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High-resolution Brillouin scattering studies of the antiferroelectric phase transition in CsBi(MoO4)2 have
been performed in the temperature range 360–150 K giving information about the temperature dependence of
the acoustic phonons propagating in the@100#, @010#, and@001# directions as well as the lowest-frequency optic
soft phonon. These studies show that the soft phonon remains underdamped up to the transition point where its
frequency decreases to zero. Strong anomalies in sound velocity, attenuation, and intensity have been observed
for sound waves corresponding to thec11, c22, and c44 elastic constants. The coupling between the order
parameter and elastic strains is linear quadratic for thec11, c22, andc44 elastic constants. In case of thec33 and
c55 elastic constants the coupling is biquadratic, giving rise to a frequency decrease and increase, respectively,
of the corresponding acoustic modes belowTc . These results indicate that the phase transition is not purely
antiferroelectric, as suggested previously, but occurs most likely to a monoclinic phase~point symmetryC2h)
which is simultaneously antiferroelectric and ferroelastic.

DOI: 10.1103/PhysRevB.68.174101 PACS number~s!: 78.35.1c, 77.84.2s, 63.70.1h
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I. INTRODUCTION

CsBi(MoO4)2 belongs to the group of layered orthorhom
bic crystals with the general formulaM IM III (MVIO4)2 ,
whereM I5K, Cs, M III 5Bi, Dy, Pr, Er, andMVI5Mo, W,
which have been of considerable interest due to their
polymorphism.1–5 In this group CsDy(MoO4)2 has been the
most extensively studied and a second-order phase trans
was discovered at 50 K followed by a first-order cooperat
Jahn-Teller phase transition at 42 K.1 Two phase transitions
have also been found in CsBi(MoO4)2 : a second-order one
at 325–330 K and a first-order ferroelastic transition
around 125 K.2,6–8 The second-order phase transition occ
between paraelectric and antiferroelectric phases and a
the Curie pointTc the «33 component of the dielectric per
mittivity follows the Curie-Weiss law with the Curie consta
0.33105 K.6 The crystal structure of the paraelectric pha
is the same as that of CsPr(MoO4)2 and CsDy(MoO4)2 , i.e.,
D2h

3 5Pccmwith two molecules in the unit cell.9 The crystal
structure belowTc has not yet been determined but the
ported studies suggest that it may also be orthorhom
D2h

8 5Pcca, with doubleda lattice parameter.2,6–8 Our Ra-
man scattering studies supported the conclusion that
phase transition is connected with a phonon condensatio
the @1/2 0 0# point of the Brillouin zone.10,11 They showed
that three modes which appear belowTc exhibit pronounced
softening when temperature approachesTc . Two of these
modes, observed at 43 and 35 cm21 at 150 K temperature
become heavily overdamped nearTc . Both of them have a
finite frequency atTc ~23 cm21 for the 43-cm21 mode!. The
0163-1829/2003/68~17!/174101~8!/$20.00 68 1741
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third soft mode was observed at unusually low frequency~13
cm21 at 150 K! and was characterized by unusually lo
damping~less than 3 cm21!.10 It was not possible to study
the temperature dependence of this mode above 270 K
using Raman spectrometry because its frequency was
than 8 cm21 and the mode was obscured by strong Rayle
scattering. Therefore, we decided to obtain this informat
by using Fabry-Perot interferometry.

The present paper also reports the studies of acou
properties of CsBi(MoO4)2 nearTc by means of Brillouin
spectroscopy. It will be shown that this technique gives n
information which significantly contributes to an understan
ing of the phase transition mechanism in this compound.
would also like to emphasize that the present paper is a
example of scattering studies showing the temperature
pendence of a soft mode at extremely low frequency. To
authors knowledge the best known temperature-depen
studies of extremely low-frequency soft optical phonons c
cern chloranil and K3Co12xFex(CN)6 crystals.12,13 This pa-
per is also a rare example of Brillouin scattering studies
para-antiferroelectric phase transition, especially in laye
materials.

II. EXPERIMENT

Single-crystal growth has been described previously.10

The Brillouin spectra were obtained with a 313 pass tan-
dem Sandercock-type Fabry-Perot interferometer combi
with an optical microscope. The free spectral range~FSR!
employed was 37.5 GHz~for the study of acoustic phonons!
and 375 and 250 GHz~for the study of the soft optical pho
©2003 The American Physical Society01-1
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non!. The scattered light from the sample was collected
backscattering geometry. An additional measurement in
scattering geometry was performed only at ambient temp
ture in order to obtain information aboutnz refractive index.
A conventional photon-counting system and a multichan
analyzer were used to detect and average the signal.
samples were put in a cryostat cell~THMS 600!. The sample
cell with anX-Y adjustment was placed onto the stage of
optical microscope~Olympus BH-2! having aZ adjustment.
The Brillouin spectra were obtained for 1024 channels a
300 time repetitions of accumulation with a gate time of 5
ms for one channel. More details of the experimental se
can be found in our previous paper.14

The frequency shifts, half-widths, and intensity of t
Brillouin peaks were evaluated by fitting the measured sp
tra to the convolution of the Gaussian instrumental funct
with a theoretical spectral line shape that is Lorenzian
form.15 Sound velocities and corresponding elastic consta
were calculated from the measured frequency shifts using
mass density 5.513103 kg/m3. The refractive indexnz
51.91 was obtained by comparing measurements of B
louin shifts in backscattering and 90° configuration in t
way proposed by Vaughan.16 Since it is known that Brillouin
spectroscopy can be used for the determination of biref
gence, the remaining refractive indices were obtained fr
the Brillouin shifts measured in backscattering geometr17

The measured Brillouin shifts for the LA phonon in th
x(zz)x and x(yy)x polarization depend on thenz and ny
refractive indices, respectively.17 Using thenz51.91 value
the corresponding sound velocity for the LA phonon trav
ing in the @100# direction was found to be 3.293103 m/s.
Knowledge of this sound velocity and the measured B
louin shift in thex(yy)x polarization allows us to conclud
that the refractive indexny51.92. The refractive indexnx
51.94 was obtained in the similar way from they(zz)y and
y(xx)y Brillouin shifts. The refractive indices were taken
be constant in the entire temperature region studied.

III. RESULTS AND DISCUSSION

A. Temperature dependence of the soft optical phonon

The temperature dependence of the soft optical phono
presented in Fig. 1. Since this mode is underdamped e
near Tc , its frequency, damping, and integrated intens
were evaluated by fitting the measured spectra to the co
lution of the Gaussian instrumental function with a theore
cal spectral line shape that is Lorenzion in form. The o
tained values ofvs and damping as a function of temperatu
are plotted in Fig. 2.

At T,Tc the temperature dependence of the soft pho
frequency is obtained by a least-squares fitting, which is
scribed byvs51.76(Tc2T)0.40. This fitting shows that the
phonon softens to zero atTc5322 K. The value of the criti-
cal exponentb50.4060.01 is smaller than the predicte
mean-field value of 0.5. The temperature dependence
damping is weak~see Fig. 2! and intensity decreases signifi
cantly only in a narrow temperature range nearTc .

It is worth noting that the behavior of the 13-cm21 soft
mode is different than the behavior of the two other s
17410
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modes~observed at 43 and 35 cm21 at 150 K! studied by us
previously,10 which showed large finite frequency atTc
~about 23 cm21! and clear decrease in intensity and increa
in damping in a very large range belowTc ~more than 100
K!. This result indicates that the lowest-frequency soft mo
can be attributed to the primary mode whereas the
higher-frequency modes are most likely secondary modes
sociated with the antiferroelectric distortion i
CsBi(MoO4)2 . The unusually low frequency~less than 13

FIG. 1. Development of the optical phonon spectra as a func
of temperature.

FIG. 2. The temperature dependence of the soft phonon
quency~a! and damping~b!. The solid line represents a fit tov
5A(Tc2T)b. The data below 280 K are taken from our previo
Raman scattering studies~Ref. 10!.
1-2
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TABLE I. Force constantsf ~in N/m! and frequenciesv ~in cm21! at 350 K of some acoustic and opti
modes determined from velocitiesv ~in 103 m/s) of TA and LA phonons propagating along@100# direction
and corresponding to thec55 andc11 elastic constants.

vLA vTA f LA f TA

vLA

k5p/a
vTA

k5p/a
v0

c

k50
v0

s

k50
v0

c

k5p/a
v0

s

k5p/a

3.29 0.75 53.2 2.8 41.3 9.4 92.2 21.1 82.4 18.8
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cm21 at 180 K belowTc) and damping~1.4 cm21 at 300 K!
of the lowest-frequency soft phonon suggest that this m
can be attributed either to the translational motions of C1

cations, since these ions interact very weakly with the o
gen atoms, or to antiphase displacements of the layers
called rigid layer mode, which corresponds to a zone bou
ary acoustic mode in the paraelectric phase. In the laye
structure frequencies of these modes can be easily calcu
with the use of linear chain model and known velocities
acoustic phonons propagating perpendicular to the laye18

The application of this model gives the following expre
sions for sound velocity and frequencies of acoustic and
tic modes:

v5R@0.5f /~M11M2!#1/2, ~1!

v05~2 f /m!1/2 for k50, ~2!

v05~2 f /M1!1/2 for k5p/a, ~3!

va5~2 f /M2!1/2 for for k5p/a. ~4!

The parameterf denotes a force constant between t
layer composed of cesium ions with massM1 and the
@Bi(MoO4)2#``

2 layer with massM2 . Them is the reduced
mass andR is the distance between the same type layers:
R is equal to thea lattice parameter in theD2h

3 structure.
Using the measured frequencies for phonons correspon
to the c11 and c55 elastic constants at 350 K~23.6 and 5.4
GHz, respectively: see next paragraph of this paper!, we
have calculated the corresponding frequencies~see Table I!.
The calculations show that the rigid layer mode should
observed around 9 cm21 and the translations of the Cs1 ions
around 19 cm21. It is, therefore, not possible to discrimina
on the basis of the performed calculations whether the
served 13-cm21 mode originates from the transverse acous
mode or shear optic mode corresponding to translational
tions of Cs1 ions. Since, however, translational motions
weakly polarizable alkali-metal ions give usually rise
weak Raman bands, the strong intensity of the observed
mode favors the assignment of this mode to the rigid la
mode.

B. Temperature dependence of elastic constants

The structure of CsBi(MoO4)2 aboveTc5325 K is ortho-
rhombic,D2h

3 .9 The elastic stiffness tensor of the orthorhom
bic groupD2h contains nine independent components: i
c11, c22, c33, c44, c55, c66, c12, c13, and c23. In the
present study onlyc11, c22, c33, c44, and c55 elastic con-
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stants have been calculated from the measured frequenci
the longitudinal and transverse modes propagating along
x, y, andz axes. The calculated values of the elastic consta
of the D2h

3 phase are presented in Table II. It is worth not
ing that the elastic constantsc44 andc55 are very small. The
elastic constantc66 has even smaller value~frequency of the
corresponding acoustic mode is only 3.7 GHz at ambi
temperature! and therefore its value in theD2h

3 phase could
not be established.

The temperature dependence has been established fo
phonons propagating in the directions@100#, @010#, and@001#
as well as for two transverse phonons propagating in
directions@001# and @100#. The frequency of these phonon
correspond to thec11, c22, c33, c44, and c55 elastic con-
stants, respectively.

The temperature dependence of the studied phon
shows that the phase transition results in distinct acou
anomalies~Figs. 3–8!. The frequency of the phonon corre
sponding to thec11 constant shows a very clear steplike d
continuity typical for linear-quadratic coupling. Thec22 and
c44 constants also show a discontinuous temperature de
dence. However, in this case the steplike discontinuity is l
clear since critical fluctuations in the order parameter neaTc
can lead to an additional downward bending of thec22 and
c44 elastic constants. According to the Landau free-ene
expansion, a second-order transition gives a negative co
bution to elastic constant change but a first-order transi
can give either a positive or negative contribution.19 The ob-
served negative change in the elastic constantsc11, c22, and
c44 is consistent with the second-order character of
paraelectric-antiferroelectric transition. The phonon cor
sponding to thec55 elastic constant shows a temperature d
pendence characteristic for the biquadratic coupling be
Tc . The unusual feature of the phonon corresponding to
c33 elastic constant is a large decrease of its frequency w
decreasing temperature~see Fig. 6!. The temperature depen
dence of this phonon can be most likely explained as a re
of biquadratic coupling with a negative coupling consta
The other characteristic feature of the studied phonons

TABLE II. Calculated velocities of acoustic phonons and elas
constants of CsBi(MoO4)2 at 350 K.

Wave vector @100# @010# @001#

Phonon LA TA LA LA TA
Velocity (103 m/s) 3.29 0.75 3.62 3.39 1.15

Elastic constant c11 c55 c22 c33 c44

(1010 N/m2) 5.97 0.31 7.21 6.35 0.73
1-3
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FIG. 3. Example of the temperature dependence of the Brillo
spectra for CsBi(MoO4)2 . The spectra were recorded in thex(zz
1zy)x configuration.

FIG. 4. Temperature variation of thec11 elastic constant~a! and
the corresponding damping~b! and intensity~c!.
17410
very large increase in damping of thec11, c22, andc44 con-
stants atTc , giving rise to characteristic peaks~see Figs. 4,
5, and 7!. The increase in damping for thec33 constant is
weak~see Fig. 6! and no change can be observed for thec55
elastic constant. Finally, as a result of the phase transitio
steplike change in scattering intensity„divided byn(v)11,
wheren(v)51/@exp(hv/kBT)21# is the Bose-Einstein fac
tor… is observed for the phonons corresponding to thec11 and
c44 elastic constants whereas thec22 constant gives rise to
maximum intensity atTc ~see Figs. 4, 5, and 7!.

The former studies showed that the phase transition at
K is antiferroelectric with doubling of thea lattice parameter.
Since the center of symmetry will always be retained a
pure antiferroelectric transition,20 the antiferroelectric phase
may haveD2h, C2h, or Ci symmetry. As mentioned in the
Introduction, it has been suggested previously that the lo
temperature phase may be described by theD2h

8 5Pcca
space group: i.e., the phase transition does not lead to
point symmetry breaking but is connected with a decreas
the translational symmetry. Theoretical considerations sh
that aPccmto Pccatransition with a doubling of thea lattice
parameter can be induced by a one-dimensional irreduc

n

FIG. 5. Temperature variation of thec22 elastic constant~a! and
the corresponding damping~b! and intensity~c!. The solid line rep-
resents a fit to Eq.~12!. The inset shows details nearTc .
1-4
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representationt3 or t8 .21 The symmetry analysis, performe
in a way proposed by Aroyo and Perez-Mato,22 leads to the
conclusion that the primary order parameter connected w
the Pccmto Pcca transition may involve antiphase displac
ments of Cs1 ions or@Bi(MoO4)2#``

2 layers, in agreemen
with our scattering studies~see the discussion in the previou
paragraph!. Moreover, the calculations show that the abov
discussed displacements are associated with rotations o
MoO4

22 groups. It seems, therefore, very likely that the p
viously observed broad bands at 35 and 43 cm21, which
were assigned to librational motions of the MoO4

22 groups
and which exhibited significant softening, can be attribu
to secondary modes associated with the antiferroelectric
tortion.

Although the phase transition mechanism seems to
consistent with thePccm↔Pccasymmetry change, the ob
servation of linear-quadratic coupling by us for thee4 strain
shows that this transition cannot occur without point symm
try breaking since in this case the linear-quadratic couplin
allowed only for thee1 , e2 , and e3 strains. Our Brillouin
studies show, therefore, that the transition might occur to
C2h structure: i.e., it might be simultaneously antiferroele
tric and ferroelastic~theCi structure can be excluded since
this case steplike discontinuity should be observed also
the c55 elastic constant!.

FIG. 6. Temperature variation of thec33 elastic constant~a! and
the corresponding damping~b! and intensity~c!. The solid line rep-
resents a fit to Eq.~13!.
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In order to discuss acoustic anomalies, we make use
phenomenological expression for a free energy. The free
ergy F as a function of temperature, the order parameterh,
and the strain componentsei can be written

F5Fh1Fc1Fi , ~5!

Fh51/2a~T2Tc!h
211/4Bh411/6Dh6, ~6!

FIG. 7. Temperature variation of thec44 elastic constant~a! and
the corresponding damping~b! and intensity~c!. The solid line rep-
resents a fit to Eq.~14!. The inset shows details nearTc .

FIG. 8. Temperature variation of thec55 elastic constant. The
solid line represents a fit to Eq.~15!.
1-5
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TABLE III. Values of the parameters corresponding to the best fits of the data with Eqs.~11!–~15!.

Elastic
constant

cii
0 (Tc)

(1010 N/m2)
d i

~K21!
2ki

2/B
(1010 N/m2) Ai8

hi

(1010 N/m2) b

c11 6.06 4.331024 1.13 ;0 - -
c22 7.24 - 0.22 0.049 - 0.3360.02
c33 6.40 3.131024 0 0 20.0086 0.4260.02
c44 0.73 ;0 0.20 0.048 - 0.2760.03
c55 0.31 4.131024 0 - 0.015 0.3160.01
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i 51

4

kieih
211/2(

i 51

6

hiei
2h2

11/2 (
1< i , j <4

hi j eiejh
211/2h56e5e6h2, ~7!

Fi~ei !51/2(
i 51

6

cii
0ei

21 (
1< i , j <4

ci j
0 eiej1c56

0 e5e6 . ~8!

In the static approximation, if we neglect the fluctuation
the effective elastic constantscii (T) can be written23

cii ~T!5cii
0 for T.Tc , ~9!

cii ~T!5cii
0 22k1

2B1~2hi14kiAi !h0
2 for T,Tc ,

~10!

wherecii
0 is the bare elastic constant,h0 is the equilibrium

value of the order parameter, andAi52hiki /cii
0B1kiD/B2.

Since the linear-quadratic coupling is not observed for thee3
ande5 strains, in the following discussion we takek350 and
k550. With these assumptions, the temperature depende
of the c11, c22, c33, c44, andc55 elastic constants belowTc
are

c11~T!5c11
0 ~T!22k1

2/B1A18h0
2, ~11!

c22~T!5c22
0 ~T!22k2

2/B1A28h0
2, ~12!

c33~T!5c33
0 12h3h0

2, ~13!

c44~T!5c44
0 ~T!22k4

2/B1A48h0
2, ~14!

c55~T!5c55
0 12h5h0

2, ~15!

whereAi852hi14kiAi .
In addition, we take into account the thermal expansion

the CsBi(MoO4)2 crystal which introduces a linear temper
ture dependence term incii

0 (T):

cii
0 ~T!5cii

0 ~Tc!@11d i~Tc2T!#. ~16!

The resulting values of the parameters correspondin
the best fits of the data with Eqs.~11!–~16! are presented in
Table III. The fitting shows that the data can be reasona
well approximated by Eqs.~11!–~16!, except for the 20–30
K range nearTc . The significant difference between the e
perimental and approximated data nearTc is especially well
17410
,
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visible for thec22 andc44 elastic constants~see Figs. 5 and 7!
and can be attributed mainly to the fluctuations of the or
parameter. The largest jumps incii are observed for thec44

(2k4
2/Bc44

0 50.27) and c11 (2k1
2/Bc11

0 50.19) elastic con-
stants whereas the jump of thec22 constant is only 0.03. Note
that theA18 parameter is approximately zero, indicating th
the h1 andD have also approximately zero values. This r
sult shows that the term 1/6Dh2 in the free-energy expansio
@Eq. ~6!# can be dropped. It is also worth noting that th
shear elastic constantsc44 and c55 exhibit a very large in-
crease of their values with decreasing temperature~see Figs.
7 and 8!. The analysis shows that theb parameter is around
0.3 for all elastic constants except forc33. This value is
similar to that found for thec11 elastic constant in K2SeO4
near the transition from the hexagonal to orthorhombic,
commensurate phase.23 It is, however, significantly lower
than the value obtained from the soft mode analysis. Th
results show that the temperature dependence of the o
parameter differs significantly from mean-field behavior. T
origin of this behavior is not known but it can indicate th
the nature of the phase transition is close to tricritical since
such a caseh should be proportional to (Tc2T)0.25. Another
possible explanation is that the higher-order terms play
portant role in the interactions between the order param
and strains. It is also worth noting that similar temperatu
dependence is often observed when a transition occurs
an incommensurate phase. For example, the analysis
formed for K2SeO4 showed that the temperature dependen
can be approximated by a power low withb50.5 nearTi
whereas further away from the transition it resembles
power low withb50.25.24

Let us now discuss the damping and fluctuations of
order parameter. There are two major mechanisms of da
ing. First, the damping is caused by coupling of a strain
the square of the order parameter fluctuations.19,24–27 This
type of coupling brings about the critical damping both b
low and aboveTc . As a result the observed anomaly is sym
metric. The second mechanism is connected to bilinear c
pling of strain and order parameter fluctuations.19,24–27When
the order parameter does not correspond to the Brillo
zone center, this contribution to the damping vanishes ab
Tc . As a result the observed anomaly is strongly asymme
Our studies show the presence of a symmetric and str
anomaly for thec22 elastic constant~see Fig. 5!. The ob-
tained results show, therefore, that this elastic cons
couples strongly to the square of the order parameter fl
tuations. This mechanism seems to be also very importan
1-6
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thec44 elastic constant. Thec33 elastic constant also couple
to the square of the order parameter fluctuations but
coupling is much weaker than that observed for thec22 and
c44 constants. In case of thec11 elastic constant the couplin
to the square of the order parameter fluctuations seems
negligible, as evidenced through a very weak change
damping aboveTc . The observed anomaly can be, therefo
attributed to the bilinear coupling between the strain a
order parameter fluctuations. The last measured elastic
stant, c55, does not show any anomaly in damping. Th
behavior is consistent with the observed biquadratic coup
since in such a case no contribution to the damping shoul
observed from the order parameter fluctuations.24

Finally, it is worth noting that the studies show stepli
intensity change for thec11 andc44 elastic constants, broa
peak for thec22 elastic constant and nearly no change for
c33 andc55 constants. The steplike decrease in intensity a
phase transition is sometimes observed due to formatio
microdomains which cause significant deterioration of cr
tal optical quality.28,29 In the present case the steplike d
crease in intensity atTc due to deterioration of the crysta
optical quality is very unlikely since we could not obser
any changes in the crystal transparency belowTc and the
simultaneous measurement of thec11 andc55 or c44 andc33
elastic constants showed large anomaly in intensity for o
one component of each pair. Therefore, the observed cha
can most likely be attributed to coupling between the or
parameter and strains. A very similar steplike anomaly
intensity was observed previously for a TA phonon
BaMnF4.30 The steplike change in intensity indicates that t
phase transition leads to discontinuous changes inp31 and
p23 elasto-optic~Pockels! coefficients. The mechanism o
this temperature behavior has yet to be interpreted. In cas
the c22 elastic constant the anomaly in intensity resemb
that of damping. The observed peak can be, therefore, m
likely attributed to fluctuations of the order parameter wh
give rise to anomalous scattering intensity increase nearTc .
r-
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IV. CONCLUSIONS

The performed studies have shown that the soft m
associated with the primary order parameter softens to z
at Tc and remains underdamped even at temperatures
close toTc . The Brillouin studies, showing the jump de
crease in thec11, c22, andc44 elastic constants atTc typical
for linear-quadratic coupling, are consistent with the seco
order character of the phase transition occurring with d
bling of thea lattice parameter. However, the present stud
show that the mechanism of this transition is more com
cated than previously assumed. In particular, the appear
of the jump in the transverse sound velocityc44 indicates that
as a result of the phase transitione4 spontaneous strain ap
pear; i.e., the phase transition is both antiferroelectric a
ferroelastic. The low-temperature phase cannot be descr
by the space groupPcca, as previously suggested, but
most likely monoclinic with a point groupC2h. The obser-
vation of the jump for thec44 elastic constants indicates th
the axisC2ix is retained belowTc . The transition into a
monoclinic structure with the doubling of thea lattice pa-
rameter can be induced by a number of irreducible repres
tations and, therefore, more experimental data, espec
x-ray studies belowTc , are necessary to establish the stru
ture of the low-temperature phase. Without knowledge of
crystal structure belowTc , it is not possible to discuss th
detailed mechanism of the phase transition. The symm
analysis and experimental data allow us, however, to c
clude that the phase transition involves displacements of
Cs1 ions or, more likely,@Bi(MoO4)2#``

2 layers as well as
reorientations of the MoO4

22 tetrahedra.
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