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Shear-stress-induced phase transition in KHCO3 studied by Brillouin scattering
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TheXY shear stresss68 is applied to a single crystal of KHCO3 and a pure transverseXY shearc668 mode is
observed by 90° Brillouin scattering in theVH scattering geometry, whereX is the axis obtained by the
rotation of thea* axis around theb axis with 9° andY is parallel to theb axis. A new phase induced bys68
is discovered from an anomalous softening behavior of thec668 mode and is assigned to a ferrodistortive phase
having an in-phase configuration of (HCO3)2

2 dimers. A phase diagram is successfully fabricated and is found
to consist of three phases: the disordered, the antiferrodistortive, and the ferrodistortive phases. The triple
point is determined to be a point (Ttr5317.260.1 K ands6tr8 54.560.1 kPa).
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I. INTRODUCTION

Potassium hydrogen carbonate KHCO3 undergoes an an
tiferrodistortive phase transition of an order-disorder type
TN5318 K under atmospheric pressure.1–3 The space group
is C2/m (C2h

3 ) in the high-temperature phase~phase I! and is
P21 /a (C2h

5 ) in the low-temperature phase~phase II!.1,4–7

The unique axis is theb axis in both phases. The crystal
composed of K1 ions and (HCO3)2

2 dimers. Each dimer, a
molecular unit of the order-disorder mechanism, is form
with two HCO3 groups bounded by two hydrogen bonds.
phase I, dimers are disordered and each of them has
stable rotational angles around thec axis with the same prob
ability as drawn in Fig. 1~a!. In phase II, dimers are ordere
with an antiphase configuration (QA configuration! as shown
in Fig. 1~b!. The order parameter of the phase transition
the order of theQA configuration of dimers.

It is natural to recognize that all anomalies related to
phase transition can be explained only by the softening of
relaxational antiphase dimer mode (QA mode!. This recogni-
tion was, however, found to be wrong in the case
KHCO3.3 The softening behavior was discovered in t
transverse acousticc66 mode propagating along thea* axis
by ultrasonic and Brillouin scattering methods.3,8 This be-
havior could not be explained at all by the softening of t
QA mode, even if any order of coupling between theQA and
the c66 modes is taken into account. Takasakaet al. intro-
duced a new relaxational in-phase dimer mode (QF mode!
and proved from space group considerations that theQF
mode has to show the softening behavior towardTN .3 They
concluded that the softening behavior of thec66 mode is
caused by that of theQF mode through the bilinear couplin
between them. Moreover, they confirmed the existence of
QF mode by Raman scattering experiment both in KHC3
and in deuterated compound KDCO3.9 Independently, Kaku-
rai et al. found the existence of theQF mode in KDCO3 by
a thermal neutron spin-echo experiment.2 They have reported
that both theQA and QF modes soften simultaneously to
ward TN with almost the same softening rate in phase I
0163-1829/2002/65~17!/174102~6!/$20.00 65 1741
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theQA mode softens completely atTN in advance of theQF
mode. In this way, the antiferrodistortive phase appears
der atmospheric pressure, instead of the ferrodistortive ph
having an in-phase configuration (QF order! of dimers as
shown in Fig. 1~c!. It would be easily expected that the fe
rodistortive phase will appear if one can assist theQF order
of dimers by applying a conjugate force (FQF

) to the QF

mode externally. Here the forceFQF
is defined by]G/]QF

FIG. 1. Configuration of (HCO3)2 dimers on thec-plane projec-
tion. A dimer containing two hydrogen bonds~O - - - O! is repre-
sented by a thick solid line. A unit cell is designated by a rectan
~a! Phase I with disordered configuration of dimers.~b! Phase II
with antiferrodistortiveQA configuration of dimers.~c! Phase with
ferrodistortiveQF configuration of dimers.
©2002 The American Physical Society02-1
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with a free energyG. SinceFQF
cannot be applied directly

one must search an alternative external force working jus
an effective conjugate force. The externalXY shear stresss68
is selected as the force in the present study, whereX is the
axis obtained by the rotation of thea* axis around theb axis
with 9° andY is parallel to theb axis. It is apparent from
space group considerations thats685]G/]x68 is proportional
to FQF

5]G/]QF through the bilinear coupling between th

XY shear strainx68 andQF in both phases I and II. Therefore
the external stresss68 can be the effective conjugate force w
search. On the other hand, thec668 mode associated withx68
was chosen here as a best probe for the detection of the p
transition because this mode has been reported to show
strongest softening behavior of all pure transverse acou
modes which couple bilinearly to theQF mode.10 The special
selection ofs68 described above is closely related to the fa
that s68 is a conjugate force to thisc668 mode.

The purpose of this paper is to induce the ferrodistort
phase by application ofs68 and to make up the phase diagra
of KHCO3 at the same time. For this purpose, the soften
behavior of thec668 mode unders68 shear stress is carefull
investigated by a 90° Brillouin scattering experiment.

II. EXPERIMENT

A single crystal of KHCO3 was grown by slow cooling
~about 0.2 K/day! from a saturated aqueous solution filter
with a microfilter of 0.2 mm pore size. A prism-shape
sample of size 33533 mm3, the edges of which are para
lel to X2Z, Y, andX1Z, respectively, was cut out from
grown crystal by being referred to the dominant cleava
plane (401̄) and the natural rectangular plane~100!. Here we
introduced a new Cartesian coordinate system with the a
(X, Y, andZ) as shown in Fig. 2, whereX andZ are the axes
obtained by rotation of thea* and c axes, respectively
around theb axis with 9°, andY is parallel to theb axis.10
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After the surfaces of the sample were polished carefully
reduction of the scattered light from the surfaces, the sam
was set in a homemade sample cell designed for apply
only theXY shear stresss68 to the sample. The side elevatio
view of the cell is shown in Fig. 3. The sample is bond
between two aluminum plates, the top plate and the bot
plate, with elastic adhesive~Cemedine EP001! made of an
epoxy resin. The top plate can move to only one direct
parallel to the surface of the fixed bottom plate by a m
crometer. TheX axis of the sample was set parallel to th
movable direction, and theY axis was set perpendicular t
the surfaces of the both plates, which enables us to ap
only thes68 shear stress to the sample. The magnitude ofs68
was measured by a stress sensor~KYOWA LM-100KA !
within an error of60.1 kPa. It is worth emphasizing tha
the applied stress is properly transferred to the sam
through adhesive. We carefully selected a soft and ela
adhesive with quick response to the applied stress. Moreo
the applied stress is up to only 6–7 kPa in our experime
Under these conditions, it is plausible that the adhesive
haves like a spring. When a stress gradient is caused in
the adhesive by some reasons, the adhesive behaves l
spring and changes its form to remove this gradient quic
As a result, the stress at the sample position becomes e
to the applied stress. The temperature of the sample cell
controlled by two Pe´ltier devices fastened to each aluminu
plate and was stabilized by a temperature stabilizer~Ohkura
EC5700!. The temperature of the sample was measured b
thermocouple attached to the sample and was found to h
stability within 60.02 K.

The 90° Brillouin scattering experiment was performed
the VH scattering geometry@2X2Z(Y,X1Z)X2Z# as
drawn in Fig. 2. The crystal symmetry of KHCO3 is mono-
clinic in phases I and II. Taking the optical indicatrix int
account,11–13one should carefully identify the acoustic mod
observed in this geometry. Since one of the optical axe
parallel to theY axis, the incident beam withV (iY) polar-
ization enters straight into the sample, keeping its polari
tion. Another optical axis lies in theXZ plane and makes an
angle of 6° toX-Z. We estimated from the reported values
refractive indices that the scattered beam, coming out of
sample alongX-Z with H (iX1Z) polarization, runs inside
the sample along the direction making an angle of about
to X-Z in the XZ plane with the sameH polarization. Thus,
the pure transversec668 mode propagating to theX axis with
the displacement along theY axis is surely observed in ou
scattering geometry within an error of 0.5/90~half of the
error of the scattering angle 1/90!. Although this estimation
is based on the refractive indices measured at room temp

FIG. 3. Sample cell for applying thes68 shear stress. A: sample
B: top plate. C: bottom plate. D: elastic adhesive. E: micrometer
stress sensor. G: Pe´ltier devices. H: sliders.
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ture under atmospheric pressure, the estimation is consid
to be valid over the temperature and applied stress ran
covered in our experiment for the following reasons: the
tical indicatrices are intrinsically identical in phases I and
under atmospheric pressure14 and the dependence of the o
tical indicatrix on the applied stress is expected to be v
small, because the stress is up to only 6–7 kPa.

As a light source, a longitudinal single mode Ar1 laser
~Spectra-Physics BeamLok 2060 with Z-Lok and J-Lok! was
used with a power of 200 mW at a wavelength of 514.5 n
The power fluctuation was stabilized within61 mW by the
Jitter-Lock mechanism of the laser. The scattered light fr
the sample was collected and was examined by a 313 pass
tandem Fabry-Perot interferometer of Sandercock type.
free spectral range was set to be 10 GHz and a resolu
more than 0.05 GHz was achieved. The examined light
detected by a photomultiplier~Hamamatsu R585! and was
stored in the memory of a multichannel analyzer as a sp
trum after 1000 times accumulation. The Brillouin pe
caused by thec668 mode was analyzed by the fit with
damped harmonic oscillator function so as to obtain the
quency shiftDn of the peak.

III. RESULTS AND DISCUSSION

In order to find a ferrodistortive phase, thes68 shear stress
is applied to the sample and thec668 mode is investigated by
the 90° Brillouin scattering experiment in theVH scattering
geometry. Thes68 shear stress dependence of the Brillou
spectrum was studied at fixed temperature. Figure 4 sh
the typical Brillouin spectra of thec668 mode obtained atT
5317.2 K. The anomalous softening behavior is clea

FIG. 4. Typical Brillouin scattering spectra of thec668 mode
observed under several stressess68 at 317.2 K. Each thin line indi-
cates a least-squares fit with a damped-harmonic oscillator func
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seen and the Brillouin doublet almost overlaps with the R
leigh peak ats6854.6 kPa. Figure 5 shows the frequen
shift Dn of thec668 mode as a function ofs68 at the four fixed
temperatures. Concentrating on the data atT5317.2 K, we
fit the obtainedDn data to an empirical fitting function o
A1us682s6c8 u1B2Aus682s6c8 u with fit parametersA1 , B1,
ands6c8 . One can calculate thes68 dependence ofDn from
the free energyG and the refractive indices in principle
However, the calculated results are too complicated to
handled. Here only an estimation ofs6c8 is important, but the
precise discussion about the stress dependence ofDn is not
needed. This is the reason why we used the empirical fit
function. It was found from the fit thatDn takes a minimum
value of 1.3560.05 GHz ats6c8 54.560.1 kPa. This indi-
cates that a new phase transition takes place at the cri
shear stresss6c8 and a new phase appears aboves6c8 at T
5317.2 K. Hereafter, this newly found phase will be call
phase III. We can also determines6c8 from Fig. 5 to be 4.5
60.1, 4.160.1, and 4.660.1 kPa atT5310.6, T5313.9,
and T5319.7 K, respectively. The same experiment w
performed repeatedly at each of the 23 different fixed te
peratures in order to determine the phase boundary of p
III ~phase boundary A!. The critical shear stresss68 obtained
at each temperature is plotted in Fig. 6 by an open circle.
phase boundary A is successfully determined by a seque
of open circles. It will be concluded later that phase III is

n. FIG. 5. Thes68 shear stress dependence of the frequency s
Dn of the c668 mode observed at the temperaturesT5310.6, 313.9,
317.2, and 319.7 K. Each thin line indicates a least-squares fit o
obtained Dn data to an empirical fitting functionA1us682s6c8 u
1B2Aus682s6c8 u.
2-3



tiv

se

I
p
te

f
de

te
m

v
ca

er
m

th
6
d
h
T

d

and
the

res-
o-
ser

-
t

t-
, a
tiv

nc-

ined

SHIGEHIRO TAKASAKA, YUHJI TSUJIMI, AND TOSHIROU YAGI PHYSICAL REVIEW B65 174102
ferrodistortive phase having an in-phase configuration (QF

order! of dimers.
It has been already established that the antiferrodistor

phase transition occurs at the critical point (TN5318 K,s68
50 kPa).1–3 This fact implies the existence of other pha
boundary ~phase boundary B!, starting from this critical
point and ending at a triple point on phase boundary A.
order to determine phase boundary B, the temperature de
dence of the Brillouin scattering spectrum was investiga
under almost fixed shear stresss68 . It was very difficult to
keep the stress constant due to the thermal expansion o
sample. The measured stress has a temperature depen
of about 0.1 kPa/K. For this reason, the value ofs68 given in
this paragraph means the value measured at the critical
peratureTc determined later. Figure 7 shows the typical te
perature dependence of the Brillouin spectra of thec668 mode
measured ats6853.9 kPa. The anomalous softening beha
ior is clearly seen in this figure. Figure 8 shows the typi
temperature dependence of the frequency shift of thec668
mode measured under each of the shear stressess68
50.1,2.1, and 3.9 kPa. Fitting the obtainedDn data to an
empirical fitting function ofA2uT2Tcu1B2AuT2Tcu with fit
parametersA1 , B2, andTc , we find thatDn takes a mini-
mum value of 1.4460.05 GHz~at Tc5318.460.1 K under
s6850.1 kPa), 1.5060.05 GHz ~at Tc5317.860.1 K un-
der s6852.1 kPa), and 1.2860.05 GHz ~at Tc5317.7
60.1 K unders6853.9 kPa), respectively. The paramet
Tc can be assigned to the critical temperature. The sa
experiment was performed also unders6850.9 kPa ands68
53.3 kPa. The critical temperatures determined in
present experiment are plotted with solid circles in Fig.
The sequence of solid circles represents the phase boun
B. The high- and low-temperature phases divided by t
boundary are redefined as phases I and II, respectively.
triple point is determined to be (Ttr5317.260.1 K,s6tr8
54.560.1 kPa) from the intersection of two phase boun
aries A and B.

FIG. 6. Phase diagram of KHCO3. The open circles, which are
the critical stressess6c8 determined at the 27 different fixed tem
peratures, form a phase boundary A. The solid circles, which are
critical temperaturesTc determined under the 5 different almos
fixed s6c8 shear stresses, form a phase boundary B. Phases I, II
III are identified to be the disordered phase, the antiferrodistor
phase, and the ferrodistortive phase, respectively.
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Phases I and II can be identified to be the disordered
the antiferrodistortive phases, respectively, because of
phase continuity from the phases under atmospheric p
sure. For the identification of phase III, the existence of d
mains in phase II gave us an idea. When the incident la
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FIG. 7. Typical Brillouin scattering spectra of thec668 mode
obtained at several temperatures unders6853.9 kPa. Each thin line
indicates a least-squares fit with a damped-harmonic oscillator fu
tion.

FIG. 8. Temperature dependence of the frequency shiftDn of
the c668 mode measured under the shear stressess6850.1, 2.1, and
3.9 kPa. Each thin line indicates a least-squares fit of the obta
Dn data to an empirical fitting functionA2uT2Tcu1B2AuT2Tcu.
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beam passes through the sample under the external s
stresss68 in phase II, a refracted laser beam appears toge
with a direct beam as shown in Fig. 9. When the incid
beam hasV polarization, the refracted beam withH polar-
ization is emitted at the angle ofu515.8°60.2° with the
direct beam as shown in Fig. 9~a!. In the case of the inciden
beam with H polarization, the refracted beam with V pol
ization is emitted atu525.8°60.2° with the direct beam a
shown in Fig. 9~b!. The angleu is almost independent o
temperature and of the shear stresss68 . The refracted beam
completely disappear in phases I and III. These phenom
are clearly not due to birefringence. Since one of the opt
axes is parallel to theY axis, the incident beam withV (iY)
or H (iX1Z) polarization has to run in the sample as o
beam with the same polarization. The splitting of the incid
beam into two beams cannot be explained at all by biref
gence. The authors have already found these phenomen
der the external shear stresss6 and have understood thes
phenomena as follows.15 There are two series of domains
phase II, refractive indices of which differ from each oth
and some part of the incident beam is refracted by the
main boundary due to the change of the refractive indice
in the cases of both ferroelastic crystals Gd2(MoO4)3 and
Bi4Ti3O12.16 Grand et al. have performed a more precis
light refraction experiment and observed the same refrac
phenomena even under atmospheric pressure in their
grown crystal.14 They explained completely the refractio
phenomena by the existence of ferroelastic domains in
antiferrodistortive phase belowTN . Their explanation is
based on the x-ray results reported by Kerst that the tricl
ferroelastic domains~space groupC1 or C1̄) can be induced
when the uniaxial pressure is applied to the sample be
TN .7

The existence of domains was also confirmed in
present experiment by another way, that is, by observatio
a laser beam path in the sample. When the external s
stresss68 is applied to the sample, glittering points begin
appear along the beam path. The points are found to ap
only unders68 and only in the region of phase II except ne
phase boundaries A and B. At any temperature in this reg
the number of glittering points increases with an increase
s68 up to about a half of the critical stresss6c8 /2 and de-
creases with a further increase ins68 . This phenomenon can
17410
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be naturally explained if we suppose that the domains are
regions of phase III. Since the points always appear at
same position, the physical origin should be lattice defe
When s68 is applied externally to the sample, a stress co
centration takes place around defects. If the local str
around the defect exceedss6c8 , the region of phase III can
appear in phase II as a domain making a glittering point
the laser beam path. This is quite reasonable becauses6c8 is
only 4–5 kPa~one can produce this amount of shear even
two fingers! as known from Fig. 6. Ass68 increases, the
number of defects with local stress in excess ofs6c8 is ex-
pected to increase. This is the reason why the numbe
glittering points increases with the increase ins68 up to
s6c8 /2. On the other hand, the movement of the (HCO3)2

2

dimers, which are the molecular units of the order-disor
mechanism, plays an important role aboves6c8 /2, because
phase III will be assigned later to be the ferrodistortive ph
having an in-phase configuration (QF order! of dimers. The
dimers, inclusive of the dimers around defects, can m
easily near phase boundaries A and B, because the fluc
tion of dimer’s orientation increases drastically near the cr
cal point. In other words, not only phase II but also t
domains of phase III become unstable near phase bound
A and B. This obscures the domain boundary and the num
of glittering points decreases with the further increase ins68
from s6c8 /2 as a result. In this way, the existence of doma
can be naturally explained when we presume that the dom
is the region of phase III induced by the local stress arou
defects in antiferrodistortive phase II.

As mentioned above, Kerst have reported that the dom
is the region of ferroelastic phase with a space groupC1 or
C1̄.7 On the other hand, it is apparent from Fig. 3 drawn
the report of Grandet al. that this ferroelastic phase has
spontaneous shear strainx6s8 .14 Taking their reports and ou
presumption described above~the domain is the region o
phase III! into account, we can predict that phase III is t
ferroelastic phase withx6s8 . This ferroelastic phase must hav
a spontaneous in-phase configuration (QF order! of dimers
@see Fig. 1~c!#, because the shear strainx68 can couple bilin-

early toQF underC1 or C1̄ space group symmetry. Furthe
more, it has been already proved by the present authors
the phase with theQF order—that is, the ferrodistortive
phase-must have a space groupP1̄ (C1̄ in a nonstandard
setting!.3 These considerations lead us to the final conclus
that phase III is a ferrodistortive phase withQF and is also a
ferroelastic phase withx6s8 , and its space group isP1̄.

At the end of this paper, we reconsider the statement
Grand et al. that the crystal exhibits two structural pha
transitions ~an antiferrodistortive and a ferroelastic pha
transition! that take place at nearly the same critical tempe
ture (TN).14 This statement may lack accuracy from th
viewpoint of our present experimental results. Real ferrod
tortive ~ferroelastic! and real antiferrodistortive phase trans
tions occur on phase boundaries A and B, respectively
shown in Fig. 6. Nevertheless, the region having ferrodis
tive ~ferroelastic! order can coexist as domains only in th
antiferrodistortive phase II. The coexistence disappears
2-5
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gether with the disappearance of phase II at almost cons
critical temperatureTc ('TN) on phase boundary B, whic
probably led their inaccurate statement.

IV. SUMMARY

A ferrodistortive phase having an in-phase configurat
(QF order! of (HCO3)2

2 dimers can be successfully induce
by the external shear stresss68 . A phase diagram is fabri
cated from the study of the softening behavior of thec668
mode observed by the 90° Brillouin scattering experimen
a

gr

o,

17410
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VH scattering geometry unders68 . The diagram consists o
three phases: the disordered, the antiferrodistortive,
ferrodistortive phases. The triple point is determined to b
point (Ttr5317.260.1 K,s6tr8 54.560.1 kPa).
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