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Acoustic anomaly in the antiferrodistortive phase transition of KHCO3
studied by Brillouin scattering

S. Takasaka, Y. Tsujimi, and T. Yagi
Research Institute for Electronic Science, Hokkaido University, Sapporo 060, Japan

~Received 28 April 1997!

Brillouin-scattering spectra of KHCO3 have been observed as a function of temperature. The two pure
transverse acoustic modes propagating along thea* andb axes show an anomalous softening near the phase-
transition temperatureTN5318 K. Their frequencies, however, are nonzero even atTN . This incomplete
softening behavior indicates an antiferrodistortive phase transition, though a ferroelastic transition was sug-
gested by a previous ultrasonic study. A phenomenological discussion is given for the antiferrodistortive phase
transition.@S0163-1829~97!03541-8#
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Potassium hydrogen carbonate, KHCO3, undergoes a
structural phase transition atTN5318 K.1 Recently, Kashida
and Yamamoto studied the crystal structure by x-
analysis.2 The structure is characterized by the orientatio
configuration of a planar~HCO3) 2 dimer. In the high-
temperature phase~phase I!, each dimer is in a disordere
configuration as shown in Fig. 1~a!. The space group of the
crystal is monoclinicC2/m. In the low-temperature phas
~phase II!, dimers are ordered in an antiphase configurat
as shown in Fig. 1~b!. The space group is monoclini
P21 /a.2–4 In phase II, the dimer takes one of two orient
tions as shown in Fig. 1~b!. The change of the crystal struc
ture strongly suggests that KHCO3 undergoes an antiferro
distortive phase transition of the order-disorder type.

On the other hand, Haussu¨hl performed an ultrasonic ex
periment and concluded that the phase transition of KHC3
is of ferroelastic type. This conclusion is based on the
perimental fact that the elastic stiffness constantc66, related
to the pure transverse acoustic modes propagating along
a* andb axes, shows an anomalous softening nearTN .1 In
the case of the ferroelastic transition, however, the spont
ous shear strainx6s appears with the freezing of any of the
acoustic modes; that is, the frequency of such a soft m
should take a zero value at the transition point. In addition
this, the crystal structure should be triclinicP1̄ in phase II
with the appearance ofx6s . This crystal structureP1̄ is in-
consistent with the result of x-ray studiesP21 /a.2–4

The purpose of the present paper is to solve this incon
tency. All the acoustic modes propagating along thea* , b,
and c axes were reexamined by a 90° Brillouin scatteri
system in the temperature range between 295 and 355 K
particular, the anomalous behaviors of the pure transv
acoustic modes propagating along thea* and b axes were
carefully investigated nearTN to elucidate whether the fre
quencies of these modes take zero values atTN or not. The
present paper is a report of the Brillouin scattering o
KHCO3 crystal.

A single crystal of KHCO3 was grown from an aqueou
solution by slow cooling. The crystal axes were confirm
by x-ray diffraction pattern analysis and also by the obser
tion of the crystal habit. The rectangular prism shap
sample, 53538 mm3, was obtained on referring to th
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dominant cleavage plane~401̄! and the natural rectangula
plane ~100!. After the surfaces of the sample was polish
up, the sample was mounted in a light scattering cell. T
temperature of the sample was measured by a thermoco
placed near the sample and was controlled within60.05 K.
A longitudinal single-mode Ar1 laser ~Spectra-Physics
BeamLok 2060! was used as a light source. The waveleng
and the output power of the laser beam were 514.5 nm
80 mW, respectively. The scattered light from the sam
was collected in the 90° Brillouin scattering geometry.
three-passed tandem Sandercock-type Fabry-Pe´rot interfer-
ometer was used as a spectrometer. The free spectral ra
employed here were 10 and 30 GHz. The finesse was m
tained at more than 100 throughout the present experim
The analyzed light was detected by a photomultipl

FIG. 1. The configuration of~HCO3!2 dimers on thec-axis pro-
jection. A dimer containing two hydrogen bonds~O•••O! is repre-
sented by a solid line or a dashed line. A unit cell is designated
a rectangle.~a! In the high-temperature phase~phase I!, each dimer
takes a disordered configuration.~b! In the low-temperature phas
~phase II!, dimers are ordered in one of two antiphase configu
tions expressed by a solid and dashed lines.
10 715 © 1997 The American Physical Society
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~Hamamatsu R585! and was accumulated in the memory o
multichannel analyzer. From the Brillouin scattering spec
obtained after 1200 time repetitions of accumulation, the
quency shift of the Brillouin peak was evaluated by the fit
the damped harmonic oscillator function.

All nine acoustic modes propagating along thea* , b, and
c axes are observed precisely nearTN by 90° Brillouin scat-
tering. The frequency shift of each mode is plotted in Fig
as a function of temperature. Two modes show remarka
softening behavior nearTN . One is the purec66 mode propa-
gating along thea* axis and the other is the pure transver
acoustic mode, named thec22- mode in Ref. 1, propagating
along theb axis. The typical spectra of these modes, wh
are measured with a high-frequency resolution of 0.1 G
are depicted in Figs. 3~a! and 3~b!. The frequency shift data
of these modes are plotted again in Fig. 4 on an expan
scale. Both of thec66 and thec22- modes soften towardTN as
reported by Haussu¨hl ~Ref. 1!. In addition to this fact, we
found that their frequencies do not take zero values eve
TN : 2.1 GHz for thec66 mode and 1.4 GHz for thec22- mode.
This incomplete softening behavior strongly indicates t
the phase transition mechanism of KHCO3 is not of fer-
roelastic type. This result disagrees with the conclusion
the previous ultrasonic study that a ferroelastic phase tra
tion is expected.1 The present result supports the x-ray res
that KHCO3 undergoes an antiferrodistortive pha
transition.2–4

The origin of the incomplete softening of thec66 and the
c22- modes is discussed. Hereafter, we employ the nota
F(c) to express the elastic stiffness constantc in the fre-
quency dimension as

F~c!5S uqu
2p DAc

r
. ~1!

Here q is the scattering vector andr is the density of the
sample. The elastic stiffness constant of thec22- mode is ex-
pressed as

FIG. 2. The temperature dependence of the frequency shift
the quasi-c11 (h), the quasi-c55 (L), and thec66 (d) modes
propagating along thea* axis; thec22 (l), the quasi-c44 (j), and
thec22- (3) modes propagating along theb axis; the quasi-c33 (n),
the c44 (s), and the quasi-c55 (m) modes propagating along thec
axis. The evaluated frequencyF(c46) ~1! is also shown.
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c22- 5
c661c442A~c662c44!

214c46
2

2
. ~2!

By the use of Eqs.~1! and ~2!, F(c46) can be evaluated
directly from the frequency shift data of the observedc22- ,
c44, andc66 modes without the knowledge ofuqu andr. Here
we assume that there is no anisotropy in the refractive in

FIG. 3. The typical Brillouin scattering spectra of~a! thec66 and
~b! the c22- modes at several temperatures nearTN5318 K. Thin
curved lines indicate the result of the least squares fit of a dam
harmonic oscillator function.

FIG. 4. The temperature dependence of the frequency shift
the c66 ~closed circles! and thec22- ~closed squares! modes near
TN5318 K. The curved full lines indicate the result of the lea
squares fit of Eq.~5! to the frequency shift data of thec66 mode.
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n, thoughuqu directly depends onn. The temperature depen
dence ofF(c46) is added in Fig. 2. Since the frequency sh
of the c44 mode andF(c46) are almost independent of tem
perature as seen in Fig. 2, one can deduce that the softe
behavior of thec22- mode is caused mainly by that of thec66

mode. It is obvious that this deduction is not affected at
by the above assumption.

In order to explain the incomplete softening of thec66

mode, we can employ the free energyG expanded with the
elastic strainxi ( i runs from 1 to 6! and with the parameter
QA andQF . HereQA andQF express the antiferrodistortiv
and ferrodistortive orders of the dimers, respectively,
shown in the upper half of Fig. 5. The parameterQA should
be the order parameter describing the antiferrodistor
phase transition of KHCO3. It corresponds to the Brillouin
zone boundary mode, the wave vectork of which is equal to
the unit vectora* of the reciprocal lattice in phase I.2 This

boundary mode belongs to the irreducible representationt̂3

of the space groupC2/m at k5a* , wheret̂3 is the notation
given in Kovalev ’s Table T4.5 The parameterQA corre-
sponds to the Brillouin zone center mode belonging to
irreducible representationAg of the point group 2/m in phase
II. On the other hand, the parameterQF is related to the
Brillouin zone center mode belonging to the irreducible re
resentationBg of the point group 2/m in both phases I and II
The introduction ofQF into the free energyG is essential for
the explanation of the incomplete softening of thec66 mode.6

BecauseQA and QF are symmetrically nonequivalent, th
temperature dependence of the coefficients of theQA

2 andQF
2

terms is not evident. The patternsQA andQF can be gener-
ated by new parametersQ1 and Q2: Q15(QA1QF)/2 and
Q25(QA2QF)/2. The newparameters are symmetrical
equivalent and independent in phase I as shown in the lo
half of Fig. 5. The free energyG in phase I is expanded b
Q1, Q2, andxi according to the symmetry of the space gro
C2/m as

FIG. 5. The configuration of~HCO3!2 dimers~solid and dashed
lines! corresponding to each of parametersQA , QF , Q1 ~at site I!,
andQ2 ~at site II! on thec-axis projection of the unit cell. The se
of solid lines and that of dashed ones define the positive (1) and
negative (2) signs of each parameter, respectively. The parame
QA and QF are related toQ1 and Q2 as QA5(Q11Q2) and
QF5(Q12Q2).
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A~Q1

21Q2
2!1

1

4
B~Q1

41Q2
4!1jQ1Q2

1h~Q12Q2!x61
1

2
c66

0 x6
2 . ~3!

HereA, B, j, andh are the expansion coefficients andc66
0 is

the elastic stiffness constant at constantQ1 andQ2.7 In this
equation, only the lowest order of couplings amongQ1, Q2,
and xi are considered. Another lowest coupling ter
(Q12Q2)x4 can be included in Eq.~3!, but it is neglected
because the effect is estimated to be small by the observa
of the c44 mode as shown in Fig. 2. To discuss the tempe
ture dependence ofc66, we assume that the coefficientA has
a linear temperatureT dependence asA5a(T2T0) with
positive constantsa and T0. The bilinear couplings among
Q1 , Q2, andxi ( i 51, 2, 3, and 5! do not appear in Eq.~3!
due to the crystal symmetry. This explains the present
perimental fact that thec11, c22, c33, andc55 modes do not
show any anomalous behaviors as seen in Fig. 2.

Three sets@cases~I!, ~II !, and~III !# of the stable solutions
of ^Q1&, ^Q2&, and ^x6& are obtained from the equilibrium
condition ]G/]Q15]G/]Q25]G/]x650 and from the
minimization of the free energy as follows.

Case~I!: ^Q1&5^Q2&5^x6&50. This case corresponds t
phase I.

Case ~II !: ^Q1&5^Q2&[Q and ^x6&50, where
Q252(A1j)/B. This case corresponds to phase II. T
minimum of G is calculated asG52(TN2T)2/2B. The
phase transition temperatureTN is defined asTN5T02j/a.

Case ~III !: ^Q1&52^Q2&[Q and ^x6&522hQ/
c66

0 [x6s , where Q252(A2j22h2/c66
0 )/B. The dimers

align with ferrodistortive configurationQF as shown in Fig.
5 and the space group should become triclinicP1̄. The mini-
mum of G is calculated asG52(TC2T)2/2B. The phase
transition temperatureTC is defined asTC5T01(j12h2/
c66

0 )/a. The spontaneous strainx6s appears and thec66 mode
takes zero frequency value atTC . Since the antiferrodistor-
tive phase transition in KHCO3 is concluded in the presen
study, case~III ! must be omitted. To be consistent with th
result, the value ofG in case~III ! should always be large
than the value ofG in case ~II !. This gives the relation
TC,TN , which is equivalent to the condition

j1
h2

c66
0

,0. ~4!

The temperature dependence of the elastic stiffnessc66 is
given finally as

c665c66
0 2

2h2

a~T2TN!22j
, for T>TN ,

5c66
0 2

2h2

2a~TN2T!22j
, for T<TN . ~5!

The incomplete softening behavior observed in the pres
study is explained well by Eqs.~4! and~5!. Especially, these
equations assure thatc66 has a positive value ofc66

0 1h2/j
even atT5TN . The frequencyF(c66

0 1h2/j) is determined
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10 718 56BRIEF REPORTS
experimentally to be 2.1 GHz atT5TN . Expanding Eq. ~5!
in terms of (T2TN) and approximating it by the first term,
is rewritten in the unit of frequency and is used for the le
squares fit to the frequency shift data of thec66 mode. The fit
is done simultaneously in both phases I and II under
assumption of the linear temperature dependence ofc66

0 . The
successful result is obtained and is drawn by the curved
lines in Fig. 4. There are two independent fitting parame
which correspond toah2/j2 and to the temperature gradie
of c66

0 through Eq. ~1!. The value of the parameter corre
sponding toah2/j2 and that to the temperature gradient
c66

0 are determined to be 0.5860.02 GHz 2/K and
20.0860.01 GHz 2/K, respectively.
gr
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t

e
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In summery, we report here a Brillouin scattering study
KHCO3. It is elucidated by a careful experiment that thec66
and thec22- modes never take zero frequency values even
TN . This supports the result of x-ray study which sugge
an antiferrodistortive phase transition of KHCO3. By the
present result, we solved the early inconsistency between
ultrasonic and x-ray studies. The softening behavior of
c22- mode is explained by the temperature dependence of
c66 mode. The incomplete softening of thec66 mode is dis-
cussed phenomenologically and explained well quant
tively.

The present study was supported in part by Grant-in-A
for Scientific Research~A! from the Ministry of Education,
Science and Culture of Japan, No. 06402009.
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6If the free energyG is expanded in powers ofQA and the elastic

strainsxi as

G5
1

2
aQA

21
1

4
bQA

41 (
i51,2,3,5

hiQA
2xi1

1

2(~i,j! cij
0xixj ,

one cannot explain the anomalous behavior of thec66 mode.
Even if higher order terms related to the elastic strainx6 are
.

s

added toG, the softening behavior of thec66 mode aboveTN

cannot be explained. These results are caused by the negle
QF .

7One can express the free energyG with QF andQA as

G5
1

2SA1j

2 DQA
21

1

4SB8DQA
41

1

2SA2j

2 DQF
21

1

4SB8DQF
4

1
1

4S3B

4 DQA
2QF

21hQFx61
1

2
c66

0 x6
2 .

The distinct feature is that both coefficients ofQA
2 and QF

2 de-
pend on temperature throughA5a(T2T0). It is apparent that
QF causes thec66 mode softening through the bilinear couplin
hQFx6. This form of G is obtained from Eq.~3! by the use of
relationsQ15(QF1QA)/2 andQ25(QA2QF)/2.


