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Brillouin scattering from the six pure transverse acoustic modes of KqSe04 from 80 to 300 K was
investigated. The temperature dependence of the hypersonic shear elastic constants C4&, C&5 and
C66 and the corresponding damping constants were obtained. C44 and C66 show anomalies near T;
and C55 near T, closely resembling the results of ultrasonic experiments. The C44 anomaly was
analyzed in terms of bilinear coupling to the lowest temperature-dependent B3g optical mode, which
was observed in Raman scattering. The C» anomaly near T, was compared with the plane-wave-
approximation result for the coupling of the strain to the phason. For the three pairs of transverse
acoustic modes there was no asymmetry observed in the incommensurate and commensurate phases
under interchange of the propagation and polarization directions.

I. INTRODUCTION

Brillouin scattering studies of IC~Se04 near the in-
commensurate (T, 129 K) and commensurate (T,
94 K) phase transitions have been reported by several
groups. However, attempts to observe Brillouin scat-
tering from the pure transverse acoustic modes were not
successful because the Brillouin-scattering intensities are
extremely weak. By exploiting the high contrast and high
resolution of a six-pass (2x3) Sandercock tandem Fabry-
Perot interferometer, we were able to observe and study
the weak Brillouin scattering from the pure transverse
acoustic modes of K2Se04.

The transverse elastic anomalies of K2Se04 have been
studied by Rehwald et al.s 7 with ultrasonic techniques.
The C44 elastic constant exhibits anomalies in the normal
and incommensurate phases in which the elastic constant
decreases when the temperature approaches T; from ei-
ther side. The Cs5 elastic constant exhibits a major de-
crease when the temperature approaches T, in the in-
commensurate phase. Rehwald et al. also determined
the hypersonic shear elastic constants indirectly by using
Brillouin-scattering results from quasilongitudinal and
quasitr ansverse modes.

A C4q elastic anomaly similar to that in KqSe04 was
observed in the isornorph Rb2ZnC14. ' An explanation
of the RbsZnC14 C44 anomaly in the normal phase was
proposed by Hirotsu et al. based on an assumed bilin-
ear coupling of the strain c4 with the zone-center mode
of the soft Z2 branch. Neutron-scattering studies of
KsSe04 indicated that the softening of the Zq branch at
qo extends to the zone-center mode, which also softens
with decreasing temperature in the normal phase, de-
creasing to 20 cm r at T~. Because the C4q transverse
acoustic mode at q 0 belongs to the B3g representa-

tion in the normal phase (Pnam), the bilinear coupling
assumption can work only if the zone-center mode on
the Zq branch also belongs to the Bss representation.
Compatibility indicates that it may belong to either the
B3g or A„representation; however, previous Raman-
scattering studies and our Raman-scattering experi-
ments described below have not revealed this zone center
mode ( 25 cm r at room temperature). Furthermore,
theoretical simulation results indicated that the sym-
metry of the zone center mode on the soft E2 branch
belongs to the Raman-inactive A„representation, rather
than B3g, which is Raman active. Therefore, the as-
sumption of bilinear coupling of the C44 acoustic mode
with the zone-center mode on the Z~ soft branch seems
unlikely (although it may be possible that the mode ac-
tually is of B3g symmetry but has an extremely small
Raman cross section).

We propose that the C44 elastic anomaly results from
bilinear coupling of the e4 strain to the lowest frequency
B3g optical mode which is not, however, on the soft Zg
branch. Previous Raman scattering studies showed
that the lowest-frequency Bss optical mode ( 50 cm )
exhibits partial softening in the normal phase. We also
performed Raman-scattering measurements to study the
temperature dependence of this B3g mode, and we found
that the temperature dependence of its frequency (Arr) is
very similar to that of the C44 elastic constant. Leaving
aside the origin of the temperature dependence of this
Bsg mode and considering its interaction with the C44
acoustic mode, we can then explain the C44 anomaly in
the normal phase.

Several theoretical analyses have predicted asymme-
tries for the velocity or attenuation of transverse sound
waves in incommensurately modulated crystals under
interchange of propagation and polarization directions
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due to the coupling effect with the phase mode in the
incommensurate phase. Experimental observations of
such asymmetries have been reported in BaMnF4,
RbHs(SeOs)2, and quartz. i To investigate these trans-
verse acoustic asymmetries in K2SeOq, we studied the
Brillouin spectra of all six pure transverse acoustic
modes in the normal, incommensurate, and commensu-
rate phases.
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II. EXPERIMENTS

A. Brillouin scattering

Our Brillouin-scattering apparatus, which is based on a
Sandercock tandem Fabry-Perot interferometer, has been
described in a previous publication. s All measurements
were performed in a 90' depolarized (VH) scattering ge-
ometry. The Spectra Physics argon ion laser was oper-
ated at 4880 A with single-mode output power of 250
mVf. Due to the weakness of the Brillouin-scattering in-

tensity of the transverse acoustic modes, each spectrum
was obtained with a long collection time (from 1j2 to
10 h). The preparation of the K2Se04 crystals and the
sample cooling system were also described in the previous
publication. To investigate all six transverse modes with
wave vectors along the crystal axes, three samples with
different orientations were used. The size of the samples
was about 6 mm on each side. They were cut so that each
crystal has two faces perpendicular to a different crystal
axis (a, b, or c) and the four other faces perpendicular to
the bisectors of the other two crystal axes.

B. Rarnan scattering

To investigate the lowest B3& optical mode, Raman-
scattering studies were performed from room tempera-
ture to liquid N2 temperature. The conventional Raman-
scattering apparatus has been described previously.
The KqSe04 crystal used in the Raman-scattering exper-
iment was cut with its faces perpendicular to the crystal
axes and was also about 6 mm on each side. Spectra were
collected in the 90' b(c, b)a scattering geometry.

III. RESULTS

A. Brillouin scattering

Brillouin scattering from the transverse acoustic modes
was investigated in the temperature range from 300 K
(440 K for the C44 mode) to 80 K. Figure 1 shows
two room-temperature 90' Brillouin-scattering spectra
of KqSe04 obtained in the scattering geometries of (a):
{b—c)[a,T](b+ c) and (b): (b —c)[a, b —c](b+ e). The
strong LA components in the (VT) spectrum (a) corre-
spond to the C33 longitudinal mode, and the weak TA
components correspond to the C55 transverse mode. In
the (VH) depolarized spectrum (b), the LA components
are eliminated {except for the l%%uo leakage from the
imperfect polarizer) while the TA components are shown
clearly. The shear elastic constants C;; and linewidths
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FIG. 1. Room-temperature 90' Brillouin-scattering spec-
tra of K2SeOq in the scattering geometries of: (a) (b-
c)[a, T](b + c); (b) (b — )c[u, b —c](b + c). The features la-
beled LA, TA, and Cz,A are the longitudinal modes, trans-
verse modes, and the ghosts (neighboring order) of the LA
components, respectively. The LA components in (b) are dne
to leakage.

(i = 4, 5, 6) were obtained by fitting the Brillouin
components to a damped-harmonic-oscillator function:

after deconvoluting the instrument function. In obtain-
ing the C;; we used

2
p A~ &o

2(n12 + n2s) sin(0 j2) (2)

where p~ is the density, nr and np the refractive in-
dices for the incident and scatted light, respectively, Lv;
=~oj2s' is the Brillouin frequency shift in Hz, and Ao
the vacuum wavelength of the laser light in cm. Exper-
imental results show that in the temperature range of
interest, the density varies by ( 1.5% and this varia-
tion may be partially compensated by the variation of
the refractive indices. Therefore the room-temperature
values of @~=3.05 g cm, n, = 1.549, n~ ——1.539, and
n, = 1.543 were used in the calculations.

Figures 2 and 3 show the temperature dependences
of the elastic constants C;, (i = 4, 5, 6) in GPa (1



BRILLOUIN-SCATTERING STUDIES OF THE TRANSVERSE. . . 6623

18

16
~ C66

55

o 12
CL
C9

C3
10

60
I

125
I

190
I

255
I

320
I

385 450

N

0.20
Ct

I
'

I
'

I
'

I
'

I
'

I
'

I

0.00 P
70 100 130 160 190 220 250 280 310

0.40
I

'
I I I

0.20

0.00
70

c, p~
Q

100 130 160 190 220 250 280 310

0.40

N

0.20

(c)

FIG. 2. Temperature dependence of the shear elastic con-
stants C, ; from 90' Brillouin-scattering data. The corre-
sponding transverse modes are represented by the following:
for C44, squares —(q [[ b, u [[ c), triangles —(q [[ c, u [[ b); for

Css, squares —(q f[ a, u [J c), triangles —(q JJ c, u [] a); for

Css, squares —(q /[ a, u [f b), triangles —(q // b, u
// a).

GPa=l x 10~o dyn/cm~) and damping constants
(t' = 4, 5, 6) deduced from the Brillouin spectra of the six
transverse acoustic modes via Eqs. (1) and (2). For C44
and p44, squares represent the results of the transverse
mode propagating along the b direction and polarized
along the c direction (q ~~

b, u
~~ c) and triangles repre-

sent the results with (q ~( c, u
~~ b), with interchanged q

and u directions from the squares. In the same way, we
denote the results for the two Css modes with squares
(q ~( a, u [) c) and triangles (q ~[ c, u

~( a); and for the
Css modes with squares (q [[ a, u ([ b), and triangles
(q ([ b, u (( a). When the temperature approached T,
in the incommensurate phase, the Brillouin intensity of
the C55 modes decreased dramatically, making further
low-temperature measurements impossible.

The weakness of the transverse Brillouin modes caused
relatively large uncertainties in determining the fre-
quency shifts and damping constants. The accuracies
for the elastic constants and attenuations are estimated
as 0.3 GPa and 100 MHz, respectively, around room
temperature, and 0.6 GPa and 200 MHz at low
temperatures. It can be seen from Figs. 2 and 3 that
within the experimental accuracy there is no observable
asymmetry in the C;; and y;; for the pairs of transverse
modes under interchange of propagation and polarization
directions.

A comparison of our hypersonic shear elastic constants
C44, Css, and Css with the results of Rehwald ef al.s

shows that our results are similar to their ultrasonic re-
sults, but somewhat different from their hypersonic re-
sults, which were obtained indirectly from Brillouin re-
sults for QL and QT mixed modes.

Of the measured shear elastic constants, only C44
shows pronounced variations around T; with a gradual
decrease of about 40% when the temperature approaches
T; from either side. Only Css shows an anomaly near
T, with a significant decrease when the temperature ap-
proaches T, in the incommensurate phase. Of all the
measured damping constants, no anomaly was observed
within our experimental accuracy.

Figure 4 shows the temperature dependence of the inte-
grated Brillouin-scattering intensities (I44, Iss, and Iss)
of the C44, Css, and Css transverse modes. They were ob-
tained by integration over the area of the corresponding
Brillouin components and normalization with the laser
power and the collection time. The accuracy of these
values is estimated to be 20%. As shown in Fig. 4, the
Brillouin intensity I44 of the C44 mode exhibits anoma-
lous increases on both sides of T;, while I55 decreases
rapidly to zero as T approaches T, .
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FIG. 3. Temperature dependence of the transverse mode
damping constants 7,; from 90' Brillouin-scattering spectra.
The corresponding transverse modes are represented by (a)
p44, squares —(q [( b, u )( c), triangles —(q ([ c, u [( b); (b) pqq,

squ~res —(q f] a, u f) c), triangles —(q f/ c, u
ff a); (c) ass,

squares —(q // a, u
// b), triangles —(q f/ b, u

f/ a).

Figure 5 shows three Raman spectra of the lowest B3&
optical mode at 295, 130, and 78 K. It is clear from the
first two spectra that no Bqz Raman mode was observed
around 25 cm ~, which is the frequency of the zone center
mode on the soft E2 branch found in inelastic-neutron-
scattering experiments. The weak mode seen in the last
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FIG. 5. Raman-scattering spectra of K2Se04 at 295, 130,
and 78 K in the b(c, b)a scattering geometry, showing the tem-
perature dependence of the lowest B3g optical mode.

0.20

0.10 r
~ g ~ A. C44 elastic anomaly

0.00
125 190 255 320 385 450

Theory

FIG. 4. Temperature dependence of the integrated
Brillouin-scattering intensities: (a) C44 transverse mode I44, —
(b) C55 transverse mode Iss, and (c) C—ss transverse mode-
Iss (in arbitrary units).

spectrum at 27 cm is a zone-folded mode which has
been discussed previously. From the peak position of
the B3& Raman mode near 50 cm 1, we obtained the tern-
perature dependence of the frequency B~(T) as shown in
Fig. 6. The variation of A~(T) with temperature is well
represented by

The anomalies of the C44 elastic constant and the I44
Brillouin-scattering intensity in the normal phase indi-
cate a bihnear interaction between the strain z4 and a
zone-center ordering quantity with the same symmetry
as e4. For the reasons discussed above, we will consider
the lowest B3& optical mode as the ordering quantity and
carry out an analysis of the C44 elastic anomaly.

The standard phenomenological coupled-mode analy-
sis for an acoustic mode (strain s4, with uncoupled elastic
constant C4o4 and damping constant p44) coupled to an

I
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I

Eo 49

Q~(T) = [52(T~ —T) +2.1 x 10 ] (cm )
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(T &T) (4)
as shown by the solid lines in Fig. 6, with T; = 129.5 K.

FIG. 6. Temperature dependence of the lowest B3g optical
mode frequency. Solid lines are the fitted results given by Eqs.
(3) and(4).
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optic mode (amplitude Q&, frequency Qz, damping con-
stant I'11) through a bilinear interaction (a4Qiis4) leads
to a predicted elastic constant C44 and damping constant
p44 for T&T; of

a
C44(T) = C44 —,, (T ) T;),

A~IT

the contribution from the first two terms of Eq. (8) and
the solid lines are the total contributions. The agreement
between the theory and the C4q data is excellent, except
for the region very close to T; where some rounding is
observed in the data.

The predicted anomaly of the damping constant y44
due to the bilinear coupling can be estimated by using

a~ I'
~44(T) = ~44+ ~4 (T (» T)

p 0~4(T
(6)

10

where we have used the fact that O~ &) ~ or r~ to
eliminate terms in u and ~I'ii. Equation (5) is the
mell-known static bilinear coupling result which has been
discussed by many authors. 2 It predicts that the de-
crease of 011(T) will cause a decrease of the C44 elastic
constant, providing a possible explanation for the C4q
elastic anomaly in the normal phase.

In the incommensurate and commensurate phases, the
C44 acoustic mode still can couple bilinearly with the
same zone-center optical mode as in the normal phase
because both modes still have the same symmetry and
belong to the B2 representation in the commensurate
phase. However, in the incommensurate and commensu-
rate phases, the C44 acoustic mode also can couple to the
modulation wave through a quartic coupling term g4p z4
in which g4 is a constant and p is the amplitude of the
modulation wave which is the condensed soft mode on
the Zg branch. This coupling will lead to an additional
modification of C44 given by
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AC44 —2g4 po, (7)

where po is the equilibrium value of the order parameter.
A mean-field evaluation of po has been given previously.
The C44 elastic constant below T; is then given by

a
C«(T) = «'4 — g,' + 2g4pe (T & T ).

A~i T (8)

I I I
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Equations (5) and (8) together describe the tempera-
ture variations of the C44 elastic constant in the high-
temperature normal phase and the low-temperature in-
commensurate and commensurate phases.

8. Comparison, with experiment

18

C3
CL

16

I I
I

I

To compare Eqs. (5), (6), and (8) with our experi-
mental results, we first fitted Eq. (5) to the C44 data
in the normal phase (T & T, ) with C4o4 and a4 treated
as adjustable parameters and 02&(T) given by Eq. (3).
The best fit was obtained with C44 ——17 GPa and aq ——

3.0 x 10 g cm s . Keeping these values of C44
and a4 fixed, we then fit Eq. (8) to the low-temperature
(T & T;) C44 data with g4 as the only adjustable pa-
rameter. A~&(T) was determined from Eq. (4), while po
was again determined by the mean-field results. We ob-
tained the best 6t with g4

——1.8 x 10 8 . Figure 7
shows the comparison of the calculated results of Eqs.
(5) and (8) with the experimental results. The dotted
line in the low-temperature phases (T & T;) indicates

15
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FIG. 7. Comparison of the experimental (a) C44, (b) Caa,
and (c) Caa data (squares) with the best-fit results (solid lines)
of Eqs. (5) and (8), Eq. (13), and Eq. (15), respectively. The
dotted line for C44 in the low-temperature phases (T & T;)
is the result of the first two terms in Eq. (8), showing the
contribution of the bilinear coupling in the low-temperature
phases, and the dotted line for Cq5 below T, is the result of
the first two terms in Eq. (13).
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Eq. (6). With q = 2.8 x 10 cm i(90' scattering and
&iM~~ = 488 nm), Ftr 300 GHz, and the above fit-
ted a4 value, we found that the maximum variation of
y44(T) is (Ap44)~ „13MHz. Such a small variation is
beyond our experimental accuracy, which explains why
the damping anomaly is not observed in our measured
attenuation results shown in Fig. 3.

Because KzSe04 belongs to the universality class of
the three-dimensional (3D) X1 model for which 2P =
0.691,~s z~ an analysis of the low-temperature (T ( T, )
C44 data using Eq. (8) with a non-mean-field po oc

(T; —T)P was also attempted with P as a free parameter.
The fits with mean field or with 2P = 0.70 were found
to be equally good. We note that Chenz has recently
shown that the specific-heat anomalies of both K2Se04
and RbqZnC14 are consistent with the predictions of the
3D XY model.

8. Comparison with previous studies

The C44 elastic anomaly of KqSe04 and the isomorph
Rbz ZnC14 were previously investigated by several groups.
Hirotsu et al swere. the first to observe the C44 anomaly
of RbqZnC14 around the normal-incommensurate phase
transition by ultrasonic measurements. Noting the con-
siderable decrease of C44 with decreasing temperature
in the normal phase, they suggested a possible explana-
tion of bilinear coupling of the C44 acoustic mode with
the zone-center mode on the soft E2 branch, providing
that there was also a soft Zg branch in Rb~ZnC14 like
that in KzSe04 and that the zone-center mode on the
branch belonged to the Bsz (rather than A„) representa-
tion. %'e note, however, that neutron-scattering studies
of RbqZnC14 have not shown a soft Kq branch, and a
theoretical study by Katkanant et al.~ indicated that
in RbzZnC14 the incommensurate transition is entropy
driven and shows no soft-mode behavior.

Rehwald et al. reported a complete study of the elastic
constants of K2Se04 combining ultrasonic and Brillouin-
scattering results. Following Hirotsu's suggestion, they
assumed that the temperature dependence of C44(T) re-
sults from bilinear coupling to the zone-center mode on
the Z~ soft branch, Representing the frequency of this
mode as Q~ = b(T —To) and denoting the temperature
at which C44(T) extrapolates to zero as To they derived
an elastic Curie-Weiss law for C4q(T):

suits, and suggested that the difference between the Bril-
louin and ultrasonic results was due to the existence of
micro domains.

We find, however, that the elastic constants found from
our Brillouin data are much closer to their ultrasonic re-
sults than to their Brillouin results, suggesting that the
differences they found were a consequence of the indirect
method of determinination of C44 from mixed modes ne-
cessitated by their inability to observe the weak Brillouin
scattering from pure shear modes directly. Furthermore,
in view of the evidence described above that the zone-
center mode on the Z~ soft branch is A„rather than
B3&, we do not believe that their interpretation is cor-
rect. We therefore conclude that the bilinear coupling of
z4 to the zone-center mode on the soft E~ branch pro-
posed by Hirotsu et al. is not the correct explanation for
the C44 anomaly in either RbzZnC14 or KzSe04.

For T ( T;, Rehwald et al sfit th. e temperature-depen-
dent part of C44 to ACq4 oc p& and found 2P 0.6—2P

0.7. Similarly, for KqSe04, Hoshizaki et al.2 found 2P =
0.68+0.06, while for Rb2ZnC14, Matsuda and Hatta2s
found 2P = 0.625 and Luspin et al. g found 2P = 0.6+0.1.
We similarly analyzed our C44 data shown in Fig. 2 by
extrapolating the curve for T ~ T; below T;, and fit-
ting the excess AC44 to A(T; —T)z~, yielding 2P = 0.66.
However, in view of the result shown in Eq. (8), the sig-
nificance of all these fits is questionable since they neglect
the role of the bilinear interaction term.

B. C'55 and C'gg elastic anomalies

Ultrasonic studies of KzSe04 have shown that the elas-
tic constant C5s exhibits no observable anomaly in the
vicinity of T;, but decreases dramatically with decreas-
ing temperatures as T approaches the lock-in transition
temperature T„and then increases slowly below T, . »2
Our Brillouin results shown in Fig. 2 exhibit softening in
the incommensurate phase very similar to the ultrasonic
results, but do not extend to (or below) T, owing to the
rapid decrease in Brillouin-scattering intensity I55 shown
in Fig. 4.

In the Landau theory, the C55 anomaly arises from cou-
pling of z5 strain to the order parameter via the quartic
coupling terms in the free energy density

C44(T) = C44(T —To )I(T To) (9) f, = -'a e (Q + Q" ) + g e,QQ',

which is equivalent to our Eq. (5) in the mean-field ap-
proximation. By comparing their fitted results for To (5
K for their ultrasonic data and 7Q K for their Brillouin-
scattering data) with their estimate from the neutron
data~ of To ——72 K, they concluded that Hirotsu's
model provided a good description of their Brillouin re-

where Q is the order parameter which is the com-
plex amplitude of the modulation wave, and as and g5
are coupling constants. In the incommensurate plane-
wave approximation, Rehwald et al.s and Esayan and
Lemanov have shown that this interaction will lead to
a complex elastic constant
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with 2. 50

I&; = a' —3qp ——3(q, —qp) = a*b(T), (12) 2.00 (O)=O 6Hz

where q, = a*/3 is the commensurate wave vector,
qp

—(a' j3)[1 —b(T)] is the modulation wave vector,
and O~, I'~, Qy, and I'y are the frequency and damping
constant of the amplitudon and phason, respectively.
Since Q~(I&;) && Qy(Ii;) && ur, the amplitudon term
and u2 can be dropped, and then

1.50

1.00

0.50
l6

m ~ al

oC66( ) —(C66+ gseo) sloQ4(I.. ) [ F (I, )],
0.00

70 100 lVO 160 190 220 250 280 310

p 9 q', g 4 I ~(I&')
766( ) 46 +

4 6~P Q4 (Ig, ) + [~1 (Iy~, )]2 ' (14)

in which Q&z(Ii;) = &A~Ii~. [A~ and b(T) have been
determined by inelastic neutron scattering. ~o] The con-
tinuous decrease of Iw; from 0.07a* at T; to 0.02a' at T,
causes Qy(I&;) to decrease similarly, which in turn causes
the decrease of C66.

Rehwald and Vonlanthen7 showed that Eq. (13), ne-
glecting the gs term, produced a good fit to their ul-
trasonic C66 data except for the temperature region just
above T„where the incommensurate plane-wave approxi-
mation is known to be inappropriate, and the modulation
wave is better described as a soliton lattice. Dvorak and
Hudak computed the temperature dependence of C'55

in the soliton lattice regime and found that the anoma-
lous part of C66 is proportional to the soliton density n, ,

a result anticipated by Rehwald and Vonlanthen. Re-
cently, Hebbache and Poulet have extended this anal-
ysis to include the role of higher-order terms in the free
energy which cause a gap in the phason dispersion curve
at qp —ba'.

Because our t 55 Brillouin data do not extend down
to T„we have not attempted to fit our results to the
soliton lattice predictions, but have carried out a fiit to
the plane-wave results of Eq. (13). The "bare" elastic
constant C66

——(16.0 —0.0051T) (GPa) was determined
from the C66 data in the normal phase. We then fit-
ted Eq. (13) to the data in the incommensurate phase
in which I&; and A~ were taken from Iizumi e] al. ,
and I'4, was taken from Quilichini and Currat. ss Using
the same mean-field pp as we used in analyzing the C44
data, taking ~ = 9.9 GHz (Brillouin frequency of the
C66 mode at room temperature), and treating a6 and gs
as adjustable parameters, we obtained the best fit with
a5 ——1.9 x 10 g cm s and g5 —8.8 x 10 s
Figure 7(b) shows the comparison of the calculated re-
sults of Eqs. (13) with the C66 experimental results. The
agreement is reasonable in view of the large uncertainties
of the low-temperature t 55 data.

The deviations of the ultrasonic C55 data from the the-
oretical predictions of Eq. (13) near the lock-in transition
found by Rehwald and Vonlanthen" and ascribed to soli-
ton eA'ects are also seen in the lowest-temperature points
in our data as shown in Fig. 8. However, the poor preci-

FIG. 8. Temperature dependence of the damping, constant
pzz(u). Solid lines are the calculated result of Eq. (14). The
three phason gaps used were (1) Ay(0) = 0, aq = 1.9 x 10
g

'~ crn'~ 6, g~ = 8.8 x 10 s; (2) Qy(0) = 60 GHz,

A@(0) = 160 GHz, a5 = 4.8 x 10 g crn ~ s, g6
21 x 10 s . The squares are the experimental results.

sion of our C66 data near T, prevented us from carrying
out an analysis of these eA'ects.

We also analyzed Eqs. (13) and (14) including a
nonzero phason gap Q~(0) so that

Q4, (I~;) = Q~(0)+ 2A I~,

Phason gaps of 60 GHz (Ref. 33) and 160 GHz (Ref. 34)
were considered. For the case of Ay ——600Hz the best
fit was obtained with a5 —2.3 x 10 g ~ cm ~ s
and gs

——ll x 102 s 2, and for Q~(0) = 160 GHz with
a5 ——48x 10 g ~ cm ~ s and g5 ——21x 10 s
The calculated results of Eq. (13) for these two cases are
essentially identical with the result shown in Fig. 7(b)
calculated by using a gapless phason.

The theoretical predictions for the F66(cu) damping
constant anomaly of Eq. (14) with Q~(0) = 0, 60, and
160 GHz are plotted in Fig. 8. In contrast to the insen-
sitivity of C66(u) to Qy(0), F66(u) is very different for
diA'erent phason-gap values. It is clear from Fig. 8 that
the p66(~) anomaly near T, can be largely suppressed by
a phason gap of Q4, (0) & 100 GHz. Although we were
not able to follow the C66 mode close enough to T, to
reliably evaluate Q~(0), a comparison of our data with
the theoretical results suggests a phason gap & 100 GHz,
a result which is consistent with our previous study of
the C33 anomaly.

2. C'ee

Of the three principal transverse elastic constants, C66
shows the simplest temperature dependence. It only ex-
hibits a slight change of slope at T; as shown in Fig. 2.
This anomaly can be described by the interaction with
the order parameter through a quartic coupling term g6c6
QQ*. In the lowest-order approximation, the C66 elastic
constant is given by

C66(T) = C66+ 2gspo. (16)
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Taking the "bare" elastic constant Csos —— (17.6—
0.0079T) (GPa) obtained from the data in the normal
phase above T~, we fitted Eq. (16) to the Css data points
below T;. The best Gt gave gg

———5.6 x 10 s, in
which, again, the mean-Geld po2 was used. A comparison
between the calculated results and the experimental data
is shown in Fig. 7(c).

C. Transverse acoustic asymmetries

One of the surprising phenomena predicted to occur
in incommensurate crystal phases is a breaking of the
usual symmetry of the velocities of transverse acoustic
waves under interchange of the propagation and polar-
ization directions: Uz g Vz, Experimental evidence
for such asymmetries has been reported for BaMmF4,
RbHs(SeOs)z, ' and quartz. '

Poulet and Pickss s analyzed the dynamical matrix for
acoustical phonons and phasons in KzSe04 and showed
that phasons can only couple to transverse acoustic
phonons with propagation vector g perpendicular to the
modulation axis (the a axis in Pnam) and displacement
u along the modulation axis. This result predicts that
the sound velocities for transverse acoustic modes po-
larized along a will be shifted by the phason coupling,
leading to a splitting for the pairs of Cs5 or Css (but
not C44) modes, which increases as the temperature de-
creases below 7;-. The same conclusion was found by
Dvorak and Esayans and by Lemanov et al.~ from sym-
metry arguments. Lemanov et al. concluded, however,
that the asymmetries due to this eR'ect are too small to
observe, since they found no evidence for asymmetries
in their ultrasonic experiments on KqSe04, RbqZnC14,
and (NH4)zBeF4. They suggested that the previously
reported asymmetries~ i must have a diAerent origin,
possibly related to the piezoelectric eKect. Scott pro-
posed that the result V»z g V~; may occur in incommen-
surate crystals with screw axes, in which the solitons can
produce chiral strain fields that break the usual elastic
symmetry.

Gooding and Walker40 42 analyzed the dynamics of
phasons and sound waves in K2Se04 in the incommensu-
rate phase including phason damping. They found that
the KqSe04 inelastic-neutron-scattering data reported
by Quilichini and Currat, ss whose damped-harmonic-
oscillator analysis suggested a nonzero phason gap in the
incommensurate phase, may also be explained by using a
coupled phason sound-wave theory in which the phasons
are gapless. 4z Therefore, whether or not the phasons in
KzSe04 are intrinsically gapless is still uncertain. From
their analysis of the coupling eA'ects of transverse acoustic
waves with phasons, they found that the coupling with
gapless phasons would cause transverse asyimnetries in
velocity or damping or both, whereas when the phason
is not gapless, for suf6ciently low-frequency (( lGHz)
transverse acoustic waves there would be no transverse

asymmetry.
To further investigate the possibility of transverse

acoustic asymmetries in KqSe04, we studied all six pure
transverse acoustic modes propagating along the three
crystal axes. Within our experimental accuracy, we were
not able to observe any acoustic asymmetric behavior for
the pairs of transverse modes under interchange of their
propagation and polarization directions as shown in Figs.
2 and 3. Although the lack of asymmetry may be due to
the fact that the frequencies of the modes measured by
Brillouin scattering are beyond the low-frequency regime
as discussed by Gooding and Walker, 4~ we note that Re-
hwald et al.s measured the transverse modes in K2Se04
in their ultrasonics experiments using all possible com-
binations of polarization and propagation directions and
found no inconsistencies, although they were not explic-
itly looking for asymmetry.

V. SUMMARY

Brillouin-scattering spectra of the six pure transverse
acoustic modes of KqSe04 have been measured and an-
alyzed. We found that C44 shows anomalies both above
and below T» and Css shows an anomaly near T„b toh

being very similar to the ultrasonics result. No attenu-
ation anomalies were observed in our experiments, and
no asymmetries were observed under interchange of the
propagation and polarization directions within the accu-
racy of our experiments.

A bilinear coupling between the e4 strain and the
lowest-frequency B3& optical mode was invoked to ex-
plain the C~q anomaly, using the observed temperature
dependence of the B3& mode found from our Raman ex-
periments as input. The calculation produced excellent
agreement with the data, although the origin of the 83g
optical mode softening has not yet been explained. The
C5s anomaly was analyzed on the basis of coupling of the
gs strain to the cube of the order parameter, within the
plane-wave approximation. The damping of this mode
indicates that the phason gap is ) 100 GHz.
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