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Elastic constants of a superionic a-Agl single crystal determined by Brillouin scattering
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For the first time Brillouin scattering experiments on single-crystal a-Agl have been performed.
The spectra reveal all three acoustic modes of a cubic crystal, without any observable damping of
the transverse modes in contrast to neutron scattering observations. The elastic constants were
determined by fitting the observed Brillouin frequency shifts to the solutions of the dynamical
equations for a cubic crystal of arbitrary but known orientation; the orientation relative to the
light scattering configuration was established by transmission Laue x-ray diA'raction. The obtained
elastic constants, C» ——1.48, C» ——1.29, and C44 ——0.63 in 10' Nm, are noticeably small com-
pared to those of low-conductivity P-Agl. The results rellect the disordered structure of a-Agl
and are typical values of superionic conductors. The value of C44 is similar to those of other
Ag+-conducting systems, i.e., AgCl and AgBr, while C» —C» is much smaller for a-AgI, in sup-

port of a suggested structure-related model to explain the high conductivity. Indications of a
structural transition were found in a temperature range around 640 K, i.e., in the range of a pro-
posed cationic order-disorder transition. This is demonstrated by the behavior of the longitudinal

mode, which rapidly decreased in frequency, accompanied with increased intensity and increased
linewidth in the proposed transition range.

I. INTRODUCTION

Ionic conduction is well known in crystalline solids
(for a review, see Ref. 1), and both cations and anions
can carry current in certain circumstances. The materi-
als are called superionic (or solid electrolytes) if the con-
ductivity is comparable to that of liquid electrolytes
( —10 ' —10 Q ' cm '). Such a high ionic conduction
may either be of the "point-defect" or the "molten-
sublattice" type of mechanism. In the former, transport
is through thermally generated Frenkel or Schottky de-
fect pairs and conduction is therefore thermally activat-
ed; in the latter the number of ions of a particular type
is less than the number of available sites in their sublat-
tice and therefore a large number of ions are able to con-
duct with lower activation energy than for the defect
process. Among the superionic conductors a-AgI has
been the most extensively studied (for a review, see Ref.
2). It is regarded as the archetype of cationic conduc-
tors of the molten-sublattice type with an excellent con-
ductivity and it is often used as the model substance in
theories of solid electrolytes. ' The present study is de-
voted to a single-crystal Brillouin scattering study of a-
AgI to investigate its elastic properties and determine
the elastic constants.

So far, there are no reported data of measured elastic
constants of a-AgI in the literature. Therefore, in
theoretical models, either extrapolated values from a
lower-temperature phase (y-Agl) or estimated values
from other Ag halide systems have been used in the cal-
culations. An experimental determination of the elastic
constants requires single crystals, which normally are
cut, polished, and oriented at room temperature before

measurements. Lacking data for a-AgI is therefore
probably due to experimental difficulties; in the case of
a-AgI the crystals have to be grown and oriented at
elevated temperatures, since the superionic phase exists
in the temperature range 420 —828 K, and the high-
conductivity phase cannot be reached from the lower-
temperature phase without cracking the crystal. Furth-
ermore, arbitrary but known crystal orientations have to
be employed, since it is difficult to impose a direction on
the crystal growth in a sample cell, which is necessary
for higher-temperature measurements.

In the present study we describe a technique for deter-
mining the elastic properties from light scattering studies
of arbitrarily grown high-temperature single crystals.
The method has also been used for determinations of the
elastic constants of another single-crystal solid electro-
lyte, namely fcc-Li2SO4. It is based on the Brillouin
scattering technique. The data-analyzing method is that
adapted by Stoicheff and coworkers in their studies of
low-temperature rare-gas single crystals.

AgI undergoes a first-order transition from a normal
ionic conducting phase (P-Agl, wurtzite) into a highly
conducting phase (a-Agl, cubic) at 420 K (see Table I
for a-Agi data). At the transition the ionic conductivity
increases abruptly four orders of magnitude to 1.3

' cm ' and thereafter there is a smooth increase to
the maximum value of 2.6 0 ' cm ' at the melting
point at 828 K. Then, in the melting process, the ionic
conductivity decreases, which is a peculiarity of AgI.
The conducting phase is body-centered cubic
(Oh-lm3m), with two iodine ions at the corners and
body-centered position, and the two silver ions are ran-
domly distributed over the 12 d sites of tetrahedral
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TABLE I. Physical constants of a-AgI.

Molecular weight (g)
Transition temperature (K)'
Melting temperature (K)'
Density of 613 K (10 kg m )

Lattice constant at 573 K (A)
Refractive index (at 613 K and 6471 A)

232.8
420
828

5 ~ 89
5.089
2.33

'Reference 37.
Reference 35.

iodine coordination' ' (which is also the coordination
in the low-temperature wurtzite phase, see Fig. 1). Thus
each Ag+ has six equivalent sites available. Motions be-
tween these sites occur via the 24 h trigonal sites while
the octahedral 6 b sites are empty. ' ' The large
amount of available sites and the open structure may
well explain the low activation energy (-0.1 eV) (Ref.
15) and the unusual conductivity characterizing this
highly disordered phase.

The transition of the low-conductivity P phase into
the high-conductivity a phase has been discussed in the
terms of lattice forces, where decreasing values of the
elastic constants play an important role. It has been ar-
gued that AgI in its P phase has an ionicity that is very
near the stability limit. ' ' As the transition from the
covalent bonding of the P phase to the ionic bonding of
the n phase is approached, the elastic constant
(C~~ —C, q )/2 approaches zero, indicating a lattice insta-
bility owing to vanishing of the bending force con-
stant. ' ' The hexagonal iodine sublattice of the P
phase can be transformed into a slightly deformed bcc
lattice of the a phase by a low-lying optical mode ob-
served by inelastic neutron scattering. ' This is because
only a small amount of energy is required in the reorgan-

ization of the iodine sublattice, since the bending force
constant of the P phase is very small. Recently, it has
been shown that interaction potentials of the long-range
Coulomb type, with integer ionic charges and which ex-
hibit very strong van der Waals interaction, explain well
the observed small elastic constant C44 in other silver
halide systems (AgC1) and AgBr), ' as well as the viola-
tion (C~4&C,2) of the Cauchy relation. A small value
of the elastic shear constant C44 generally leads to a low
value of the activation energy for defect motion. This is
therefore suggested to give an important contribution to
the high ionic conductivity, observed in the silver halide
systems. ' ' In other superionic materials, a dramatic
softening of the elastic constant C&& has been found as
the phase transition is approached, which has been
related to the dynamic disorder and the melting sublat-
tice of mobile ions of the high-conductivity phase. From
the above it is clear that there are many reasons and a
considerable interest in accurately determined elastic
constants of a-AgI.

Much attention has been focused on the dynamics of
the Ag ions in a-AgI ' ' ' and their interactions with
the rigid iodide "cage." ' The hydrodynamics of the
liquidlike Ag+ sublat tice has been predicted using a
model of a crystalline cage immersed in a viscous liquid.
From the absence of transverse modes in a Brillouin
scattering study of a-AgI by Sasaki et al. , it has been
argued that there is a strong interaction between
diffusing Ag ions and acoustic transverse phonons. Con-
trary we have previously demonstrated the existence of
transverse acoustic phonons in Brillouin spectra of
unoriented a-AgI single crystals. These observations
were obtained at a temperature of 563 K. However,
there are several experimental indications of a subse-
quent order-disorder transition of the cation sublattice
occurring at higher temperatures ( —670—700 K).
One of the aims of the present study is therefore to ob-
tain Brillouin spectra across the predicted transition.
Apart from being used in the determinations of the elas-
tic constants, the spectra will then by themselves reveal
any anomaly in the longitudinal and the transverse
modes as well as in the phonon propagation at the pre-
dicted transition temperature.

II. EXPERIMENTAL METHOD

In a Brillouin-scattering determination of the elastic
constants of a-AgI, the major difficulties are the require-
ment of single crystals, grown and kept at high tempera-
tures, as well as the necessity of using a high-resolution
light scattering technique. The method used to grow
and orient high-temperature single crystals and the Bril-
louin equipment employed is described below.

A. Single-crystal preparation and x-ray apparatus

FICx. 1. High temperature cz phase of AgI. Large circles
represent the I bcc lattice. Possible sites of Ag+ are shown
on the front face for the 6 b (closed circles) sites, for the 12 d
(open circles) sites, and for the 24 h (open triangles) sites.

In a conventional Brillouin-scattering experiment for
determining the elastic constants of a crystal, the
scattering wave vector q is directed along a high-
symmetry direction of the crystal. This was not possible
due to experimental difficulties in case of a-AgI since it
only exists at elevated temperatures 420 —828 K and sin-
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FIG. 2. Brillouin-scattering apparatus.

gle crystals of a-AgI have to be grown from the melt.
Passing a P-Agl single crystal, grown at room tempera-
ture, through the first-order P-a phase transition at
147 C results, unfortunately, in crystal cracking due to
large volume changes at the transition. The crystals
were therefore grown in sample cells, cylindrical in
shape, in which it was difficult to impose a direction on
the crystal growth. Since the scattering vector is fixed
by the experimental geometry, the orientation of the
crystal must be determined relative to the laboratory
reference frame. This was accomplished by x-ray
diffraction. The Brillouin-scattering experiment is then
performed with a scattering vector in an arbitrary but
known crystal direction. A fitting procedure, described
in Sec. III, therefore had to be used to determine the
elastic constants from the Brillouin frequency shifts and
the crystal orientation.

The furnace was especially designed for growing single
crystals and performing Brillouin-scattering studies and,
at the same time, allowed x-ray analyses to be made.
The position of the furnace and the geometry of the
scattering experiment is shown in Fig. 2 and a cross sec-
tion of the furnace can be seen in Fig. 3 ~ It is made of
two ceramic tubes which fitted into each other. The di-
ameter of the inner tube is 10 mm and a track is ground
on the outside in order to support the heating coil. The
space between the outer tube and the water-cooled brass
mantel is filled with insulating material. The furnace
was constructed with several openings. The conical
opening (outer diameter 25 mm) situated on the cylindri-
cal wall permits x-ray analysis of the crystal. The diam-
eter is a compromise between, on one hand, a large
opening allowing many Laue diffraction spots for easy
determination of crystal orientation and, on the other
hand, a small opening to prevent unnecessary heat loss.
Opposite to the conical opening is a 5-mm-diameter port
for the entrance of the collimated x-ray beam. The colli-
mator defines the reference axis of the x-ray apparatus as
well as that of the light scattering apparatus and the op-
tical system was aligned with a laser beam that passed
through the collimator. This is essential since the refer-
ence axis is the link between the Laue photos and the
Brillouin spectra. The light port of the incident laser
beam, at the bottom of the furnace, is closed by an
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FIG. 3. Scattering cell and cross section of the furnace.

optical-Hat fused-silica window. The scattered light is
collected at an angle of 90 by using the conical opening,
which is then partially closed by a metal disc with only a
4-mm-diameter opening to reduce unnecessary heat
losses during the Brillouin-scattering experiments. A
cell holder is placed on top of the furnace and it consists
of a rotatable brass tube with a pointer that indicates the
angular position of the cell on a 360 scale. The accura-
cy of the pointer is about +0.3'. Rotations of the sample
cell permit Brillouin spectra to be obtained for different
crystal orientations, a capability essential for the deter-
mination of the elastic constants.

The temperature was measured by a calibrated ther-
mocouple attached to the upper part of the crystal inside
the sample cell. The temperature stability at the scatter-
ing point was better than +2 K during a measurement
running for several hours. The temperature gradient in
the middle part of the furnace, caused mainly by the
conical opening, was checked by measuring the tempera-
ture at different points along the vertical axis inside the
furnace over a distance of 15 mm at the melting temper-
ature of AgI (828 K). It was found to be about 10 K
with the metal disc covering the conical opening and 15
K without the metal disc. This temperature gradient
was in fact used for the growth of the crystal, see below.

Sample cells were made of Vycor tubes of two
different sizes; one with a 9 mm diameter, the other with
an inner diameter of either 2 or 3 mm, see Fig. 3. A
quartz window of the same size as the inner diameter of
the thin tube was used as a light port for the incident
light at the bottom of the cell. The 9 mm diameter tube
was sufficiently long, =200 mm, to be rotated from the
outside of the furnace which allows different angular set-
tings of the crystal. The 2 mm (or alternatively 3 mm)
diameter tube, 15 mm long, constituted the scattering
cell. The sample cells were carefully cleaned with ul-
trasonic equipment, which was essential both for the
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single-crystal growth and for reducing parasitic scatter-
ing. The sample cell was filled with a 1-mm layer of
powder AgI (Riedel de Haen). Then the temperature
was raised to just above the melting point. After cooling
to about 800 K more powder was filled and melted
again. This procedure was necessary in order to avoid
air bubbles in the crystal and it was repeated until a
clear melt of approximately 5 —6 mm height was ob-
tained. The crystal was grown by a modified Bridgman
technique, i.e., by moving the molten material in a tem-
perature gradient. Then the gradient caused by the con-
ical opening in the furnace was used. Hence, when a
crystal was grown, the temperature at the center of the
furnace was about 823 K and 15 mm above it was about
838 K. The cell was placed 15 mm above the center and
lowered with a speed of 5 mm per hour into the central
part of the furnace. The grown crystals were cylindrical
in shape, 2 or 3 mm in diameter, 5 —6 mm long, and of
good optical quality. The color of the crystals was red
near the melting point and it gradually changed to pale
yellow when decreasing the temperature to near the a-/3
transition.

The orientation of the crystal relative to the light
scattering geometry, as well as the single crystal quality
of the sample, were determined by means of the
transmission Laue x-ray diffraction method. A standard
Philips x-ray equipment with a tungsten tube operating
at 60 kV and 16 mA was used. The diffraction pattern
was recorded on a Polaroid type-57 film held in a Po-
laroid XR-7 cassette. The distance between the crystal
and the film was 75 mm. To ensure that the collimator
was directed to the center of the film, a second collima-
tor was used and held in a track adapter fitting the Phi-
lips x-ray equipment. The collimator was also used to
align the optical system since its axis coincided with the
axis of the Brillouin-scattering optics.

Two single crystals were grown for light scattering
studies. Due to the large x-ray absorption of AgI no
diffraction spots were obtained for the larger crystal, i.e.,
crystal 1 of diameter 3 mm, despite very long exposure
time and trials with different rotation angles. However,
for crystal 2, which had a smaller diameter of 2 mm, five
Laue photographs taken at five different rotation angles
(in steps of 10 ) showed 5 —8 distinct diffraction spots.
These photographs were analyzed to yield the orienta-
tion of the crystal axis with respect to the laboratory
reference frame. The orientation is expressed in terms of
the Euler angles (4, e, 4) as defined by Goldstein. An
advantage of choosing the Euler angles is that when ro-
tating the sample cell for different crystal settings, only
one angle is changed, namely N, the others being fixed.
The Euler angles, calculated from the different Laue
photographs, are presented in Table II. The uncertain-
ties in the determination of the angles were estimated to
be 2, which include the effect of a slight precession of
the cell upon rotation.

B. Brillouin apparatus

TABLE II. Crystal orientation as specified by the Euler an-
gles for two AgI single crystals. In case of crystal 1

specifies the angels at which Laue photographs were taken.

Crystal (deg)

0
340
350

0
10
20

(deg)

—1.7
—18.0
—19.5
—19.2
—18.5
—17.5

6
(deg)

28.7
29.0
29.0
28.5
30.0
31.0

(deg)

—2.4
129.0
120.5
109
99
87,5

—10
I

—5 0 5

Frequency shi ft (GHZ )

10

krypton laser was used. Red light is necessary in a tem-
perature study of a-AgI since the color of the crystal
change from being yellow just above the transition tem-
perature to dark red close to the melting point. The
laser output power was reduced to approximately 200
mW for all measurements to minimize photoreduction of
Ag in the sample. The laser was operating in a single-
frequency mode by using a thermally stabilized etalon in
the cavity. Stabilization was essential since in some
cases accumulation times of the spectra of several hours
were necessary and thermal mode drifts would cause
unacceptable loss in resolution. The laser light was in-
cident along the vertical axis of the sample cell and scat-
tered light at an angle of 90' was analyzed by a Fabry-
Perot interferometer (Burleigh model RC-110).

In the present study, triple passing of the Fabry-Perot
interferometer was used in order to resolve the trans-
verse modes in the Brillouin spectra, which otherwise
are totally obscured by the large Rayleigh peak, for a
typical spectra see Fig. 4. This is a general problem for
light scattering measurements in solids, i.e., an intense
Rayleigh peak close to weak Brillouin peaks, and a way
to increase the contrast of the signals is to use multipass
interferometry. Moreover, multipassing increases the in-
strumental resolution (by a factor of two for triple pass-
ing), which is related to the finesse F of the Fabry-Perot
spectrometer. Other factors which influence the finesse
are the mirror flatness and parallelism, the mirror

A schematic diagram of the experimental equipment is
shown in Fig. 2. As a light source the emission at 568.2
and 647. 1 nm from a Spectra Physics model 165-00

FICx. 4. Brillouin spectrum of a-AgI at 613 K; R, L, and T
are Rayleigh, longitudinal-Brillouin, and transverse-Brillouin
components, respectively.
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reflectivity, and the size of the pinhole aperture A z. For
an optimum combination of resolution and light gather-
ing power, the latter three contributions to the instru-
mental function should be equal ~ In the present study a
200-pm pinhole was used, the mirrors were flat to A, /200
and dielectrically coated for a reflectivity of 93%%uo and
600 nm. The value of the reflectivity was chosen to fit
the triple-pass unit. The measured total instrumental
finesse for the triple-pass system was above 30 for all
measurements. The interferometer was stabilized for
frequency drift of the laser and cavity drift of the inter-
ferometer (cavity stabilization) as well as for parallelism
of the interferometer mirrors (finesse stabilization).
Three different mirror settings were used corresponding
to free spectral range of 25.46, 16.78, and 15.14 GHz, re-
spectively; 25.46 GHz was chosen to record the longitu-
dinal mode and the other settings to resolve the trans-
verse modes.

The detection system consisted of a cooled ITT-FW-
130 photomultiplier tube and photon-counting electron-
ics with a dark current of less than five counts per
second. The signal was stored in a multichannel
analyzer (Tracor Northern 1705).

The spectrometer axis was defined by directing a He-
Ne laser beam (see Fig. 2) through the x-ray collimator
and using the beam for correct setting of lenses and
apertures. This axis defined the y axis of the laboratory
reference frame. The exciting Kr+ laser beam was then
aligned to intersect the y axis at the scattering point at
an angle of 90', i.e., parallel to the z axis of the laborato-
ry coordinate system.

III. DATA ANALYSIS METHOD

q=+(k; —k, ) . (2)

The frequency cp (q) of the acoustic mode responsible for
the scattered light is equal to the experimentally mea-
sured Brillouin shift 0, for which the usual Brillouin
equation holds, i.e.,

The elastic constants, which in the case of a cubic
crystal are given by the three independent constants C»,
C&z, and C44, were obtained from the measured Brillouin
frequency shifts. The calculations are based on the
theory for scattering of light from thermally excited
sound waves in cubic crystals presented by Benedek and
Fritsch. The method, summarized below, is essentially
the same as that used by Stoicheff and coworkers in their
light scattering study at low temperatures on rare-gas
single crystals.

It is the fluctuations in the dielectric constants of a
medium which give rise to scattered light. In Brillouin
scattering these fluctuations are due to thermally excited
propagating elastic waves, which can be represented by
the equation

ll&: ll pj exP [i ( q. r tP t )]—
describing plane and monochromatic waves. The acous-
tic wave vector q is then related to the wave vectors of
the incident and the scattered light, k; and k„respec-
tively, according to

0=+2n sin(a/2)U(q)
A o

(3)

The relationship between the adiabatic elastic constants
of the crystal and the frequency shifts in the Brillouin
spectrum is then given by the secular equation

iA,, —pQ 5;, i

=0
with three positive roots Q„(q), @=1, 2, and 3, corre-
sponding to the two transverse modes T& and T2 and the
longitudinal mode L, respectively. It should be noted
that it is only in the high-symmetry directions (100),
(110), and (111) that the modes can be described as
purely transverse or longitudinal; in all other directions
the polarization is mixed, however, being either predom-
inantly longitudinal or transverse.

From the equations given above, it is obvious that for
known components of q in the crystal reference frame,
and for known elastic constants the Brillouin shifts can
be determined directly. However, it is the inverse prob-
lem which must be solved; from experimentally mea-
sured Brillouin shifts the elastic constants should be
determined. In general it is not practical to solve the
equation in closed form because of the necessity to invert
the diagonalization of A, ;J. This can be done for the spe-
cial case when q is parallel to one of the principal sym-
metry directions. In the present work, however, it was
not possible to orient the crystal according to the labora-
tory reference frame. For a correct calculation of the
elastic constants, Eq. (8), i.e, the 3&&3 eigenvalue prob-
lem, has to be solved. This was accomplished by a com-
puter program using a least-squares fitting routine, start-
ing with a set of trial values of the elastic constants,
which were then adjusted in order to obtain the best
agreement between the calculated and observed Brillouin
shifts.

IV. EXPERIMENTAL RESULTS

A. Briliouin spectra

Two a-AgI single crystals were investigated by Bril-
louin scattering and a typical spectrum, obtained at 613

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

~ q ~

. » Eq. (3)
n is the refractive index of the crystal, ko is the wave-
length of the incident light in vacuo, and a is the
scattering angle. For an adiabatic propagation of the
acoustic wave the equations of motion can be written

(A, ,
—pcs 5;j )up, ——0,

where 6;z is the Kronecker 6 function, p is the density of
the crystal, and A, ;j are given by

~'j (C11 C44)ql +C44q (l j)
A, ; =(C,2+C4 )q;q- (i&j) .

q; are the components of the acoustic wave vector q in
the crystal reference frame with

3
2 g ~2
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K, is reproduced in Fig. 4. The figure shows all three
Brillouin components as expected from a cubic crystal; a
strong longitudinal mode (L) and two transverse com-
ponents (T, and Tq) of considerably weaker intensity.
Both crystals were observed in a range of crystal orienta-
tions by rotating the sample around the vertical axis of
the sample cell, see Fig. 3. In total 102 spectra were ob-
tained. The longitudinal component was present in all
recordings, the T& mode in all but four of the spectra,
and the T2 mode only in 27 spectra. The intensities of
the different components depend on crystal orientation
and on temperature, see Sec. V.

Spectra were recorded for a full rotation of 360' at
about 10' intervals. The measured frequency shifts of
the Brillouin components are shown in Figs. 5(a) and
5(b) for crystals 1 and 2 obtained at a temperature of 563
and 613 K, respectively. Large variations in the fre-
quency shifts with crystal orientation are observed which
indicate that the single-crystal samples are characterized
by a high degree of elastic anisotropy. The temperature
dependence of the frequency shifts was obtained in the
range 455 —789 K from crystal 2 for two different crystal
orientations specified by an Euler angle of N of 128' and
19, respectively. Results for the longitudinal and the
transverse T

&
frequency shifts are shown in Fig. 6. A

dramatic change at about 640 K in the linear (within the
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(a) FIG. 6. Temperature dependence of the acoustic mode fre-
quencies in a-AgI at two different crystal orientations
represented by Euler angles (+, 0, N) of ( —18.5, 29.5, 128')
and ( —18.5', 29.5, 19), respectively. Longitudinal shifts are
shown in (a) and transverse T& shifts in (b).
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experimental error) temperature coefficient of the longi-
tudinal frequency shift is recorded. No such effect is ob-
served in case of the transverse frequency shift.

Each frequency shift is the average of at least 5000
sweeps during a scanning time of about 20 minutes.
However, the recordings of the weak transverse modes
often required longer scanning times which therefore in
some cases were extended to about two hours. The inac-
curacy of the measurements of the frequency shifts
varied from about 1% for the most intense components
to about 5% for the weakest transverse modes.

B. Elastic constants

2.0

I I l I I I I l

200
~ (deg)

300

FIG. 5. Observed Brillouin shifts of a-AgI vs rotation angle
N for (a) crystal 1 at 563 K and (b) crystal 2 at 613 K. Longi-
tudinal shifts are represented by, transverse T 1 by G, and
transverse T2 by E. Solid lines represent calculated fits from
the determined values of the elastic constants.

For a given set of trial values of the elastic constants,
the frequencies of the acoustic modes were calculated
from Eq. (8) for all orientations of the crystal at which
Brillouin spectra have been recorded. The calculated
values of the acoustic-mode frequencies were compared
to the corresponding experimental frequency shifts and a
fit was obtained for each crystal by the method of
minimizing the sum of the squares. In these calculations
a value of the refractive index was needed. There is, to
our knowledge, no data in the literature of the refractive
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index of bcc-AgI which therefore was measured in our
laboratory. A thermooptical method was used which is
based on interferometry and which has been described
previously. The result for A. =6471 A and T =613
K is presented in Table I. A slight wavelength depen-
dence was observed in the yellow-red wavelength range
at the temperatures of the present study; the refractive
index being about 2.34 for the wavelength 568.2 nm used
in the study of crystal 1 at a temperature of 563 K.

Density data were obtained from structure parame-
ters, ' which resulted in a temperature dependence of
0.58 kg m K ' in the range of interest. The calculated
value at 613 K is presented in Table I. Other input data
needed are the components q [see Eqs. (5) and (6)] which
were obtained in the reference frame of the crystal by us-
ing the Euler angles. The latter could be calculated for
crystal 2 for which the crystal orientation was estab-
lished by x-ray diffraction (see corresponding Euler an-
gles of Table II). Table III summarizes the results of the
elastic constants obtained for crystal 2 by using Brillouin
data for all observed crystal orientations. The resulting
frequency fit from the minimizing procedure is shown in
Fig. 5(b), where solid lines represent the theoretical value
based on the elastic constants of Table III. Close agree-
ment is obtained for all crystal orientations. The abso-
lute values of the elastic constants are estimated to be
accurate to better than 4% considering uncertainties in
scattering angle, temperature, density, and refractive in-
dex as well as the errors in the determination of the Bril-
louin shifts and the Euler angles.

In case of crystal 1, i.e., the larger crystal, the orienta-
tion could not be determined by the Laue technique due
to the large x-ray absorption of the crystal. Therefore,
in these calculations not only the elastic constants but
also the Euler angles were used as free parameters in the
minimizing procedure. These calculations were there-
fore interesting in themselves since they served as a test
of the reliability of the Brillouin technique as a possible
method for determining elastic properties of unoriented
crystals. The results of such calculations are C&& ——1.5,
C&2 ——1.1, and C44 ——0.7 expressed in 10' Nm . These
results correspond within 1% in case of C&&, 6% for
C44, and 13% in case of C&z, to the results of crystal 2,
for which the orientation is known. The larger uncer-
tainties of the C&2 values are explained by the weak in-
tensities of the transverse modes. The results imply that
unoriented crystals can readily be used provided there

are enough measurements obtained at different crystal
orientations. The resulting Euler angles of crystal 1 are
shown in Table II.

Several quantities directly related to the elastic con-
stants were calculated: The bulk modulus B
=( —,')(C&&+2C&2), the elastic anisotropy 3 =2C44/
(C, ~

—C&2), and the velocities of sound in high symme-
try directions. The results are given in Tables III and
IV.

V. DISCUSSION

A. Transverse mode

Without any further analyses of the Brillouin data ob-
tained on a-AgI, the spectra in themselves explain
several aspects discussed in theories of solid electrolytes,
in which data of o;-AgI often are used for numerical es-
timations of predicted behavior. ' The dynamics have
been discussed in terms of an interaction between a
charged liquid of mobile ions (Ag+) and a rigid crystal-
line (I ) cage. It has been proposed that this interaction
causes the transverse phonons of the cage to couple via
inertial forces to the viscous ion current and as a result
damping of the transverse-acoustic modes should be ob-
served. In fact, neutron scattering studies of single crys-
tal a-AgI (Ref. 39) report an extremely large linewidth
observed for the transverse-acoustic phonon modes at a
frequency of about 18 cm '. Also, in Brillouin scatter-
ing from a-AgI the absence of transverse modes has
been reported and interpreted as being due to a strong
interaction between the diffusion motion of Ag+ and the
propagating transverse-acoustic wave.

The present study, however, reveals both the T& and
T2 transverse modes which were also observed in the
preliminary study of unoriented single crystal a-AgI of
this laboratory. The latter measurements were per-
formed at a temperature of 563 K, i.e., below the tem-
perature of a possible order-disorder-like transition
which has experimentally been observed around 670 K
as a singularity in the specific heat, a change in the ac-
tivation energy of the ionic conductivity, and a de-
crease in the Raman intensity as well as in molecular-
dynamics simulation studies. ' It has been suggested
that the Ag+ sublattice retains some form of ordering
upon transition from the /3 to the a phase, and that such
residual Ag+ sublattice vanishes in a temperature range
about the temperature of the 670-K transition. ' In
this model liquidlike behavior of the Ag ions is only ex-

AgI
AgBr'
AgCl

613
623
295

1.48 1.29 0.63
3.63 2.55 0.8
5.86 3.58 0.62

1.35
2.91
4.34

6.63
1.48
0.54

'Reference 21.
Reference 38.

TABLE III. Elastic data on some silver halide crystals.

Elastic constants Adiabatic
Temperature (10' N m ) bulk modulus Elastic

Material (K) C» C l & C&4 (10' N m j anisotropy

UL

U7
1

Uy
2

( too)

1585
1034

1034

Crystal directions
(110)

1849
402

1034

1929
681

681

TABLE IV. Velocities of sound (in rn s ') in high symmetry
directions of a-AgI at 613 K.
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pected above the transition range. Any coupling be-
tween a charged liquid and a rigid cage is therefore to be
found at these higher temperatures. With this in mind,
Brillouin spectra at different temperatures were recorded
over the suggested transition range. Transverse modes
were observed over the whole range. Moreover, no
change (within the experimental accuracy) could be ob-
served in neither the intensities nor in the temperature
dependence of the frequency shifts of the transverse
modes, see Fig. 6. We therefore conclude that no strong
interaction is present between the Ag+ diffusion and the
transverse acoustic waves at GHz frequencies. The ab-
sence of transverse peaks in the previous Brillouin study
of Sasaki et al. is not very surprising since they use
backscattering geometry, for which the transverse peaks
are forbidden from the selection rules.

It is then to be noted that interactions between
diffusive motions and sound waves have in fact recently
been observed at the high frequencies of Brillouin
scattering. The effect was demonstrated in this laborato-
ry as internal-friction peaks in other fast-ion conducting
systems due to motions of Ag+, namely in AgI-doped
glasses. In the latter systems the observed broadening
of the Brillouin components reached its maximum value
at a frequency given by the peak condition for absorp-
tion, i.e., ca~= 1, where ~ is the relaxation time due to
diffusing Ag+ as determined from conductivity data. In
the present case of a-AgI the transition from the oscilla-
tory motion to the diffusive motion of Ag+ takes place
in the frequency range 3 —10 cm ' (Ref. 39).
Frequency-dependent conductivity measurements show
high values for the conductivity down to 3 cm ' (i.e.,
=90 GHz) which is more than an order of magnitude
larger than the present probe frequency. Dampings at
Brillouin frequencies are therefore to be sought at con-
siderably lower temperatures, at which the conductivity
is an order of magnitude smaller (i.e., r is increased by
the same factor). However, such low temperatures are
outside the stability range of a-AgI. Interactions be-
tween diffusing Ag+ and either the longitudinal or the
transverse mode can therefore hardly be expected for a-
AgI at Brillouin frequencies. In the neutron scattering
study of Bruesch, Biihrer, and Smeets, however, the
transverse mode was observed in the frequency range of
high Ag+ conductivity and consequently the corre-
sponding linewidth was considerably damped.

p = j28'

600

N

& ~00
r-
CU

I

500
l

600 700
Temperature (K )

I

800

FIG. 7. Longitudinal Brillouin linewidth vs temperature in
a-Agl for fixed Euler angles (4', e, 4) of ( —18.5', 29. 5', 128').

n

& P=&28'
o /=19'

increasing linewidth of the corresponding mode, see Fig.
7. The width was determined by subtracting the instru-
mental width, as measured from the central line, from
the width of the observed Brillouin component. More-
over, in the same temperature range the intensity
changed rapidly. In Fig. 8 the intensity ratio between
the longitudinal and the transverse (T& ) mode is shown
versus temperature for two different crystal orientations.
The scattering of the data in Fig. 8 reAects mainly the
inaccuracy in determining the intensities of the weak T&

mode. However, a maximum of the intensity ratio is
definitely observed and it is caused by an increasing and
later decreasing intensity of the longitudinal mode. All
three effects for the longitudinal mode discussed above,
i.e., an intensity maximum followed by a change in tern-
perature coeKcient of the shifts and by an increasing
linewidth, are effects typical of the behavior of the Bril-
louin component for a material when passing the glass

B. Longitudinal mode and cationic phase transition 10—

In the following paragraph the behavior of the longi-
tudinal mode will be discussed. The temperature plot of
the observed longitudinal frequency shift shows an in-
teresting feature, see Fig. 6. Contrary to the observa-
tions for the transverse frequency shifts, there is a dis-
tinct change in the temperature coe%cient in the range
of the proposed order-disorder transition temperature
around 670 K. Also, it can be seen in Fig. 6 that the
temperature coeScient above the transition depends on
the direction of propagation of the acoustic wave. It is
interesting to note that this sudden change of tempera-
ture coe%cient of the longitudinal shift is followed by an

500 600 700
Temperature ( 5 )

800

FIG. 8. Intensity ratio between longitudinal (L) and trans-
verse (T& ) Brillouin mode in a-Agl vs temperature for two
crystal orientations represented by Euler angles (+, 0, N) of
( —18.5', 29.5, 128 ) and ( —18.5, 29.5, 19'), respectively.
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transition. Since all the effects appear in the range for
the predicted transition and are typical features at a
melting process, we conclude that the origin is structur-
al, in favor of a cation order-disorder transition.

Recently, a model for the distribution of the cations in
a-AgI has been proposed from Raman scattering mea-
surements. A high correlation between the silver ions
are suggested at low temperatures, which creates local
charge fluctuations and local anisotropy in the iodine po-
larizability. This correlation vanishes with increasing
temperature. The Raman data indicate that the transi-
tion temperature occurs around 700 K. At higher tem-
peratures the Ag+ distribution becomes homogeneous
and isotropic. Present intensity data confirm a change
in the local polarizability around 700 K. The observed
decrease in intensity at higher temperatures support the
model of an isotropic distribution of Ag+ in the lattice.
The lifetime of the phonons, which couple to fluctua-
tions in the local site populations of Ag+, has been es-
timated for a-AgI in the theory of Huberman and Mar-
tin. These fluctuations, the so-called pseudospin density
fluctuations, can be divided into two categories: Local
fluctuations due to ion redistribution among (I) energeti-
cally inequivalent sites (2) symmetry-energetically-
equivalent sites. The former couple to pure volume
strains and the latter only to sheer strains. The present
observation of a damping of the longitudinal wave are
thus in favor of a redistribution of Ag+ close to the
transition temperature from jumping between equivalent
(tetrahedral) to also include jumps to inequivalent (trigo-
nal and octagonal) sites. This might then reflect the on-
set of an isotropic distribution as discussed by Fontana
et a/. ' It is also interesting to compare the expected
broadening of acoustic phonons which couple to the
pseudospin fluctuations of the charged liquid. Huber-
man and Martin predict, for a phonon frequency of 10'
Hz, a 6% broadening in case of a-AgI. This is in fact
the maximum broadening as observed in the present
study of the longitudinal mode, i.e., in the Ag liquid
range above the observed transition, see Fig. 7. The
theory also predicts a much stronger damping due to
pseudospin fluctuations than any damping due to cou-
pling between transverse phonons and the viscous ion
current; the relative magnitudes of the two processes
were estimated to be 10:1, respectively, in case of o, -

AgI. This implies a broadening of the transverse corn-
ponents of about 6)& 10 % which is far below the accu-
racy of the present measurements. Thus, the absence of
any damping of the observed transverse components are
also in accordance with the predictions of Huberman
and Martin.

values to cubic elastic constants. These values are
shown in Fig. 9 together with the resulting fits of the
present study extrapolated to room temperature. The
temperature dependences of the elastic constants of the
a phase were obtained from the variations of the fre-
quency shifts with temperatures shown in Fig. 6. Solid
lines of Fig. 9 are results of such calculations, whereas
dashed lines represent extrapolated values. Comparing
these extrapolated a-AgI values with the corresponding
transformed elastic constants of P-Agl at room tempera-
ture one finds that those of the e phase are considerably
lower. The effect is especially pronounced in case of C»
and C&z, for which the values decrease to about half the
room temperature values of P-Agl. The same phenome-
na have been observed in other superionic crystals,
namely in fluorite solid electrolytes, ' in Srcl2 (Ref.
24), and in AgBr, ' for which the transition in the high
conducting state is a smooth transition. In the latter
systems it is the value of C» which is subject to the
largest changes at the transition from the low to the
high conducting phase. Recently, another solid electro-
lyte has been studied in this laboratory, namely fcc-
Li&SO4, which is characterized by a first-order transition
as is the P-a transition of AgI. Then it is not possible to
make observations by light scattering while passing the
transition since the single crystal is ruined by cracks and
multidomains. However, again low elastic constants
were obtained and a decrease of both the C~& and C, 2

values were observed when compared to the correspond-
ing values of similar but nonconducting ionic crystals.
The phenomenon seems to be a general characteristic of
the solid electr olytes and reflects the soft disordered
crystal structure typical for these materials.

It has been suggested that low elastic constants are
essential for obtaining high ionic conductivity. ' ' For

25
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15
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O
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+
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UJ

C. Comparison of elastic constants

The obtained values for the elastic constants are small
compared to those of normal, low-conducting ionic crys-
tals. ' It is of special interest to relate present values
of the high conducting o,'phase with corresponding elas-
tic constants of the low-conducting wurtzite f3 AgI The-.
latter have been measured by Fjeldly and Hansson, '

who also transformed the obtained room temperature

!

300
l

&c 500 6oo 700
Temperature ( K )

FTl

800

FIG. 9. Temperature dependence of the elastic constants.
Solid lines represent present results for cx-Agl; dashed lines ar
extrapolations. Room temperature values of CIl (), C» (O),
and C~4 ( ) for P-Agl are from Ref. 17.
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the silver halides AgCl and AgBr low values of the
transverse optic phonon frequencies and of the elastic
shear constant C44 have been explained by the quadru-
polar deformability of the silver ions. It has been shown
that this mechanism leads to a decrease of the activation
energy for vacancy and interstitial diffusion and there-
fore contributes to the anomalously high conductivity of
silver ions. The activation energy of the deformation of
the surrounding halide sublattice due to diffusing Ag+ is
in this model related to the elastic constants according
to

E —[(Ci t
—C

1 p ) + 3C&4 ] .

The corresponding values of the elastic constants for
AgBr and AgC1 are shown in Table III. A comparison
with the present values of a-AgI shows even lower
values of (C» —C|2) for a-Agl. This is also found when
comparing the P and a phases of AgI for which both
C44 and (C&& —C|2) decrease through the f3 atransi-tion.
The decrease in the deformation activation energy may
be an important contribution to the high conductivity of
the a phase, even though the diffusion of Ag+ in case of
e-AgI occurs between empty available sites in a regular
lattice rather than by interstitial and vacancy diffusion
as in AgBr and AgC1.

In the high conducting e phase the temperature
dependences of the elastic constants correspond to the
normal linear decrease of the elastic stiffness with in-
creasing temperature due to anharmonicity, for the tem-
perature range just above the transition at 420 K. How-
ever, in the range of the suggested subsequent transition
at =670 K a marked softening of the elastic constants is
observed, see Fig. 9, which again indicates a structural
change in support of a proposed cationic order-disorder
transition. It is then to be noted that this is not only the

case for C» but also for the shear elastic constants C44
and —,'(C, |—C~q), despite the lack of a slope change in
the temperature dependence of the transverse frequency
vr (see Fig. 6). This might be due to the fact that the L
mode and the T mode of Fig. 6 are not purely longitudi-
nal or transverse. Also, a small slope change in the vz
plot might still be present, however then with an effect
less than the experimental accuracy.

VI. CONCLUSION

The elastic properties of a-AgI have been obtained by
Brillouin scattering from crystals of arbitrary grown
orientations. The elastic constants were found to be
small compared to normal low-conductivity ionic crys-
tals, which seems to be an essential characteristic of a
crystal to achieve high ionic conductivity. Contrary to
neutron scattering observations, no damping of the
transverse-acoustic modes could be observed. A
structural change within the high-conductivity phase
was revealed in the temperature range 620—700 K from
measurements of the behavior of the longitudinal-
acoustic mode. The effect supports a proposed cationic
order-disorder transition in the observed temperature
range. The obtained acoustic attenuation is attributed to
a coupling between longitudinal phonons and a redistri-
bution of the local Ag+ population from equivalent to
inequivalent sites, the obtained value being close to that
predicted from theoretical considerations.
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