the trans-
lational external modes, 12 to the librational modes, and the

units, respectively. Therefore for phase V the number of ex-
pected modes is two times the number of modes for phase
IV. The basis functions, which give the polarization of the

A
remaining 36 are the internal vibrational modes e iﬂ x
(4vq, 8vy, 12v5,12v,). Phases IV and V have the same
point group but the unit cells contai=4 andZ=8 HgBr; N
a4
+

=

(b) - vi(z)

Via

(8) - v:(y)

[ 4
¥

Y

2 4

Zp

infrared-active modes associated with each representation, i, 1. Schematic picture of the infrared-active stretching inter-

are also given in Table I.
At the room-temperature phaséAnmaor D), the basis
functionsx, y, andz belong to the differenB,,, B3,, and

nal modes of C#1gBr,. The symbols in brackets give the polariza-
tion directionsx, y, andz, which are associated with thg, , Bs,,
andB,, representations, respectively.
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Below To=232K, they- and z-polarized modes become
associated with the sani®, representation, due to the low-
ering of the crystal symmetry in phase llisee Table )l
FifteenB, modes are expected in tlyeandz-polarized spec-
tra and 1%, modes are expected in thepolarized spec-
trum. For phase 1V, all polar modes belong to the saye
representation, and therefore 30 modes are expected in each
one of the three spectfaee Table)l For phase V, due to the
doubling of the unit cell, 60 modes are expected in each
spectra.

There are different theoretical models which deal with the 0.0 i
infrared activity in incommensurate structures and all of 0 100 2001 300
them predict the appearance of extra normal modes below Frequency (cm™)
the incommensurate phase transition. Generally, these mod-
els are based on the multiple folding of the Brillouin zone.
According to the superspace-group approch5 optic
modes ofB,, and B,, symmetries and 25 optic modes of
B, symmetry are expected to appear belbw considering
that the incommensurate phase ofLidgBr, belongs to the

same Pgsma superspace group as the,3€Q-type com-

0.6

Reflectivity (arb. units)

FIG. 2. Room-temperature infrared reflectivity spectra of
Cs,HgBr, polarized along the three crystallographic directions. The
solid curves represent the best fit to the experimental @its.

Note that the number of observed modes is smaller than
the number predicted by group theory. According to Table I,
two infrared-activer; modes are expected at room tempera-
pounds. ture, with polarization along and z directions. However,

only onev,; mode has been observed, with polarization along
IV. RESULTS AND DISCUSSION the z direction. In the case of a free HgBr anion, thev,
breathing mode is apolar, since the center of the negative
charges, associated with the Br atoms, always coincides with

Thei-polarized infrared reflectance spectrax, y, 0rz2)  the Hg positive charge. However, in £#gBr,, the crystal
were fit using the factorized form of the dielectric functibn field might cause a distortion on the tetrahedra, and, in the

case of the infrared-active; modes, the centers of the nega-

tive and positive charges do not coincide as the atoms vi-
(1) brate, giving rise to oscillating dipoles. The oscillator

strengths of these modes depend on the distortion of the
in which each TO or LO modgis described by its frequency tetrahedra caused by the crystal field. The fact that only one
Q; and its damping constant, ande., is the value of the very weak v, mode is observed in the infrared reflectivity
dielectric function in the visible. For normal incidence, the spectra(see Fig. 2 and Table)llkuggests that the tetrahedra
relation between the reflectand®(w) and the dielectric are not significantly distorted at room temperature.

A. Room-temperature spectra

2 2,
Ofjlo— @i HiwyijLo

ei(w)=e.]]

, 2 2.
i Qfjro~ of tiwyijro

function e(w) is given by Let us now discuss the; modes. According to Table I,
only onev; mode is expected in thB;,(y) spectrum, while
‘W—l 2 two vz modes are expected in both tBg,(x) andB,,(2)
Rlw)=|— 2 spectra. However, all the three polarized spectra were fit by
Ve(w)+1 introducing only onevy mode in each case. The observation

of only onev; mode in thex- andz-polarized spectra can be
explained by the analysis of the eigenvectors shown in Fig.
1. Let us consider the tw8;,-symmetryvs(x) and v3(x)
modes shown in Fig.(t) and Xd), respectively. The mode
H QﬁkLo—QﬁjTo shown in Fig. 1c) [v3(x)] exhibits a strong polarization
K 3) alongx direction, since the motions of the atoms are algng
T 02--02 For the mode displayed in Fig(d) [v3(x)] the atoms are
Kj) kTO 2LTO vibrating along thez direction, and therefore no net oscillat-
ing electric dipole along th& direction would be associated
Figure 2 shows the room-temperature infrared reflectanc#ith this mode, if the tetrahedra were not distorted by the
spectra of CsHgBry, p0|arized a|ong the three Crysta”o- crystal field. However, in the case of a distorted tetrahedra,
graphic directions, y, andz. The solid curves represent the this mode exhibits displacement components also along the
best fit to the experimental datdots using Eqs(1) and(2). andy directions, and a net oscillating electric dipole appears
Table Il shows the parameteffrequencies and damping in thex direction due to the fact that the tetrahedra are local-
constantsused to fit the room-temperature spectra. The freized in a site withm, symmetry. Therefore the infrared in-
quencies ofr; and v, stretching internal modes are in the tensity of thev;(x) mode[Fig. 1(d)] is related to the distor-
range 150—200 cnt, whereas ther, bending modes have tion of the tetrahedra. A similar argument can be used to
their frequencies between 60 and 100 ¢miThe v, modes  explain the polar character of th€(z) mode displayed in
are overlapped with the librational and external modes, beFig. 1(f).
low 65 cmi L. The experimental observation of only ong mode in

The oscillator strengtiA&;; , which gives the polar character
of the modg can be written

— -2
A8i,J'—«SociQi,jTo
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TABLE Il. TO/LO frequencies and damping constants of the room-temperature infrared mode$lgBts The damping constants are
between parentheses.

Frequency(damping constantof the TO/LO modegcm ™)

Pol.

vector librational, external, and/or, N V3 2

X - - 47.9/48.4 - 61.9/63.6 77.6/96.9 169.6/182.6 -

(9.0/(6.5 (19.0/(13.5  (17.0/(17.0 (16.0/(16.0

y 31.5/32.4 44.8/47.7 - - - 63.0/78.9 158.7/171.4 -
(12.0/(10.5  (15.0/(13.H (17.0/(16.0  (15.0/(15.0

z 29.5/30.5 - - 54.3/59.7 - 67.3/83.2 158.2/168.7 174.3/176.5
(13.5/(10.5 (14.0/(16.5 (21.0/(18.0 (16.5/(14.0 (13.0/(15.0

each polarized spectra can be explained by the fact that thalline sample of C#4gBr, and showed that it decreases be-
tetrahedra are not significantly distorted in the room-jow the lock-in phase transitionT{=132K). This result
temperature phase. Therefore the thrgemodes present in  gyggests that the Hgp? orientational disorder decreases in
thex, y, andz spectra are those in which the vibrations occurthe |ow-temperature commensurate phases, in agreement
along thex, y, andz directions[Figs. 1c), 1(g), and 1€)l,  wjith the results obtained by Raman scatterihl?
respectively. The same kind of analysis can be applied to the As already emphasized, the lack of observation of some
case of thev, modes in order to understand the appearanc@redicted modes in the room-temperature spectra is ex-
of only onev, mode in each polarization, contrarily to the pjained by the fact that the tetrahedra are not significantly
theoretical prediction depicted in Table I. distorted by the crystal field. This result can be related to the
It is interesting to note that thes(y) and v3(z) modes  presence of the small-angle orientational disorder of the tet-
have the same TO frequendy-159 cni'), whereas the rahedra about the axis. According to Dmitriewet al,'2 the
v3(x) mode has the TO frequency up-shifted by 117¢m relaxation time for the tetrahedra reorientation between two
(~170 cmit). The same kind of behavior occurs for thg  equivalent orientations related by the, mirror plane istg
modes, which also exhibit a strong polar character. The TQ=5x 10~ '3s at room temperature. This is a very short time
frequencies of the’, modes in they andz spectra are quite  for the dynamics of the tetrahedra between two different ori-
similar [v4(y) ~63cm !, v4(z)~67 cm '] whereas the TO entations in theyz basal plane. Therefore it is reasonable to
frequency of thex-polarized v, mode is also up-shifted suppose that the HgBr tetrahedra are not significantly af-
[v4(x)~78cm *]. This result is due to the pseudohexagonalfected by the static crystal field in each orientation, due to
character of the room-temperature structure ofHGBrs,  the existence of a fast dynamical orientational disorder. In
since they- andz-polarized modes would be degenerated in ahjs sense, the absence of internal modes whose polar char-
perfect hexagonal lattice. acter depends on the tetrahedra distortion can be associated

_ The low-frequency modes that appear in all spedin®  yjth the dynamical orientational disorder of the H§Bran-
in each caseare associated with the vibrations of the™Cs ions.

ions against the Hgé? groups, the librations of these
groups, and the, internal modegsee Table ). Once again,
the pseudohexagonal character of the room-temperature
structure manifests itself by the similarities in the frequen- Figure 3 shows the temperature evolution of the infrared
cies of the modes polarized in tlyeand z directions. reflectance spectra of &4gBr, between 10 and 280 K. The
The dielectric constant just below the infrared frequenciesemperature dependence of the frequencies of the TO internal
can be written ag g =¢£.;+2;Agj;, where the sum is per- stretching modegv, and v3) for the three polarizations is
formed for all modeg polarized in tha directions(i=x, vy, shown in Fig. 4. The low-frequency modes100 cm %) are
and z). The values obtained for the infrared dielectric con-not plotted in Fig. 4, since they practically do not exhibit any
stant at room temperature asg,=5.5, 69y=5.6, andey,  temperature dependence in the whole temperature interval
=6.0. Note that these values are smaller than the lowinvestigated. Note that only two new modes appear at low
frequency dielectric constants reported by Pleskal.® that  temperature, contrary to the group theory analySisc. 1)
is exx=6.4,e,,=12.4, anck,,~9.6. The difference is larger that predicts the appearance of new modes at all phase tran-
for y andz directions and relatively small for thedirection.  sitions and in all polarized specttaee Table)l These two
These differences suggest the existence of a relaxatiomodes appear at thg ; phase transitiofphases IlI-1\j and
mechanism, responsible for the increasing on the dielectrionly in the x-polarized spectrunisee Fig. 3. In the low-
constants at low frequencies, and can be related to the prefequency range of the specitaelow 100 cm?) the appear-
ence of an orientational disorder of the tetrahedra groupsance of new peaks was not observed.
reported in Refs. 12 and 13. The relaxation mechanism as- It was already pointed out in the last section that the
sociated with the rotations of the tetrahedra aboutxth&is  room-temperature frequencies of the modes vibrating in the
occurs in the basal plang2, and therefore induces an in- basal plandv;(y) and v3(z)] are quite similar due to the
crease of the dielectric constanrts, ande,, at low frequen-  pseudohexagonal character of the lattice. It is interesting to
cies. Danilovet al}* reported the temperature dependence ohote that thevs(y) and v5(z) TO frequenciegopen circles
the mean low-frequency dielectric constant using a polycrysand full squares in Fig.)4which are practically the same at

B. Low-temperature transitions
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(b)
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FIG. 5. Temperature dependence of the infrared dielectric con-

60K
100K
w stantseg; =, + 3;Ag;; along the three crystallographic directions
240K
280K

(i=x, y, andz) of Cs,HgBTr,.

Reflectance

50 100 150 200 250 , , o : :
-1 associated with the triplication of the unit cell, which occurs
Frequency (cm ) at the incommensurate-commensurate phase trandftioh.

FIG. 3. Temperature evolution of the infrared reflectance spec:rherefore the absence of extra internal modes in the incom-

trum of CsHgBr,. (a) x-polarized spectraih) y-polarized spectra; Mensurate phase of the £igBr, can be explained by the

(c) z-polarized spectra(@ and (b) show the spectra at the same fact that there is no superstructure beldw. Moreover, the

temperatures displayed {g). presence of important disorder effects can obscure the valid-
ity of the theoretical predictions concerning the appearance

room temperature, become different at low temperature? néw modes in the incommensurate phase. This result
This behavior reflects the decrease of the pseudohexagor@@rees with the Raman experiments int@Br,, ** in which
character of the lattice in the low-temperature phases. N0 extra internal modes were observed bew

According to the theoretical predictions discussed in Sec. An interesting question is why new internal modes appear
1, the appearance of new internal modes is expected belownly at the Ill-IV phase transition. This result can be related
the incommensurate phase transitionAisBX, compounds. to the disorder of the HgBF tetrahedra at low temperature.
In the infrared studies of §SeQ, Rb,ZnCl,, and K.ZnCl,, As discussed in Sec. IV A, the lack of observation of some
new internal modes have been observed befow’~°In  predicted modes in the room temperature spectra is attributed
the present case, a careful fit of the infrared spectra in they the weak distortion of the tetrahedra, which is associated
incommensurate phase was performed in order to detect ayjth the orientational disorder of the HgBrtetrahedra. Ac-
possible effect of the incommensurability on the spectra "”ecording to the Raman study of @¢gBr, ' in the incom-

shape. The analysis showed that all spectra could be fit Wit} ansurate and lock-in phases there is a gradual freezing of

the same number of oscillators as the_ room-temperaturg,. ,ientational disorder, which disappears completely only
spectra; no extra modes were observed in the incommens

rate phase. Note that the appearance of new internal mod%glow the IlIV phase transitionTy; =165K). In the par-

in the incommensurate phase 0§3€Q-type compounds is ally disordered incommensurate and lock-in phases, the
P yp P changes of the structure does not induce significant distortion

of the tetrahedra. On the other hand, the disorder disappear in
phase IV, and, in this case, the crystal field deforms the

TL2 TL1 - TC TI

180 . tetrahedra, and gives rise to the appearance of new internal
modes in the infrared spectra. These modes correspond to the
‘ : o z-polarizedv, and v; modes that become active xspectra
; P below the phase transition.
A A ADAIAA A A s . . .
170} i A%égﬁa ALMIINN N Let us now discuss the temperature evolution of the infra-

i
Vs

[o3¥e] ;
160} ~ 990 o oo ¢

red dielectric constanty; =¢&.,;+2;Ag;;, wherei=x, y, or
z. Figure 5 shows the temperature dependence,pfilong
the threei-crystallographic directions. Note thag, slightly

Frequency (cm™)

; n uo e increases in the incommensurate phase, and this effect is
2R 55557 Ag e mostly associated with the increase of the high-frequency
0 100 200 300 dielectric constant.., [see Eq.(3) for Agj]. On the other

hand,e, exhibits an important increase in the incommensu-
rate phase and remains nearly constant below the lock-in

FIG. 4. Temperature dependence of the TO frequencies of th&ansition. This effect is mainly due to the increase of the
internal stretching modes in the three polarized spectra oPscillator strength of the two lowest-frequency modes in
Cs,HgBI,. y-polarized spectra.

Temperature (K)
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The important increase of the oscillator strength for thetially disordered phases I, Il, and lll, the tetrahedra are not
y-polarized modes is ascribed to the appearance of an extggnificantly distorted by the crystal fields, and therefore a
mechanism of polarization alongdirection, which increases number of predicted modes are not observed. The appear-
the effective charges of thepolar modes and, consequently, ance of two modes occurs only in llI-IV phase transition, and
their TO-LO splitting. A possible explanation for this result is associated with the freezing of the orientational disorder
is the presence of a layered structure of polar domain wallselow T ;.
which appears below,. The CsHgBr, crystals present an The difference between the infrared and the low-
easy cleavage plane perpendicular to thaxis, since the frequency dielectric constants in tha basal plane is as-
bonding between atoms in that direction is weaker than ircribed to the existence of a relaxation mechanism associated
other directions. According to the symmetry analysis pre-with the orientational disorder of the H@rgroups about
sented in Ref. 13, the domain wall parallel to this cleavagehe pseudohexagonalaxis. This difference decreases at low
plane exhibits a macroscopic polarization along ytdirec-  temperature, in agreement with the reported gradual freezing
tion. This macroscopic polarization might be responsible forof the orientational disorder below the incommensurate
the increase of the TO-LO splitting observed for thetransition'® The infrared dielectric constant along tiedi-
y-polarized infrared modes, and thus for the jumpegf  rectioneg, exhibits an important increase at the incommen-

below the incommensurate phase transition. surate phase and remains constant below the lock-in transi-
tion. This result is interpreted as a consequence of the
V. CONCLUSION presence of a layered structure with polar domain walls

which appears below, .
In this work we present a complete infrared reflectivity PP !

study of the five low-temperature phases ofldFBr,, be-
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