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Acoustic anomaly in the antiferrodistortive phase transition of KHCO4
studied by Brillouin scattering
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Brillouin-scattering spectra of KHCOhave been observed as a function of temperature. The two pure
transverse acoustic modes propagating alongthandb axes show an anomalous softening near the phase-
transition temperaturdy=318 K. Their frequencies, however, are nonzero eveil gt 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.[S0163-182607)03541-9

Potassium hydrogen carbonate, KH{Qundergoes a dominant cleavage plan@0l) and the natural rectangular
structural phase transition @ =318 K! Recently, Kashida plane(100. After the surfaces of the sample was polished
and Yamamoto studied the crystal structure by x-rayup, the sample was mounted in a light scattering cell. The
analysis? The structure is characterized by the orientationatemperature of the sample was measured by a thermocouple
configuration of a planaHCO;), dimer. In the high- Placed near the sample and was controlled withid.05 K.
temperature phasgohase ), each dimer is in a disordered A longitudinal single-mode Af laser (Spectra-Physics,
configuration as shown in Fig.(d). The space group of the BeamLok 206D was used as a light source. The wavelength
crystal is monoclinicC2/m. In the low-temperature phase &nd the output power of the laser beam were 514.5 nm and
(phase 1}, dimers are ordered in an antiphase configuratior‘f30 mw, respe<_:t|vely. Tr:e sc_:attgred I|ght_from the sample
as shown in Fig. (). The space group is monoclinic was collected in the 90° Brillouin scattering geometry. A
P2,/a.27* In phase I, the dimer takes one of two orienta- three-passed tandem Sandercock-type FabrytHaterfer-
tions as shown in Fig.(b). The change of the crystal struc- ometer was used as a spectrometer. The fr.ee spectral ranges

. employed here were 10 and 30 GHz. The finesse was main-
ture strongly suggests that KHGQ@ndergoes an antiferro-

. X " . tained at more than 100 throughout the present experiment.
distortive phase transition _(_Jf the order-disorder type. The analyzed light was detected by a photomultiplier
On the other hand, Haudsduperformed an ultrasonic ex-

periment and concluded that the phase transition of KElCO Q------ )
is of ferroelastic type. This conclusion is based on the ex- o_c/ \c_o »
perimental fact that the elastic stiffness constagt related N\

to the pure transverse acoustic modes propagating along the

a* andb axes, shows an anomalous softening ngar* In

the case of the ferroelastic transition, however, the spontane- (a) ><
ous shear strairgs appears with the freezing of any of these
acoustic modes; that is, the frequency of such a soft mode >< ><
should take a zero value at the transition point. In addition to b
this, the crystal structure should be triclinRl in phase Il

with the appearance of;;. This crystal structurdl is in- &_, ><
consistent with the result of x-ray studie®,/a.>™*

The purpose of the present paper is to solve this inconsis-
tency. All the acoustic modes propagating along afie b, b i
and c axes were reexamined by a 90° Brillouin scattering ( )
system in the temperature range between 295 and 355 K. In ~ - ~. -
particular, the anomalous behaviors of the pure transverse S~ 1=~
acoustic modes propagating along the andb axes were
carefully investigated nedFy to elucidate whether the fre- £_> }{
guencies of these modes take zero value§aor not. The ¢ a*
present paper is a report of the Brillouin scattering of a 5 1 The configuration ofHCOs) , dimers on thee-axis pro-
KHCO_3 crystal. jection. A dimer containing two hydrogen bon@3- - - O) is repre-

A single crystal of KHCQ was grown from an aqueous sented by a solid line or a dashed line. A unit cell is designated by
solution by slow COO|ing. The CI’ySta| axes were Conﬁrmeda rectang|e(a) In the high_temperature phagehase )’ each dimer
by x-ray diffraction pattern analysis and also by the observatakes a disordered configuratioi) In the low-temperature phase
tion of the crystal habit. The rectangular prism shapedphase I}, dimers are ordered in one of two antiphase configura-
sample, %X5x8 mm?3, was obtained on referring to the tions expressed by a solid and dashed lines.

a*
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FIG. 2. The temperature dependence of the frequency shifts of
the quasie;; (), the quasiess (¢), and thecgs (@) modes C T, +20.8K M
propagating along tha* axis; thec,, (4 ), the quasic,, (H), and - e~
thec, (X) modes propagating along theaxis; the quases; (A), E T +15.9K M

thecy, (O), and the quastss (A) modes propagating along tioce

axis. The evaluated frequené&y(c,e) (+) is also shown. T 53K M

FT,-3.9K

(Hamamatsu R58%nd was accumulated in the memory of a
multichannel analyzer. From the Brillouin scattering spectra [ T, 9.8K
obtained after 1200 time repetitions of accumulation, the fre-

Intensity

guency shift of the Brillouin peak was evaluated by the fit of T30 7K , e e
the damped harmonic oscillator function. -8 -4 0 4 8
All nine acoustic modes propagating along #fg b, and (b) Frequency Shift (GHz)

c axes are observed precisely n@arby 90° Brillouin scat-

tering. The frequency shift of each mode is plotted in Fig. 2 FIG. 3. The typical Brillouin scattering spectra@j the cs and

as a function of temperature. Two modes show remarkablé) the c3, modes at several temperatures nége=318 K. Thin
softening behavior nedry,. One is the puregs mode propa-  curved lines indicate the result of the least squares fit of a damped-
gating along the* axis and the other is the pure transverseharmonic oscillator function.

acoustic mode, named the, mode in Ref. 1, propagating

along theb axis. The typical spectra of these modes, which

are mee_lsureql WiFh a high-frequency resolution of _0.1 GHz, ., CesTCas— \/(c%— C44)2+4C4216

are depicted in Figs.(8) and 3b). The frequency shift data Cor= 5 : (2

of these modes are plotted again in Fig. 4 on an expanded

n

scale. Both of thegg and thec’, modes soften towardy as By the use of Eqs(1) and (2), F(c,) can be evaluated

reported by Haussu (Ref. 1. In addition to this fact, we directly from the frequency shift data of the obsenay,

found that their frequencies do not take zero values even act ;
, andcgg modes without the knowledge @] andp. Here
Ty 2.1 GHz for thecgg mode and 1.4 GHz for thely, mode. 4 66 ge {tf andp

C o . . .22 we assume that there is no anisotropy in the refractive index
This incomplete softening behavior strongly indicates that
the phase transition mechanism of KHEC@ not of fer-
roelastic type. This result disagrees with the conclusion of
the previous ultrasonic study that a ferroelastic phase transi-
tion is expected.The present result supports the x-ray result
that KHCO; undergoes an antiferrodistortive phase
transition®>™*

The origin of the incomplete softening of tligg and the
c5, modes is discussed. Hereafter, we employ the notation
F(c) to express the elastic stiffness constanin the fre-

guency dimension as

6

N
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FIG. 4. The temperature dependence of the frequency shifts of

m

Here q is the scattering vector ang is the density of the the Cg (closed circlep and thecy), (closed squargsmodes near

sample. The elastic stiffness constant of #§emode is ex- Ty=318 K. The curved full lines indicate the result of the least
pressed as squares fit of Eq(5) to the frequency shift data of thgyg mode.
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QA QF HereA, B, &, and»n are the expansion coefficients aa:@jj is
=S the elastic stiffness constant at const@qtandQ,.” In this
siteI_ equation, only the lowest order of couplings amdpg Q,,
P 4 i e and x; are consid(_ered. An_other Iowest_ _coupling term
b b site 11 (Q1—Q,)x4 can be included in Eq3), but it is neglected
I I N + because the effect is estimated to be small by the observation
¢ a Ql ¢ @ Q2 T - of the ¢4, mode as shown in Fig. 2. To discuss the tempera-

ture dependence afg, we assume that the coefficieithas
FIG. 5. The configuration ofHCO;), dimers(solid and dashed @ linear temperaturd dependence af=a(T—T,) with

lines) corresponding to each of paramet&@sg, Qg , Q; (at site ), positive constantsr and Ty. The bilinear couplings among
andQ, (at site 1) on thec-axis projection of the unit cell. The set Q1, Qz, andx; (i=1, 2, 3, and Hdo not appear in E¢3)
of solid lines and that of dashed ones define the positivg énd  due to the crystal symmetry. This explains the present ex-
negative () signs of each parameter, respectively. The parameterperimental fact that the;;, ¢,,, €33, andcsg modes do not
Qa and Q¢ are related toQ; and Q, as Q,=(Q;+Q,) and show any anomalous behaviors as seen in Fig. 2.
Qe=(Q:1—Qy). Three setgcaseq]), (11), and(lll)] of the stable solutions

of (Q4), (Q,), and(xg) are obtained from the equilibrium

n, though|qg| directly depends on. The temperature depen- co_n_dlt!on _aG/anzaG/&szaG/&xezo and from the
minimization of the free energy as follows.

dence ofF(c,g) is added in Fig. 2. Since the frequency shift Case(l): (Q;)=(Q,)=(xg)=0. This case corresponds to
of the c,, mode and~(c,¢) are almost independent of tem- phase I.
perature as seen in Fig. 2, one can deduce that the softening case (I): (Q;)=(Q,)=Q and (xg)=0, where

"

behavior of thecy, mode is caused mainly by that of thgs Q%= —(A+ £)/B. This case corresponds to phase Il. The
mode. It is obvious that this deduction is not affected at allminimum of G is calculated a§=—(Ty—T)%2B. The
by the above assumption. phase transition temperatufg, is defined asiy=Ty— &/ a.

In order to explain the incomplete softening of thg Case (llI): (Q)=—(Qx)=Q and (xg=-270Q/
mode, we can employ the free ener@yexpanded with the c3=xss, Where Q= —(A—¢—27%/c3)/B. The dimers
elastic strair; (i runs from 1 to 6 and with the parameters align with ferrodistortive configuratio@g as shown in Fig.
Qa andQg . HereQ, andQr express the antiferrodistortive 5 and the space group should become tricliric The mini-
and ferrodistortive orders of the dimers, respectively, agnum of G is calculated as=—(Tc—T)?%2B. The phase
shown in the upper half of Fig. 5. The parame@y should  transition temperaturdc is defined asTc=To+(&+27%
be the order parameter describing the antiferrodistortive:ge)/a. The spontaneous straxgg appears and thesg mode
phase transition of KHC§ It corresponds to the Brillouin takes zero frequency value &t . Since the antiferrodistor-
zone boundary mode, the wave vedtanf which is equal to  tive phase transition in KHCQis concluded in the present
the unit vectora* of the reciprocal lattice in phasée? This StUd?/, CSSQ”“) mug be Omitt((lal(ljj Tﬁ b?dCOInSiStent: Wlith this

. . ~ result, the value ofs in case should always be larger
boundary mode belongs to the |rredu0|l3le. representa?tgon than the value ofG in case(ll). This gives )t/he relatigcl)n
of the space groug?2/m at k=a*, wherer; is the notation To<Ty, which is equivalent to the condition
given in Kovalev 's Table T&. The parameteQ, corre-

sponds to the Brillouin zone center mode belonging to the 7
irreducible representatiofng of the point group 2h in phase é+ —<0. (4)
Il. On the other hand, the paramet® is related to the Ces

Brillouin zone center mode belonging to the irreducible rep-
resentatiorBg of the point group 2h in both phases | and II.
The introduction ofQ into the free energ is essential for
the explanation of the incomplete softening of thigmode®

The temperature dependence of the elastic stiffogss
given finally as

2
BecauseQ, and Qg are symmetrically nonequivalent, the Ces= 026_2—77, for T=Ty,
temperature dependence of the coefficients oQE;eandQﬁ a(T-Tn)—2¢
terms is not evident. The patter@ andQg can be gener- o 277
ated by new parametefd; andQ,: Q;=(Qa+Qg)/2 and =66 D (Ty—T)— 2¢° for T<Ty. 5)

Q,=(Qa—QF)/2. The newparameters are symmetrically

equivalent and independent in phase | as shown in the lowéFhe incomplete softening behavior observed in the present
half of Fig. 5. The free energ in phase | is expanded by study is explained well by Eq$4) and(5). Especially, these
Q, Q,, andx; according to the symmetry of the space groupequations assure thagg has a positive value orfg6+ 7°l €
C2/m as even atT=Ty. The frequencyF (c2s+ 7%/ £) is determined
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experimentally to be 2.1 GHz &=T,. Expanding Eq. (5) In summery, we report here a Brillouin scattering study of
in terms of (T—Ty) and approximating it by the first term, it KHCOs. It is elucidated by a careful experiment that thg

is rewritten in the unit of frequency and is used for the leas@nd thec;, modes never take zero frequency values even at
squares fit to the frequency shift data of thgmode. The fit  Tn- This supports the result of x-ray study which suggests
is done simultaneously in both phases | and Il under thé" antiferrodistortive phase transition of KHGCBy the

. fthe I Th present result, we solved the early inconsistency between the
assumption of the linear temperature dependenegfThe  jyrasonic and x-ray studies. The softening behavior of the

successful result is obtained and is drawn by the curved fulk”, mode is explained by the temperature dependence of the
lines in Fig. 4. There are two independent fitting parameterg,; mode. The incomplete softening of tkgs mode is dis-
which correspond te»?/ £ and to the temperature gradient cussed phenomenologically and explained well quantita-
of cs through Eq. (1). The value of the parameter corre- tively.
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Even if higher order terms related to the elastic strajnare



