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Ferroelastic phase transition in K3Na(Se04)2. Brillouin-scattering studies and theoretical modeling
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High-resolution Brillouin spectroscopy was used to study the elastic properties of ferroelastic
K3Na(Se04)2. The temperature dependence of nine Brillouin modes of the acoustic phonons propaga-
ting in the [100], [010), [001],and [011]directions were measured in the temperature range 290-380 K.
These results indicate a 3m ~2/m transition at T, =334 K followed, by approximately 12 K, by a tran-
sition involving an unknown mode Q. Mode softening in the c66 and c44 elastic constants results from
the main first-order transition while an additional softening in c33 and c~ is due to coupling with Q. A
Landau-type free-energy expansion has been postulated and discussed in order to explain the qualitative
features of the system.

I. I¹RODUt.l ION

Ferroelastic properties are exhibited by several crystals
belonging to such difFerent families as A2BX4, ACBX4,
and A 3 C(BX4 )z, where BX4=SO4, Se04, Cr04, and
A, C =Li,Na, K,Rb,Cs and is usually a consequence of
the spatial ordering of BX4 tetrahedrons. ' The family
of interest here includes K3Na(Cr04)2, K3Na(SO4)z, and
K3Na(Se04)z, which for convenience will be referred to
respectively as KNCr, KNS, and KNSe. Brillouin
scattering studies of KNCr around its ferroelastic phase
transition at 239 K have been presented in a recent pa-
per. ' The present paper is devoted to similar studies of
KNSe.

It was recently shown by Krajewski, Piskunowicz, and
Mroz that KNSe exhibits ferroelastic properties at room
temperature. The ferroic phase exists up to the 334—346
K range, where the structural phase transition to the pro-
totype phase takes place. This transition was detected by
a set of independent experiments, namely, dielectric,
thermal expansion, differential thermal analysis (DTA),
optical, and elastic properties studies. The ferroelastic
character of the relevant transition was concluded from
observation of domain structure in polarized light, and
from the temperature behavior of the elastic properties
which showed acoustic phonon softening for T—+ T, .

Another interesting experimental feature of KNSe is,
evident on comparing the phase-transition temperature

obtained from the DTA, expansion, and dielectric stud-
ies, which was found to be 346 K, and that from the
sound velocities minima of the elastic properties measure-
ments, which was found to be 10—12 degrees lower, i.e., at
334 K. In addition, the heat-capacity measurements
point to the continuous character of the transition since
no latent heat was detected. Results of the elastic proper-
ties studies, however, support Landau theory in that the
3m~2/m transformation is predicted to be first order
from symmetry considerations. '

From DTA studies (carried out in the temperature
range from 100 to 1200 K) two other phase transitions
were found (at 730 and 758 K) besides the ferroelastic
phase transformation in the 334-346 K range. The melt-
ing point of KNSe was found at 1170 K. Assuming a
similar temperature behavior of other glaserit structure
compounds such as KNS and KNCr, "' along with the
directions of ferroelastic domain walls and the lack of py-
roelectric and piezoelectric properties, the following
phase transition sequence was proposed for KNSe:

2/m ~ 3m ~ unknown ~ 6/mmm ~ melt

334-346 K 730 K 758 K 1170 K

To date there is no complete information about x-ray
studies of KNSe in both low- and high-temperature
phases around 334 K. Preliminary structural investiga-
tion' of the room-temperature phase, however, points to
the 2/m group. This, together with the results of elastic
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property measurements, using the torsion vibration tech-
nique and composite bar method, strongly supports the
suggestion that the ferroelastic phase transition of KNSe
is of the type 3m ~2/m. Such a transition is known to
be driven by the two-component order parameter
a(e, —e2)+Pe4, where (e, —e2) and e4 are the strain ten-
sor components corresponding to the elastic constants
c«=2(c» —c,z) and c44, respectively of the prototype
phase 3m. From the temperature dependence of the tor-
sion moduli G&(c»,c«), Gz(c44, e«), G3(c~,c») (and
taking into account that for trigonal symmetry c44 =c» ),
it is in fact evident that both c44 and c66 are affected by
the transition, but not to the same degree. This in turn
leads to differing values of the coefftcients a and P
describing the order parameter, as distinct from the re-
sults for the Brillouin studies of KNCr. '

In the present paper, Brillouin scattering studies of
KNSe, in the temperature range from 290 to 380 K, are
reported. The temperature dependences of nine Brillouin
modes of the four phonons propagating in the [100],
[010], [001], and [011] directions were measured. From
these data, it was possible to determine the values of all
components of the elastic stiffness tensor of the prototype
group 3m. The advantage of using the Brillouin scatter-
ing technique to study elastic properties of the crystal
around its phase transition is that the temperature behav-
ior of at least two acoustic modes (L—longitudinal and
T—transverse) related to the same phonon can be ob-
served simultaneously. This seems to be important in the
case of KNSe because of a rather complicated picture of
the ferroelastic phase transition as given in Ref. 8. A
theoretical model based on the mean-field approximation
is presented in Sec. IV.

II. EXPERIMENTAL PROCEDURE

Single crystals of KNSe were grown isothermally from
a saturated aqueous solution of the product of synthesis
of chemically pure sodium, potassium hydroxide, and
selenate acid at 315 K. The synthesized compound was
purified by recrystallization from distilled water. Color-
less and transparent crystals were obtained in the form of
hexagonal prisms with pseudohexagonal twins visible in
polarized light. The density of KNSe was found to be
3.15 g/cm . Samples of four different orientations were
prepared from untwinned parts of the crystal to study the
sound velocity propagations of the [100],[010], [001],and
[011] phonons. Samples were typically of sizes 4X4X4
mm .

The Brillouin spectrometer has been described in detail
by Ahmad et a/. ' The incident light, polarized perpen-
dicularly to the scattering plane, was provided by a stabi-
lized single-mode argon-ion laser (IN NOVA 90-5,
Coherent) operating at 514.5 nm. The scattered light was
analyzed by 90' using a piezoelectrically scanned triple
pass Fabry-Perot interferometer (Burleigh RC-110) with
free-spectral ranges (FSR) of 22.04, 24.75, and 18.10
GHz. Spectra were accumulated with a photon-counting
data acquisition and stabilization system (DAS-l, Bur-
leigh).

Sound velocities v were deduced from the measured

III. EXPERIMENTAL RESULTS

At room temperature KNSe exhibits ferroelastic prop-
erties with monoclinic point symmetry 2/m; this sug-
gests a trigonal 3m prototype symmetry. The elastic
stiffness tensor of the trigonal group 3m contains six in-
dependent components, namely, c

& &, c33 c44 c]2 c]3,
and c,4, (2c« =c» —c,z ). Table I presents expressions
of pv as a function of elastic constants for the trigonal
(3m prototype) and 2/m (ferroelastic) phase. These were
found from the solution of the equation of motion for the
three acoustic waves propagating in direction Q, as given
by

Icptq qk pU %I=0 (2)

where qj, qk are the direction cosines of Q, p is the densi-

ty of the crystal (3.15 g/cm ), and c,,k& are the elastic
stiffness tensor components.

In the present work, nine of the twelve Brillouin modes
listed in Table I have been observed. It should be noted
that in the case of phonons [010], [001], and [011] the
temperature dependence of the sets of modes (y4, y5, y6),
( y7 y9), and ( y, o, y „,y, 2), respectively, were measured
simultaneously. Because of the rather weak scattering
power of phonon [100],only the temperature dependence
of the longitudinal mode y, , related directly to the c»
elastic constant (see Table I), was observed. About 260
experimental points from over 150 spectra have been col-
lected in Fig. 1. The relative accuracy of the frequency
shifts from one temperature to another is less than 0.5%%uo.

The absolute accuracy, because of uncertainty in crystal
refractive index, density, and geometry, is estimated to be
about 2%.

frequency shifts using the Brillouin equation:

v =Ah, B(n; +n, 2—n, n, .cose)

where A, is the wavelength of the incident light, n,- and n,
are refractive indices for the incident and scattered light,
respectively, and 8 is the scattering angle (8=90'). The
refractive indices for KNSe were found at room tempera-
ture by comparing the crystal samples with liquids (Car-
gille Labs) of known refractive indices. It was found that
n„=n = 1.550, n, = 1,542+0.002. The temperature
dependence of the density has been neglected since the
volume expansion coefficient changes by only 2X10
K ' at T, . The refractive indices of KNSe are therefore
taken to be constant in the entire temperature region
studied. This is also supported by the dielectric proper-
ties studies where only slight changes in the slopes of
s'(T) curves at T, are indicated.

The Brillouin scattering experiments on KNSe were
performed from 290 to 380 K, using a sealed container.
It was equipped with three windows and a double
thermal screen and clamping device to minimize the tem-
perature gradient along the sample. The temperature of
the sample was regulated with a stability of +0.02 K us-
ing a THOR Cryogenics (model 3010 II) temperature
controller.
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TABLE I. pv as a function of the e1astic constants in the trigona1 (3m ) and monoclinic (2/m ) phases. The asterisks indicate

which modes were observed in the present experiment.

3m paraelastic 2/m ferroelastic

[100]y3

y'
z [C44+c66+V (c44 —c66) +4c14 ]

3 {C44+C66 V (C44 C66) +4C16 ]

3 [Cll C55+V (Cll C55) +4C15 ]

3 [Cll +C55 Q(c1 1 C55) + C15

g4

[010] y,
yT

3 [cl 1 +c66+V (c11
—c44) +4C,4 ]

3 [Cll+C44 V (Cll C44) +4C16 ]

C66 ~ C11 C12 )
1

C22

3 {C66+C44+V (C44 C66) +4C66 ]

3 {C66+C44 V (C44 C66) +4C66 ]

[010]yg
ilia T

C33 3 [C33+C55+V (C33 C55) +4C35

3 [C33+C55 V (C33 C55) +4C35

6 (Cll +C33+2C66 2C14)+ 3 V 4(cll C33 2C14) +(C13+C44 —C14)2 2

2 (C44+ C«)+ C 14

6 ( C 1 1 +C33 +2C44
—2C14 ) —T~ + 6 ( C 1 1

—C 33
—2C14 ) + ( C13 +C46

—
C14 )

It is evident that all observed modes are affected by the
transition. The Brillouin shift for the y, mode [Fig. 1(a)]
increases linearly with decreasing temperature, decreases
slightly, remains constant in the temperature region from
345 to 335 K, and then slowly increases again with de-
creasing temperature. These two temperatures (335 and
345 K), taken with an accuracy of +2', are characteristic
for all the anomalous changes in the observed modes.
For example, the ys mode [Fig. 1(b)] exhibits two very
slight minima at 336 and 344 K, whereas the y6 mode
shows a more typical softening and falls from 9.63 GHz
at 347 K to 5.71 GHz at 334.5 K. The longitudinal y7
mode [Fig. 1(c)] shows softening with a minimum fre-
quency shift at about 346 K. The transverse mode y9, of
the same [001] phonon, has a temperature behavior simi-
lar to the y~ mode with indications of two anomalies at
about 337 and 346 K. The Brillouin shifts of the modes

y, o, y», and y, 2 of phonon [011] are presented in Fig.
1(d). All three modes are temperature dependent and
show acoustic softening. The quasilongitudinal mode ylo
reaches a minimum at 343 K and then increases with fur-
ther temperature decrease. A minimum in the sound ve-

locity for quasitransverse mode y» was detected at about
335 K. The phase transition for the yI2 mode is less pro-
nounced and a minimum in sound velocity was found at
about 339 K.

The anomalous behavior of the Bril1ouin frequency
shifts of KNSe is also rejected in the temperature depen-
dence of the elastic constants or their combinations (see
Fig. 2). For modes y„y6, y7, and y9, the expressions of
pv give the direct values of elastic constants

c i I c66 c33 and c44, respectively, of the high-
temperature trigonal phase. Values of all the elastic con-
stants of the prototype phase, calculated far from the
transition at 373 K, are presented in Table II. It is worth
noting the very small value of the cI4 elastic constant, in-

dicating that the system is elastically close to hexagonal

symmetry in the high-temperature phase.
The results presented in this paper did not allow for

calculation of the elastic constants for the room-
temperature monoclinic 2/m phase. The elastic con-
stants for the ferroelastic phase may, however, depend on
the actual configuration of domain walls, ' since the mea-
surements were performed using untwinned but poly-
domain samples.

As is evident from Fig. 2, the largest temperature
dependence was found for the elastic constant c«. The
related sound velocity changes from 2270 m/s at 347 K
to 1340 m/s at 334.5 K. Another elastic constant which
should be sensitive to the onset of criticality with respect
to the 3m ~2/m ferroelastic phase transition is c44. The
relevant temperature dependence is presented in Fig. 2(c).
In contrast to KNCr, ' c~ for KNSe changes only slightly
but shows two minima, one at 346 and another at 337 K.
According to the theoretical model developed for
KNCr, ' the slopes of c«( T) and c66( T) while approach-
ing minima are a measure of the a and P coefficients
describing the order parameter a(e, —e2)+Pe6. The
slope of c66(T) was found to be about five times higher
than that of C66(T) (7X10 and 1.5X10 N/m K, re-
spectively). This was in agreement with the results ob-
tained by Krajewski, Piskunowicz, and Mroz and indi-
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TABLE II. Elastic constants of K3Na(Se04)2 at 373 K in units of 10' Nm '. The noted uncertain-
ties are relative values.

5.67+0.08

C33

6.29+0. 10 1.46+0.08

C12

2.31+0.07

C13

0.74+0.09

ci4

0.052+0.08

cated the leading role of the (et —e2) strain component in
the transition being studied. As was shown by Boccara,"
the soft elastic constant related to the order
parameter a(e, —e2)+Pe4 is c2, =—,

' Ic44+2cs6
—V (2c&z-c44) +8c t4 j. The temperature dependence of
c2, at the paraelastic trigonal phase has been calculated
and is shown in Fig. 3. The temperature dependence of
cz, is less pronounced than that observed for c«. The
minimum of the sound velocity relevant to cz, was calcu-
lated to be 1897 m/s at 334.5 K.

Finally, the adiabatic-isothermal correction has been
evaluated, since the Brillouin scattering technique mea-
sures the adiabatic elastic constants, whereas, the mean-

6.0
~ ~ ~ J ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 0 ~ 00 ~ 0

5 5--
[IOO] (a)

(C„)

field approximation refers to the isothermal elastic con-
stants. The c», t."&2, c», and c33 elastic constants are
affected by this however, the largest correction is about
2%%uo (for c33) close to the transition temperature. Conse-
quently, this effect is neglected and in the theoretical
model and it is assumed that c;.=c;.. This is entirely
consistent with the absolute accuracy of the present mea-
surements.
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FIG. 1. Temperature dependence of Brillouin frequency
shifts for phonons propagating in the directions {a) [100], (b)

[010], (c) [001], (d) [011]in K,Na(Se00)z.

TEMPERATURE (K)

FIG. 2. Temperature dependence of the elastic constants and

their combinations [for the paraelastic 3m phase of
K3Na{Se00)2] as determined from the data in Fig. 1 (refer to
Table I).
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A. The primary order parameter
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FIG. 3. Temperature dependence of the soft elastic constant
c~, for K3Na(Se04)2.

IV. THEORETICAL MODEL

As was argued throughout this paper, the experimental
data presented here are consistent with a 3m ~2/m type
of transition. There are, however, specific difFerences be-
tween the present case and the general transition type.
Relative qualitative experimental features are summa-
rized in Fig. 4. In this section a step-by-step theoretical
model will be developed which accounts for the qualita-
tive features revealed by the experiment.

The 3m ~2/m type of transition has been discussed by
Boccara in the context of classes of phase transitions
characterized by a deformation of the unit cell. This
transition exhibits the loss of the ternary axis of symme-
try (Ox3) and is necessarily of first order due to strict
symmetry requirements. Because G=2/m is an invari-
ant subgroup of Go with the order of 4 while the order of
Go is 12, the factor group Go/G is of order 3, and terms
cubic in the order parameter cr are admitted in the free-
energy expansion. According to Boccara's theorem four
this implies the existence of a cubic invariant. As men-
tioned before, following Boccara the order parameter 0.
is assumed to take the form of a linear combination of e6
and e4, i.e.,

O =a(e& —eZ)+pe4,

where a and P are in general arbitrary but can be deter-
mined from experiment. Following Toledano, Fejer, and
Auld, ' the corresponding free-energy expansion takes
the form

F=c2(e6+e4)+c3(e4 —3e4e6}+c4(e6+e4) . (4)

Minimizing F with respect to e6 and e4 yields the follow-
ing two simultaneous equations:

and

(2c2 6c384+4c484 }86+ c486 (Sa)

(2c2+4c4e6)e4+3c3e4+4c4e4 =3c3e6 . (Sb)

(a) Equation (4} implies that either e6 =0 or e6 is a nonzero
solution of the following algebraic equation:

i jul
e 6

= —(c2 —3c3e4+ 2c4e 4 ) /2c4 .

If e6+0, then Eqs. (Sa) and (Sb) can be solved to yield

e, =+&3e4,

(6)

Cijki r„
44C

i.e., the two seemingly independent variables are propor-
tional to each other. As a result, the problem reduces to
an equation of state for first-order phase transitions with
a single-component order parameter, namely,

—2c2+6c3e4 —16c4e4 =0 .

Assuming that c2 =a ( T To ), the transition tem—perature
is found to be

c2
T TQ+

4ac4

Tc T
(c)

T(K)

FIG. 4. Anomalous experimental features of K3Na(Se04)z.
(a) Temperature dependence of heat capacity (Ref. 8). (b) Elas-
tic constant measured using the torsion vibration technique
(Ref. 8). (c) Elastic constant measured using the Brillouin
scattering technique.

c2,'"(T, ) =c3/2c4 . (10)

This is illustrated graphically in Fig. S(a). Note that, as
usual, the elastic constants are calculated according to

This case was discussed at length in our previous paper'
devoted to KNCr and the reader is referred to it for more
details. The important point is, however, that the elastic
constants (both c66 and c44) exhibit a single dip at T= T,
with their lowest values of
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the formula and

c;J=8 F/Be;r)ej . 2b2Q+3b3Q +4b4Q +Ao'=0 (15)

Comparing the diagrams in Fig. 4 with that of Fig. 5 it
has to be concluded that another mode bifurcates at a
temperature slightly above T, and that it is coupled to e4
but not e6. Since c33 also exhibits softening at this tem-
perature, it is possible that e3 is the mode in question.
Without presupposing this we denote this tnode Q and la-
bel e4 =cr. In the next subsection it will be shown that a
bilinear coupling between o and Q results in a double dip
in c44, as seen in experiment.

d1O. +d2O +d3CT + 0,
where

(16)

d ——
1

4a2b2 6 2b3a 2
+A, , d2= — bta—3

Solving Eq. (14) for Q and substituting into Eq. (15)
effectively decouples the two modes and provides a "re-
normalized" equation of state for the mode e4',

B. Coupling to a secondary order parameter

where a2 =a( T —To) and bz =P( T T, ). —The
coefficients a2, a3, and a4 are related to the coefficients
e2, c3, and c4 of the previous subsection through

a 2
=4c2, a 3

= —8c3, and a4 = 16c4, (13)

in order to account for a relationship between the e4 and
e6 modes. Thus, for A, =O, e4 undergoes a transition at
T„as argued before. Minimizing F,ff with respect to
both e4 and Q yields

2a2a+3a3o +4a4rr +A,Q=O (14)

The effective free energy which describes the interac-
tions involving e4 and the yet unidentified secondary or-
der parameter Q undergoing a transition at T' is postu-
lated in the form

F,rr=a2o +rt3rr'+rt4o +b2Q +b3Q +b4Q +AoQ,

(12)

and

8 4b4a 2
d = ——

3
~, A,

2
—a4b2

T1 + T0
T01/02 2

+
' 2 1/2

1 0

2

where 5—=A, l(4aP). At both of these temperatures To,
and To& the modes o and Q bifurcate in a discontinuous
manner, so that Eq. (16}is satisfied identically. Also, the
elastic constants exhibit incomplete softening as in a sin-
gle transition case, but this now occurs at each of the two
transition temperatures T„and then at T,2, which are
determined below. Defining

The above equation of state allows two first-order
phase transitions to occur in succession since both a2 and
b2 are temperature dependent. A necessary condition for
this is that d1 change sign and that does take place at the
two different values of T which are solutions of the equa-
tion d, =0, namely

c,.=a'F„yao =—2az+ 6a3a+ 12a4o

and similarly

(19)

(arb.
units)

cz&=r) F,trlr)Q = b226+b Q3+1 b24Q (20)

we see that the initial transition occurs at T„/,2 such that

Tc

2d2
d, =— (at T„q,~),

3

(21)

and at which the minimum values of the elastic constant
are

c2 (T„z,2)=d& . (22)

(arb.
units)

Tcix VTc2

(b)

FIG. 5. Graphical illustration of the elastic constant behav-
ior for the free energy of Eq. (4), where the comparison is made
between the single-dip profile in the case for decoupled modes

(a) and the double-dip profile in the case for two coupled modes.

A detailed calculation of these two conditions in Eqs.
(21) and (22) can be found in Ref. 1, where a single first-
order phase transition was studied within the Landau
model. A schematic plot of c2 as a function of T for this
case [see Fig. 5(b}] very closely resembles that shown in
experiment (Fig. 3). Also note that both e4 and Q have
the same qualitative behavior. This indeed rules out e3 as
the secondary order parameter since it (c33) only softens
at T (now identified with T„)but not at T, (identified
with T,z). Obviously, e3 inust be coupled to Q as well to
manifest a softening through c33.
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C. The curvature of c2( T) c2 —=—2.05a(T T0)+4.05+kTa4, (30)

In this subsection we wish to briefly discuss the profile
of the elastic constants c33 c44 and c66 on the approach
to the critical temperature from above. It can be seen
from Fig. 4 that all these coefficients exhibit a crossover
from one nearly linear dependence above T' (almost con-
stant but decreasing slightly with temperature) to another
which is increasing with temperature (between T, and
T'). Our working hypothesis here is that ffuctuations
are responsible for the crossover at T'.

To focus attention on a simple model, only one degree
of freedom will be retained, i.e., o.. Then, the approxi-
mate free energy is

Fp=a2~ +a3o +a42 3 4

The corresponding elastic coefficient is

a'r,
c2~ = =2a2+6a3o. + 12a4o

BET

(23)

(24)

It is clear that in the disordered phase (above T, )a =0
and with a2 =a(T To)' c2—in this temperature regime
is a linear function of temperature, i.e.,

c ~2=2a(T To) . — (25)

However, this has been found assuming a mean-field ap-
proach with no accounting for fluctuations. The simplest
way of taking fluctuations into account is to weight vari-
ous order-parameter values o with a statistical
(Boltzmann) probability. Then, a more accurate estimate
of c2 which accounts for fluctuations in the order pa-
rameter is

cz =2a(T To)+12,4(—cr ) . (26)

6a4k
c2 -=2a(T —To)+

Tp1+ +.. . (28)

Within the Gaussian approximation, and neglecting the
a3o term, (o ) can be estimated in a standard way as'

kT
2a2

where k is the Boltzmann constant. This is valid
sufficiently far away from T, . Thus, assuming that
T))Tp or T, we may expand the denominator in a series
of (To/T) such that in the lowest order the elastic
coefficient becomes

where we have used the values of I'( —,') and I ( —', ). It is

important to note that on comparing Eq. (30) with (28)
the linear coefficient has changed its sign on going from
high to low temperatures (with respect to To). This is in

qualitative agreement with all the plots for c33 c44 and

c66. The near equality of the magnitude (i.e., 2 versus
2.05) of these linear temperature-dependence coefficients
is not borne out by experiment [see Fig. 4(c)]. Our curso-
ry derivation provided in this subsection, however, was
not meant to give a11 details and such aspects as mode-
mode coupling and the inclusion of cubic terms in the
calculations of (o ) were not taken into consideration.
Undoubtedly, taking these into account would affect the
values of the coefficients, leading to a more pronounced
asymmetry.

V. SUMMARY

This paper was concerned with the vicinity of the fer-
roelastic phase transition in K3Na(Se04)z. Through Bril-
louin scattering studies it was demonstrated that a
3m ~2/m transition takes place at 334 K. However, the
plots of elastic coefficients c», c33 c44 and c66 revealed
that the transition is not of proper type since c33 exhibit-
ed a softening some 10 K above the actual transition.
Moreover, c44 showed two pronounced dips: one at T,
and the other coincided with that for c33 It was then
concluded that, in addition to the primary order parame-
ter o =a(e, —ez)+Pe4 characterizing the transition at
T„a secondary order parameter called Q must exist
which governs the pretransition at T . Since c33 shows
no anomaly at T, while c44 has two anomalies, one at T,
and another at T', it was inferred that most likely Q is
different from e3 and that it couples to both e4 and e3. A
theoretical analysis was carried out on the premise that o.

and Q are responsible for driving two closely located
transitions and that o and Q are coupled linearly. It was
then shown that a Landau model based on the above
leads to qualitative features consistent with experiment.
Finally, the shape of the elastic constant curves as a func-
tion of temperature was discussed with particular atten-
tion given to a crossover region. The change of slope
occuring in the crossover region was explained as result-
ing from critical fluctuations.

This explains the crossover region's curvature of c2 ( T).
On the other hand, close to the transition temperature

fluctuations become significant and a non-Gaussian ap-
proach has to be used. Based on recent results we find
that in general'

(cr ) =")/kT/8a4D 3/2(x)/D &&2(x), (29)

where D, is a parabolic cylinder function and

x—:+a & /2kTaz. For small values of x, i.e., close to To,
we obtain a first-order approximation to c2 in the form
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