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Elastic constants of a solid-electrolyte fcc Li2SQ4 single crystal
obtained by Brillouin scattering
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The elastic constants and their temperature dependence have been determined in the solid elec-
trolyte Li2SO4 in the high-conductivity high-temperature (848 —1133 K) range by using the Bril-
louin scattering technique. Single crystals were grown at high temperatures in situ in the spec-
trometer system and the arbitrary grown crystal orientations were used for light scattering studies;
the orientation relative to the scattering configuration was established by transmission Laue x-ray
diffraction. The observed Brillouin spectra exhibited one longitudinal and either one or two trans-
verse components, depending on crystal orientation and temperature. The elastic constants were
evaluated by fitting the observed Brillouin frequency shifts to the solutions of the dynamical equa-
tions for a cubic crystal. The results show low values of the elastic constants, Cl& ——2. 3, Cl2 ——1.8,
and C44 ——1.2 (in units of 10' Nm ) at 920 K, consistent with current theories of solid electro-
lytes, which predict a softening of the lattice due to the liquidlike behavior of these materials. The
velocity of the transverse mode in the (110) direction is anomalously low, which might be ex-

plained by rotational-translational coupling.

I. INTRODUCTION

The present study is devoted to an investigation of the
elastic properties of LizSO4, which belongs to a class of
sulphate-based solids with a plastic high-temperature
phase classified as superionic. ' Superionic crystals, also
called solid electrolytes, are known for their high ionic
conductivity which is comparable to that of liquid elec-
trolytes, i.e., many orders of magnitude larger than the
conductivity of ordinary ionic crystals, whereas the elec-
tronic conductivity is negligible. The current interest is
mainly due to the potential applications of these materi-
als in new types of solid-state battery systems.

The ionic motions in solid electrolytes are similar to
those of both liquids and solids; one ionic species is non-
conducting and forms a rigid lattice in which the other
highly mobile ionic species can move. The transition to
the solid-electrolyte (superionic) phase is therefore often
described as a sublattice melting process. Much theoret-
ical and experimental work have been focused on the dy-
namics of these materials (for reviews see Ref. 2) as well
as on structural properties in order to explain the high
conductivity and to get a complete theory of solid elec-
trolytes. However, there are few reported data on
the elastic constants of these highly disordered sys-
tems. ' Moreover, the existing data give either relative
values, ' values with large uncertainties, " values from
nonoriented crystals, ' or estimated values. '

The traditionally method for an accurate determina-
tion of the elastic constants involves single crystals and
ultrasonic techniques. However, to our knowledge there
is no ultrasonic report on single crystals of solid electro-
lytes. The major difficulty in these experiments seems to
be the requirements for large oriented single crystals.

Such specimens of solid electrolytes are difficult to grow,
maintain, and attach to an ultrasonic transducer, since
most solid electrolytes only exist at elevated tempera-
tures.

In the present study the Brillouin-scattering technique
was chosen to obtain the elastic constants of superionic
Li2SO4. The most important advantage in using light
scattering is that only a very small specimen is required
and small crystals are relatively simple to grow. Howev-
er, in light scattering from single crystals, the crystals
are normally cut, polished, and oriented in high-
symmetry directions at room temperature. Since this is
not possible for the solid electrolytes, where the conduc-
tivity phase is a higher-temperature phase, a technique
has been developed to grow the crystal in situ at the
light scattering point where also its orientation was
determined by x-ray analysis. We have previously re-
ported some preliminary results from Brillouin scatter-
ing of unoriented single crystals of Li2SO4. ' In the
present work arbitrary (but known) crystal orientations
have been used. The analyses of the data are then not
straightforward and computer programs were developed
to obtain the elastic constants and the sound velocity for
high-symmetry directions. The technique is essentially
the same as that used by StoicheA and coworkers, '

developed for their light scattering investigation on
rare-gas single crystals at low temperatures, however,
now applied to high-temperature studies.

Superionic Li2SO4 was chosen for a detailed study of
its elastic properties: LizSO4 is interesting in itself since,
in the high-conductivity phase, it is an extremely disor-
dered plastic crystal. Also, Li2SO4 is the progenitor of a
group of sulphate-based solid electrolytes for which the
high conductivity has in fact been related to the plastic
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behavior. ' The extraordinary disorder of the lattice is
due to two kinds of motions; the diffusive motions of the
cations which form the "molten" lattice and the rota-
tional motions of the SO4 ions, which form the "rigid"
lattice, however, now only rigid in the sense of the
center of mass. The transition into the disordered phase
is a first-order transition at 848 K from a low-
conductivity monoclinic phase to a cubic structure' of
excellent conductivity. ' The conducting phase covers a
temperature range of several hundred degrees, from 848
K to the melting point at 1133 K. The high ionic con-
ductivity (2 0 ' cm ') is entirely due to the mobile
lithium ions. Structure determination shows that the
structure is fcc, described by the space group Fm3m. '

The sulphate ions occupy the fcc lattice while the lithi-
um ions occupy the tetrahedral sites +( —,', —,', —,

' ). The
lithium diffusion occurs through alternating tetrahedral
and octahedral sites and is predominantly a jurnp
diffusion. ' ' The nonconducting sulphate ions are fixed
at the lattice points. However, the oxygen atoms are
rapidly reorienting around the sulphate atom. ' The fcc
phase is therefore referred to as a rotator phase or plas-
tic crystal. It has been proposed that the reorientations
of the sulphate ions in the cubic phase are coupled rota-
tions which strongly enhance the diffusion of the cations
in sulphate-based solid electrolytes. " In this laborato-
ry we have previously investigated the ion dynamics in
these materials by using Raman scattering. ' ' We then
determined the SO4 reorientational time ( —1 ps) and
the Li time of flight ( —0.3 ps) and demonstrated simi-
lar activation energies for the two processes in favor of
the proposed coupling model. In the present study we
focus on the elastic properties of Li2SO4.

II. EXPERIMENT

The Brillouin-scattering apparatus and the experimen-
tal technique have already been described in detail in a
separate paper from this laboratory concerning Brillouin
measurements in another solid electrolyte, namely e-
AgI. Therefore, only those features which are
significantly different will be discussed below.

In the analysis of the Brillouin-scattering data to ob-
tain values of the elastic constants, it is necessary to
know the refractive index of the scattering medium. A
value of the refractive index of fcc-Li2SO4 is not, so far,
available in the literature and it has therefore been mea-
sured in the present work, both as a function of wave-
length and temperature.

through the sample and the other passing through a
reference medium (air), as the sample is rotated and
thereby the optical path is changed. In the second step
the temperature dependence of the refractive index is
determined by recording the change in interference or-
der as the temperature is changed for a fixed sample po-
sition. The changes of the interference pattern were
recorded with a photomultiplier and immediately pro-
cessed in a desk-top computer which calculated the re-
fractive index and its temperature dependence automati-
cally. The Li2SO4 sample was of suprapure quality
(Merck). The refractive index of the solid fcc phase was
measured in the temperature range 860 to 1093 K.
Three different wavelengths (457.9, 488.0, and 514.5 nm)
of an argon-ion laser were used. The absolute value of
the refractive index was measured at two different tern-
peratures (858 and 878 K) in order to establish the sign
of the derivative dn/BT. During the thermooptical pro-
cedure the temperature changed continuously at a rate
of 0.5'C per minute. About 80 refractive-index values,
each calculated for a complete change in the interference
order, were obtained for every wavelength. The experi-
mental values were fitted to a linear function by the
least-squares method and the results are presented in
Table I. The standard deviation is about 1&(10 and
the overall error was estimated to +2&10, which is
far below the error of the light scattering data. It could
therefore be neglected when estimating the accuracy of
the Brillouin-scattering results.

B. Growth of single crystals and x-ray diÃraction

Single crystals of fcc-Li2SO4 were grown from the
melt in cylindrical sample cells; they were examined by
transmission x-ray diffraction to check the single-crystal
quality and to determine their orientation. During crys-
tal growth, followed by x-ray analysis and the light
scattering measurements, the samples have to be kept in
high-temperature surroundings, since fcc-Li2SO4 exists
in the temperature range 848 —1133 K. The high-
temperature thermostat used was especially designed for
growing crystals, performing Brillouin-scattering studies,
and at the same time, allowed x-ray analysis to be
made and the crystals could therefore be grown direct-
ly in position for the light scattering studies.

The sample cells were made of Vycor tubing of =3
mm diameter and = 15 mm length, with an optical
quartz window at the bottom for laser irradiation of the

A. Refractive-index measurements

The experimental procedure is a modified thermoopti-
cal method based on interferometry. It has been
developed for very accurate determinations of refractive
index (b,n &+10 ) from room temperature to about
1200 K and is described in detail in Ref. 21. The mea-
surements are accomplished in two steps. First the abso-
lute value of the refractive index is measured at a con-
stant temperature by recording the change in the in-
terference order between two light beams, one passing

(nm) —10'b 10 o.
Temperature

(K.)

457.9
488.0
514.5

1.497 051
1.495 144
1.494 141

2.98
3.00
3.00

1.01
0.98
0.62

860-1104
861-1103
860-1088

TABLE I. Refractive index of fcc Li2SO4 expressed by the
equation n =a+bT, where T is in K. cr is the standard devia-
tion.
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sample. The sample cell was fused to another Vycor
tubing of 9 mm diameter and =200 mm length used for
positioning the sample along the axis of the thermostat.
Facilities were available for rotating the tubing about
this axis to examine different crystal orientations. The
sample cells were carefully cleaned to reduce parasitic
scattering. Every cell was tested by taking the Brillouin
spectrum of ethyl alcohol for which the intensity ratio of
the Rayleigh and Brillouin peaks are known.

The starting materials were of quality Merck supra-
pure Li2SO4-HzO. Anhydrous materials were obtained
by drying the salt under vacuum at 600 K for 48 hours.
By repeatedly filling and melting small amounts of the
salt in the 3-mm-diameter cell a clear melt„ free of air
bubbles, of approximately 7 —8 mm height was obtained,
which was used for crystal growing. The crystal was
grown by slowly lowering the melt along a temperature
gradient in the thermostat, i.e. , by a modified Bridgman
technique. The thermostat was constructed with a
large opening in the central part, which allowed for x-
ray analysis and at the same time introduced the neces-
sary temperature gradient for crystal growth. The
crystals were clear, colorless, and cylindrical in shape, 3
mm in diameter and =7 mm long.

Transmission Laue x-ray diffraction was used to deter-
mine the orientation of each of the three studied crys-
tals. Three photographs at three different orientations
were taken for crystal 1 and 2, while four different pho-
tographs were used for crystal 3. The orientations of the
crystal axis with respect to the laboratory reference
frame were expressed in terms of the Euler angles
(+,e, &P), as defined by Goldstein. They were obtained
from the Laue diffraction spots by the method of stereo-
graphic projection using a %'ulff net. In Fig. 1 a
schematic drawing of one of the Laue photographs is

presented in which the identified spots are marked with
their Miller indices. The Euler angles, determined for
the three crystals studied, are shown in Table II, where
+„, specifies the angular interval over which Brillouin
spectra were recorded. The overall uncertainties in the
determination of the Euler angles were estimated to be
+2'.

C. Brillouin-scattering spectrometer

The Brillouin-scattering apparatus, described in detail
in Ref. 20, consisted of the following basic components:
A Spectra Physics model No. 165-00 argon-ion laser
operating in single mode at 488.0 nm and with an output
power of about 200 mW; a triple-pass piezoelectrically
scanned Fabry-Perot interferometer stabilized for both
mirror parallelism and plate separation by a Burleigh
DAS-10 system and scanned with a Burleigh RC-43
ramp generator; a cooled ITT F%'-130 photomultiplier
tube selected for a dark current of less than five counts
per second. Photon counting was used, the signal was
stored in a multichannel analyzer (Tracor Northern
1705), and the spectra were displayed on a recorder. All
spectra were recorded in right-angle scattering geometry.
The scattering angle was determined to an accuracy of
+0. 1' and scattering ang/es of 91.0', 89.9', and 91.2'
were employed for the three crystals, respectively. Each
spectrum was recorded over 1.7 interferometric orders.
The free spectral range of the interferometer was chosen
to be 27.27+0.05 GHz and the total finesse of the whole
spectrometer was above 40 during all measurements.
Long accumulation times of several hours and stabiliza-
tion of the interferometer were necessary to obtain the
very weak transverse modes in the Brillouin spectra.

III. EXPERIMENTAL RESUI.TS

A. Brillouin spectra

{311)
( ) ~ ~ (33))

~ (111) ~ ( 013)
(211)~ ~ (5~ ~ )
(3») . e

(~oo) (&O2)

{2]] ) ~ 0 (3)) )

(2»)

Three single crystals have been examined by Brillouin
scattering for different crystal orientations and for a
range of temperatures (889—1106 K). Brillouin scatter-

TABLE II. Crystal orientation as specified by the Euler an-
gles for three Li2SO4. single crystals. The Euler angles (+, 0,
W) are given and 4,„, specifies the angular interval over which
Brillouin spectra were taken.

FIG. 1. Laue diff'raction spots identified by their Miller in-
dices of a fcc Li2SO4 single crystal. The Euler angles (0', 6,
N) are 4=66 5, 0=39.0, and +=107 0. The x axis
represents the direction of the polarization of the incident
beam, the y axis (into the paper) represents the direction of the
scattered light, and the z axis represents the direction of the in-
cident laser beam.

Crystal (deg)

66.5
66.3
66.5

314.5
315.0
314.0

17.0
17.3
17.0
17.3

6
(deg)

39.0
39.0
39.0
36.0
36.5
37.0

298.5
298.0
299.0
298.0

(deg)

107
111
203
154
168
216
322
352

2
12

(deg)

88-190

95-255

292-32
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FIG. 2. Brillouin spectrum of fcc Li&SO4 at 938 K; R, L,
and T are Rayleigh, longitudinal Brillouin, and transverse Bril-
louin components, respectively.

ing in a material is the inelastic scattering of incident
light due to propagating thermal sound waves of which
there are three in a cubic crystal; the longitudinal and
the two transverse. The spectrum of a cubic crystal
therefore consists of a longitudinal doublet (L), which is
generally relatively strong, and two transverse doublets
(T~ and Tz), which often are considerably weaker in in-
tensity. In the present study the longitudinal I. and the
transverse T& components were observed in all spectra,
however, the transverse Tz mode could only be seen in
three of the spectra. In Fig. 2 a spectrum is shown in
which even the weak-intensity Tz doublet is present.
The most intense feature of the spectrum was the central
peak, the Rayleigh peak, due to elastic scattered light.
The intensity of the Brillouin components depend on the
magnitudes of the photoelastic constants, on the crystal
orientation, and on the temperature. A typical value of

the intensity ratio between the central component and
the longitudinal Brillouin components was 100:1. The
intensity ratio between the longitudinal and the trans-
verse TI components was typically 4:1 and between the
T& and Tz components about 3:1. Because of the high
contrast of the Fabry-Perot spectrometer when working
in triple pass the intense central component did not seri-
ously affect the Brillouin components, even though the
intensity difference was three orders of magnitude be-
tween the central line and the weak transverse modes.
The free spectral range (27.27 GHz) was chosen to get
overlapping of the longitudinal ( —17 GHz) modes in the
Brillouin spectra. The use of overlapping orders made it
easier to resolve the low-frequency and weak-intensity
transverse mode.

A striking feature of the spectra was the variation of
the frequency shift as the crystal was rotated, see Fig. 3,
where the observed frequency shifts for different crystal
orientations at a fixed temperature are given for each
crystal. This indicates a large elastic anisotropy of fcc-
LizSO4, see Sec. III B below. In order to determine the
temperature dependence of the elastic constants Bril-
louin spectra were recorded at the following tempera-
tures; crystal 1 was analyzed at 976 K, crystal 2 at four
different temperatures in the range 944 —1045 K, and
crystal 3 at 11 different temperatures in the range
889—1106 K. In Fig. 4 the temperature dependence of
the longitudinal and the transverse frequency shift for
crystal 3 is shown for a fixed crystal orientation.

The uncertainty of the Brillouin shift was estimated to
be 1% for the longitudinal mode, 2% for the transverse
mode T&, and about 3% for the weak Tz mode. The un-
certainties are the estimated overall errors which include
uncertainties in the shift position, the free spectral range
as well as errors introduced due to misalignments of the
optics.

18.0—
(a} (c}

16.0
o

o~~o

120-
M
Z
—10.0

~80-
S

6.0-
4.0

2.0—

120

(deg)

I I

160

I

200

I

80
I I

'l20

l I I

160 2OO

(deg)
240 28p

I

320 p

(deg)

I

4p

FICx. 3. Observed (circles) and calculated (solid lines) Brillouin shifts of fcc LizSO4 vs rotation angle 4 for (a) crystal 1 at 976 K,
(b) crystal 2 at 944 K, and (c) crystal 3 at 1085 K. The solid lines were calculated from the determined values of the elastic con-
stants.
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FIG. 4. Temperature dependence of the acoustic mode fre-
quencies in fcc Li&SO4 at fixed Euler angles ( +, 0, N );
4=17.2', 6=298, and +=292.

B. Elastic constants

The Brillouin data were used to calculate the elastic
constants of which there are three (C„, C,2, and C«)
for a cubic crystal. The method has been described in a
separate paper and is essentially the same as that used
by Stoicheff and coworkers. '" The analysis starts with
the Brillouin equation

II„=+2nko V„(q)sin(a /2)

which relates the frequency shifts of the scattered light
II„ to the acoustic velocity U„(q)=co„(q)/ q ~

. In Eq.
(1) n is the refractive index of the crystal, ko is the
length of the wave vector of the incident light in vacuo,
and o. is the scattering angle. The experimentally mea-
sured Brillouin shift Sl„ is equal to the frequency co„(q)
of the acoustic mode which is responsible for the scat-
tered light. The relationship between the adiabatic elas-
tic constants of a crystal and the frequency co„(q) of the
three acoustic modes propagating with wave vector q in
the crystal is given by

was obtained between the fit and the observed frequen-
cies as can be seen in Fig. 3. It is then to be noted that,
despite low intensities of the transverse modes, close
agreement is obtained even in the case of the two single
observations of the T2 mode [see Fig. 3(c)].

Figure 5 summarizes the results of the elastic con-
stants versus temperature and values are given as linear
functions of temperature in Table III. The absolute
values of the elastic constants are estimated to be accu-
rate to better than 1% considering the uncertainties in
scattering angle, temperature, density, and refractive in-
dex. The errors in the determination of the Brillouin
shifts and the orientation angle affect mainly the relative
value of the elastic constants. It is difficult to describe
this sort of uncertainty analytically since it depends on a
number of factors, for instance, of the accuracy in the
Euler angles 4', 6, N themselves, i.e., on the crystal
orientation. For this reason, the best estimate of the
effect of such uncertainties was to introduce deliberate
errors in the data and observe the change in the recalcu-
lated values of the elastic constants. The resulting inac-
curacy was estimated to be less than 5%.

The values of the elastic constants have been used to
determine the elastic wave velocities in principal symme-
try directions of the fcc phase of Li2SO4. In the calcula-
tions density data were obtained from structure parame-
ters which resulted in the following relation (in
kgm )

p =2313.07 —0.2752T, 853 (T ( 1123 K .

Results for the velocities in (100), (110), and (111)
directions as a function of temperature is given in Table
IV. The adiabatic bulk modulus B and the elastic an-
isotropy parameter 3 are readily derived from the elas-
tic constants according to the following equations

C11+2C12

3

2C44

C11 C12

i A;1 —pcs 6;i =0 (2)

where

and

A;~ =(C» —C«)q; +C44q for i =j (3)

A;, =(C,2+C«)q;q, for i &j (4)

where q; are the components in the crystal reference
frame of the acoustic wave vector q with q = g3, q; .

In the calculations q was specified by the Euler angles of
Table II, refractive index data were taken from Table I,
and a set of trial values of C», C12, and C44 were fed as
starting values into Eq. (2), i.e., a 3)&3 eigenvalue prob-
lem; as a result the three mode frequencies co„(q) were
generated. Calculated and experimentally measured
mode frequencies were compared and a least-squares fit
was computed for each crystal. Excellent agreement

24

~ 2.2
E

C&

20

18
Ca

1.6
C
O

14-
O

g 12

10
I

900

~Ox~

d &&~~/

44«d» p~$
I

1050 1100

O~~ d
p

I

1000

Temperature ( K )

950

FICx. 5. Experimental values of the elastic constants vs tern-
perature for fcc Li2SO4 from crystal 1 (squares), crystal 2 (tri-
angles), and crystal 3 (circles), respectively.
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TABLE III. Elastic constants (in 10' Nm ) of fcc Li2SO4
expressed by the equation C„=a +bT, where T is in K. The
temperature range is 889—1106 K.

Cnm

Ci2
C44

4.28+0.17
2.70+0.13
2.51+0.10

—10'b

2.2+0.16
1.0+0.18
1.4+0.12

]9

1.8o
E

j.7
Kl

Np

6~0~O p
6

The temperature dependence of the corresponding pa-
rameters are shown in Figs. 6 and 7. The elastic anisot-
ropy is a measure of the departure from perfect elastic
isotropy for which 3=1. The large and similar values
of Fig. 7 indicate that all the investigated crystals were
high-quality single crystals.

IV. DISCUSSION

j

900 950 F000 i050
Temperature ( K )

]]00

FIG. 6. Experimental values of the bulk modulus vs temper-
ature for fcc Li2SO4 from crystal 1 (squares), crystal 2 (trian-
gles), and crystal 3 (circles), respectively. Dashed line
represents a guide line.

A comparison of the present results with those of oth-
er solid electrolytes is limited by the few cases for which
absolute values of the elastic constants have been report-
ed, see Table V. Dorner, Windscheit, and von der Osten
have measured the elastic constants of AgBr in the
high-conductivity temperature range by means of neu-
tron scattering technique. " Although the accuracy of
their results is not better than 20% it can be seen from
Table V that the elastic constants are of the same order
as the corresponding values of Li2SO4. It shou1d be
pointed out that neutron data may differ by about 10%
from Brillouin results due to the distinction between first
sound and zero sound. This is, however, within the
accuracy of the neutron scattering results. Brillouin-
scattering techniques were used in the study of solid
SrC12 over a wide temperature range, from room temper-
ature over the diffuse transition range 900—1050 K to
the superionic conducting range above 1050 K. The
elastic constants for SrC12 at a temperature just above
the transition to the superionic phase are shown in Table
V. Also presented in Table V are recent results of the
elastic constants of AgI, obtained in the solid-electrolyte
a phase from Brillouin scattering measurements in this
laboratory. The results of Table V all show similar
values of the elastic constants for solid electrolytes.

Harley et al. have studied the Brillouin spectra of
several fluorite crystals which behave like solid electro-
lytes at elevated temperatures. The data presented in
their work are, however, the Brillouin frequency shifts
rather than the elastic constants, since a determination
of the elastic constants requires data for the refractive
index and density which are not accurately known for
these materials. The results, however, are interesting
from the point of view of the temperature dependence of
the elastic constants, see below.

In the present study a linear decrease in temperature
of the elastic constants was observed in the high-
conductivity high-temperature phase of Li2SO4. This is
in agreement with theoretical predictions for the behav-
ior of cubic crystals at high temperatures on the basis of
a quasiharmonic-anisotropic continuum model. In the
special case of a solid electrolyte the transition into the
high-conductivity phase is often characterized by a dras-

TABLE IV. Velocities of sound (in ms ') in high symmetry
directions of fcc Li2SO4 expressed by the equation v =a+bT,
where T is in K.

Direction

70

o 60
o
v) 50
Ca

40

~ 3.0
HAJJ

2.0

0~
o

0
00~~ 0 —-8

00 0

VT =VT
1 2

VT
1

VT
2

(1oo)
&11o)
(111)
(1oo)
(111)
&11o)
&11o)

4 588.4
5 483.9
5 729.4
3 632.5
2 786.0
3 681.6
2 351.8

1.369
1.638
1.694
1.290
1.192
1.337

1.325

900
I I

950 1000
Temperature ( K )

&050 ]100

FIG. 7. Experimental values of the elastic anisotropy vs
temperature for fcc Li2SO4 from crystal (squares), crystal 2 (tri-
angles), and crystal 3 (circles), respectively. Dashed line
represents a guide line.
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TABLE V. Elastic constants of some solid electrolytes.

Material
Elastic constants ( 10' N m )

C12 C44

Li2SO4
AgBr'
AgI
SrC12'

'Reference 11.
Reference 20.

'Reference 9.

2.3
3.0
1.5
3.5

1.8
2.2
1.3
1.9

1.2
0.8
0.6
0.5

tic change especially in one of the elastic constants,
namely C», while C&z and C44 are less affected. The
effect is demonstrated in the work of Catlow, Harley,
and Hayes on the fluorites. Here the transition to the
high-conductivity state is a smooth transition due to a
gradual occupation of interstitial lattice positions, which
are empty at low temperatures. For temperatures below
the range where the gradual occupation of the intersti-
tial position begins, the elastic constant C» of, for exam-
ple, BaF2 and PbFz, decreases linearly and then falls
dramatically. In the high-conductivity state C&& again
decreases linearly with the temperature. The same be-
havior is observed for SrClz. The drastic change of C»
in the transition range may be due to the dynamic disor-
der in a solid electrolyte, represented by a molten sublat-
tice of mobile ions. Subbaswamy' and Huberman and
Martin have predicted the existence of an interaction
between the diffusing ions and an acoustic wave in solid
electrolytes. This interaction is capable of altering the
frequencies, width, and intensities of the Brillouin-
scattering peaks in a manner which is well known from
the similar problem of acoostic and molecular reorienta-
tion coupled modes in solids. ' ' The change in the
bulk modulus observed in the fluorites is consistent
with this type of coupled-mode behavior. For the fluor-
ites the softening of the longitudinal mode is possible to
observe due to the gradual transition to the conducting
state. Csradual transitions also occur for SrC12 (Ref. 9)
and AgBr

The situation is different for lithium sulphate, where
there is a first-order phase transition between the mono-
clinic temperature phase and the highly conductive
phase. To our knowledge, the elastic constants have nei-
ther been studied for the room-temperature phase of
LizSO4 nor for the room-temperature phases of similar
systems, e.g. , sodium sulphate. It is, however, possible
to estimate the order of magnitude for the elastic con-
stants of the room-temperature phase of Li2SO4 from the
general systematics that can be found from numerous
studies of other ionic compounds. ' It is found that
the elastic constants decrease with increasing mass of the
cation or anion and with reduced cation charge. Also,
polyatomic anions have larger elastic constants than
monoatomic ones. From comparisons with data one
might expect that the elastic constants of the room tem-
perature phase of Li2SO4. are of the same order as those
of, say, SrSO4, for which the elastic constants are report-

ed to be 10.4&10', 7.7)&10', and 1.4&(10' Nm for
C», C&2, and C44, respectively. Extrapolating the values
of the elastic constants found in the present study for
Li2SO4 to room temperature gives 3.5&10', 2.4~10',
and 2.1&(10' N m for C», CI2, and C44, respectively,
i.e., C» and C&2 are considerably lower than those of
SrSO&. Thus it is suggested that the same behavior is
present in LizSO4 as in the fluorites discussed above, i.e.,
there is a correlation between low elastic constants and
the dynamic disorder of a solid electrolyte.

In the case of fcc LizSO4 it is of interest to compare
with other cubic crystals which are also characterized by
plastic behavior. A plastic phase is generally observed
to have a low entropy of fusion and a high degree of
translational and rotational disorder. ' Also, it is
found that optical spectra from plastic phases tend to
closely resemble the equivalents of the liquid states.
The high-conductivity fcc phase of Li2SO4 is definitely
characterized by each of these properties, as discussed in
the following paragraph.

The heat of fusion is certainly small, whereas the
phase transition to the high-conductivity phase involves
an extremely high heat of transformation, roughly three
times that of melting. Both translational and rotation-
al modes are definitely observed in Li2SO4, in this case
due to diffusing Li" and rapidly reorienting sulphate
ions. " The cations are very mobile and responsible for
the high conductivity of the plastic phase. High-cation
mobility has also been observed in other sulphate crys-
tals for such large species as K+ and Rb+, which has
lead to speculation that the cation diffusion is coupled to
the anion rotation. Then the unusually large activation
energy for cation diffusion found for the sulphate based
solid electrolytes can be explained by the similar activa-
tion energy of SO4 rotation as obtained from Raman
measurements. ' The optical spectra of the liquid and
the plastic phase are certainly very similar in the case of
Li2SO4, as already reported from previous Brillouin
and Raman' scattering studies from this laboratory.
Moreover, the Brillouin spectra reveal a distinct jump in
the longitudinal frequency shift at the phase transition to
the molten phase, which has also been observed for
many other plastic single crystals.

In Table VI some values of the elastic constants and
the anisotropy for other cubic plastic crystals are
given together with present results for Li2SO4. Al-
though the elastic constants differ considerably, by more
than an order of magnitude, the elastic wave velocities
are, due to the different densities, comparable. What is
more significant is then to compare the values for the
elastic anisotropy since here the density effects are can-
celed. The present results show, in contradiction to oth-
er plastic crystals with the exception of solid methane, a
large value of anisotropy. This reflects large differences
of the acoustical wave velocities in different crystal
directions, see Table IV and Fig. 3 ~ The longitudinal ve-
locity varies more than 20% from its highest value
( ( 111) direction) to its lowest value ( ( 100 ) direction).
The corresponding difference between the highest and
lowest velocity value for the T& mode is more than a fac-
tor of 2.5. The largest longitudinal value differs by a
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TABLE VI. Elastic constants and anisotropy of some cubic plastic crystals.

Material
Temperature

(K)

Elastic constants
(10 Nm )

C iz C44

Elastic
anisotropy

y-oxygen'
Cyclohexane'
Pivalic acid~
Succinonitrile'
CH4
L12SO4

'Reference 43.
Reference 44.

'Reference 45.
dReference 46.

54
279
298
293
90

920

2.60
2.86
3.30
5.07
1.96

23.0

2.06
2.47
1.46
3.54
1.45

18.0

0.28
0.36
0.64
0.65
0.92

12.0

1.02
1.86
0.69
0.85
3.6
4.8

factor of more than 4.5 from the lowest transverse value.
The temperature dependence of the elastic anisotropy of
Li2SO4 is shown in Fig. 7. The observed increase
( —30%) as temperature is increased is in accordance
with observations in other solid electrolytes, such as
AgBr, SrC12, and the fluorides. The result shows that
near the melting point the softening of the lattice is
more pronounced for certain directions.

It is interesting to note large values for the elastic an-
isotropy in both solid methane and fcc LizSO4, see
Table VI, since these materials in several respects show a
similar behavior. Among the properties in common are
the tetrahedral structure of the sulphate ion and the CH4
molecule as well as the fcc structure of their lattice.
Moreover, reorientation motions, as observed for the sul-
phate ion, have also been proposed for the methane mol-
ecule in solid methane. Rand and Stoicheff' have cal-
culated the ratios of the wave velocities in different
high-symmetry directions for CH4 in order to compare
these ratios with the corresponding ratios of the rare-gas
solids. ' In Table VII those ratios of argon and methane
are compared with the corresponding ratios of Li2SO4.
It is apparent that the ratios vL /v T are in close agree-
ment for these solids with the exception of vI /vT in the

1

(110) direction. In this direction the difference between
the ratios for argon and CH4 and for argon and Li2SO4
is 20% and 30%%uo, respectively. This anomaly is due to

TABLE VII. Ratios of sound velocities in high-symmetry
directions of some fcc crystals.

the low values of the T, (110) velocity mode in both
CH4 and Li2SO4. For CH4, molecular-dynamics simula-
tion studies, based on potentials which ignore angle-
dependent interactions between the molecules, show that
the observed values of the velocities cannot be repro-
duced in these calculations. The same inadequacy has
been encountered in the treatments of another molecular
solid, namely P-nitrogen. For both materials it was
concluded that the effect is due to a rotation-
translational coupling which, according to theories,
lowers the value of the sound velocity. Considering the
similarities between Li2SO4 and CH4, it is apparent that
the same coupling may occur in Li2SO4. The extremely
low value of the T, ( 110) transverse velocity mode may
therefore be explained by an interaction between trans-
verse mode oscillations and reorientations of the sul-
phate ion.

V. CONCLUSIONS

The elastic constants and their temperature depen-
dence in single crystals of solid electrolyte Li2SO4 have
been accurately determined in the fcc high-temperature
high-conductivity range. Comparisons with low-
conductivity sulphate crystals reveal low values of the
elastic constants which reflects the extreme disorder of
the superionic conducting phase of Li2SO4. Compared
to other plastic crystals, an unusually large elastic an-
isotropy was observed. The effect is interpreted as being
due to a rotation-translational coupling between different
modes of motions in the solid, in accordance with simi-
lar observations of anomalously slow propagation of
transverse acoustic modes in other solid-rotor phases.

Material

Argon'
CH4
Li2SOg

'Reference 14.
Reference 46.

(1oo)
VL /VT

1.46
1.46
1.42

( 111 )
VL /VT

2.27
2.44
2.60

(110)
VL /VT~

1.66
1.69
1.69

(11o)
VI. /VT1

2.75
3.2
3.6
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