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We present results of harmonic lattice-dynamics calculations of the density of states, infrared conductivity,
and Raman scattering for the superionic conductor AgI. The calculations do not incorporate the low-
frequency, diffusive aspects of the ionic motion, but they do contain the oscillatory aspects in some detail.
We find that the intrinsic disorder of the a phase accounts for the broad spectra which are observed. In
particular, the density of states and the calculated spectra display a lower-frequency transverse-acoustic-
like feature as well as an upper-optic-mode peak at —100 cm ' in agreement with experiment. We also
consider effects of possible defect sites on the spectra of the wurtzite and a phases of AgI.

I. INTRODUCTION

Silver iodide is a superionic conductor, ' perhays
the classical material of this type. It has the wurt-
zite crystal structure (C',„-P6,mc) below T, =
147'C and the defect "e-phase" crystal structure
(O'„—Im3m) above. At T, there is an increase of a
factor 104 in the dc conductivity, to about 1.3
(Gem) ', making o.-phase Agl one of the best super-
ionic conductors known.

Our calculations give standard harmonic lattice-
dynamics solutions for the density of states and the
first-order infrared and Raman resyonse. We
make no effort to incorporate the effects of dif-
fusive motion which dominate the spectra below 10
cm-'. However, the disordered nature of the mat-
erial is taken into account in a fairly sophisticated
manner. The results are compared to experiment,
and it is found that many spectral features can be
accounted for by these calculations. A prelim
inary account of this work has been given. '

are rectangular, containing about 250 unit cells of
the different crystal structures.

Figure 1 shows a unit cell of e-phase AgIyro-
yosed by Strock' in 1934. He found that the I ions
are on the two a sites of the Im3m —0'„space group.
These are the body-centered sites, as can be seen
in the figure. To solve the structure, he distrib-
uted the Ag' ions uniformly on the 6 5 sites (6-
neighbor, octrahedral environment), 12 d sites (4-
neighbor, tetrahedral environment), and 24 h sites
(5-neighbor, trigonal bipyramidal environment),
making a total of 42 sites for the two Ag ions.
From crystal chemical thinking' and interpretation

II. DESCRIPTION OF THE CALCULATIONS

There are four ingredients that go into our cal-
culations of vibrational spectra: (a) a model for the
equilibrium atomic positions, (b) a model for the
interatomic forces, (c) expressions for the changes
in polarizability and dipole moment associated with
atomic displacements, and (d) a method for effi-
ciently solving the harmonic lattice-dynamics pro-
blem for systems with finite but large numbers of de-
grees of freedom. We discuss each of these in tuxn.

A. Models

In our calculations, each crystal structure is ap-
proximated by finite clusters of 1000-2000 atoms
with periodic boundary conditions. The clusters

Im3m-0 ~ 6b sites
l2d sites

~ 24h sites
FIG. 1. High-temperature o, phase of AgI. The large

circles are the I ions and the possible sites of Ag+ are
shown.
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of the spectra' it has been suggested that only the

12 d sites are aypreciably occupied. This has been

confirmed by more recent x-ray, ' EXAFS' (ex-
tended x-ray absorption fine structure}, and neu-
tron' work. Thus, we model a-phase AgI with the
Ag' ions randomly distributed on the 12 d sites.
However, the choice of sites is further restricted,
so that once a given d site is filled, its four near-'

est-neighbor d sites are excluded. In some of our
calculations for the n-phase we have also allowed
small disylacements of each Ag' ion toward one of
its neighboring d sites. Such displacements are ex-
yerimentally observed. ~'

For perfect wurtzite Agl, we take ideal c/a and

internal displacement parameters. We aiso con-
sider wurtzite AgI models with a displacement of
each Ag' toward one of the faces of the tetrahedron
formed by its neighbors. This has been reported in
some x-ray work by Helmholtz, although other re-
searches have not agreed. ' However, this type of
disylacement appears to occur clearly in' CuI-type
superionic conductors. "The long-wavelength optic
modes in perfect wurtzite transform as the A, +28,
+E,+2E, irreducible reyresentations of the C,„
—6m' point group. From low-temperature polar-
ized Haman measurements, "the frequencies of the

A, (TO)+A, (LO) + E,(TO) + E,(LO) + 2E, modes have
been determined, where TO and Lo mean the
transverse- and longitudinal-oytie modes, respec-
tively. Some of these mode frequencies are used,
as discussed in the next section, to determine the
parameters in the interaction potential.

B. Interaction potential

We describe the interatoxnic interactions by a
simyle potential which is second order in the dis-
ylacements u of the atoms from their equilibrium
positions and includes only nearest-neighbor AgI
forces

V= —Q («««'««[(u« —ii«) ~ r««P+P'««(u« —uq) ), (l)
2(c,g}

where the sum is over all pairs of nearest neigh-
bors" and rc& is the unit vector between neighbors.
There is a central force of magnitude a'+ P' and a
noncentral force of magnitude P'. For the yerfect
wurtzite model, the parameters e' and P' are cho-
sen to fit the observed" E, mode at 17 cm ' and the
weighted-average frequency of 112 cm ' of the A,
and E, TO and LO modes. This gives e' = 29.57
N/m and P'/a' =0.035.

Although we have left out important interactions,
such as the long-range Coulomb effects, the sim-
ple potential approximately reproduces the disper-
sion curves observed by neutron scattering in wurt-
zite AgI at low temperature. '~ For e-phase AgI

w'ith Ag' ions occupying the tetrahedral 12 d sites,
we use the same potential with the same values of
a' and Is' as for the wurtzite yhase. Thus, there
are no nese Pm'ameters introduced for the e phase.
For models with Ag' ions displaced from the tetra-
hedral positions, we allow n' and P' to vary some-
what, depending on the separation of different types
of near-neighbor pairs.

C. Displacement-dependent dipole moment and polarizability

The atomic motions in a material give rise to in-
frared and Haman spectra via the time-deyendent
variation of the diyole moment and the yolariz-
ability, respectively. We confine our attention to
first-order spectra for which only terms linear in
the disylacements are required.

For the dipole moment, the most general form is

p= QB«U«,

where the sum is over all atoms. In a disordered
material, the 8, 's will, in principle, deyend on the
kind of atom and on its local and even distant en-
vironment. We take the simplest form allowed by
symmetry which. gives a nonzero effect:

8=+ eI,
where e is the electronic charge, I is the unit ten-
sor, and + ayylies to Ag' and I ions, respectively.

For first-order Haman scattering, we need an

expression for the linear change of yolarizability
A with atomic displacements. The general form,
for the yc3 element of the A tensor, is

C, o

where the sum on i runs over all atoms, the sum
on. 0. runs over the x, y, ands directions, and the
third-rank tensors D, deyend on atom i and its
neighbor environment. The simylest form for the
D,'s is one which involves only the nearest-neighbor
unit vectors for each atom and requires three para-
meters. "'" They are denoted by d„d„and d, in
the expression

~8 & ~r ~x Al+d, (-, 5 „r«~+-, 5 ~r«~ —r
~ «r~r«))«

+ «fs~v««r ««1 ~

The primed sum runs over the nearest neighbors of
atom i, and r,&

is the projection of the xc& unit vec-
tor on the e direction. . The d, parameter measures
the deyolarized scattering due to bond stretching,
the d, parameter measures the depolarized scat-
tering due to bond rotation, and the d, yarameter
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measures the yolarized scattering due to bond
stretching. We have no a Priori way of setting the
d parameters. For purposes of illustrating the re-
sults, we have computed the scattering for three
cases with each d in turn set equal to unity while
the other two are zero. The light yolarizations are
taken in the skew, (111), direction to roughly mi-
mic a powder spectrum. (Polarizations in several
directions give similar results. ) We display the
results for each d separately. The results are then
added together, with twice the weight given to the
polarized as the depolarized spectra. The latter
choice is dictated by the experimental observation
that yolarized scattering predominates in the disor-
dered materials. "'"

We note at this point that the Raman intensity cal-
culated from Eq. (5) is the "reduced" Raman inten-
sity, and when we compare to experimental results,
we always plot the reduced Raman intensity. Thus,
if one obtains an experimental Stokes intensity I„,
which is naturally a function of temperature and
frequency, what we call the Raman spectra is

&oI„/(1+n),

where n is the Bose-Einstein factor
fexp(hv/kT) —1]'.

In contrast to the force-constant model, which we
believe is adequate as a first approximation, the
models for the couylings of atom displacements to
optical processes can only be considered a crude
description of the complex processes in a real ma-
terial. Still, we believe, that there is much to be
learned from these calculations of spectra based on
coherently added contributions from the displace-
ments of individual atoms. For the perfect-crystal
wurtzite models, as will be seen, this approach
picks out the handful of allowed modes from the
thousands of modes which make uy the density of
states for the models. For the a-phase and disor-'
dered wurtzite models there are no strict selection
rules, but there are effects of local symmetries in
determining the relative intensities in different
parts of the spectra. In particular, for acoustic-
like modes, where neighboring atoms tend to move
in the same direction, the individual contributions
in Eqs. (2) and (4) largely cancel, so that long-
wavelength modes have relatively weak couplings
as expected from hydrodynamic considerations.

D. Methods of calculation

The usual way of solving a harmonic lattice-dy-
namics problem is matrix diagonalization. "'"
However, with systems of several thousand degrees
of freedom, matrix methods become quite inef-
ficient. We have thus chosen to use the "equation
of motion" method. " This gives results which are
equivalent to the usual analysis, except that the

spectra are naturally broadened by a Gaussian. We
choose the width of the broadening function to be
narrower than the true features which we expect
for disordered systems, but broad enough to
smooth out variations in the syectra due to the fin-
ite size of the cluster. We used a broadening of
about 5 cm ' in most of the calculations. For com-
parisons with experiment, we use a 15-cm ' width
to reduce the distracting fine scale structure.
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FIG. 2. Calculated density of states, infrared con-
ductivity, and Ra~~TI spectra (solid lines) for perfect
wurtzite AgI and perfect a -phase AgI. Experimental re-
sults (dashed lines) are also shown. The resolution is
5 cm"~ for the three wurtzite calculations and a, -phase
density-of-states calculation and 15 cm ~ (shown on the
bottom right) for the ir and Raman e-phase calculations
as discussed in the text. The vertical line at 17 cm ~

for wurtzite Raman results shows the position of the E2
mode whose calculated intensity (10 5 of the upper
modes) is too weak to be shown directly.

III. RESULTS FOR WURTZITE AND n-PHASE Agl

Experimentally, in the wurtzite phase, the A, aad
Ey TQ modes are degenerate and occur at 106 cm
Similarly, the A, and E, LO modes are degenerate
at 124 cm-'. These modes are all ir active. For
the Raman syectra these modes as well as two E,
modes, which occur at 17 cm ' and 112 cm ', are
active. Because of the neglect of long-range Cou-
omb forces in the calculation, we do not obtain an
LO- TO sylitting at the zone center, and obtain e'
and P' in Eq. (1) by fitting the "average" position of
the 4, and E, modes at —,

' (2TO+1LO) = 112 cm-' and
the 17-cm ' E, mode as mentioned before.

The results of calculations for the wurtzite phase
are shown in Fig. 2. The density of states has two
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major and two minor yeaks as is usual for tetrahe-
drally bonded systems. A "mass separation" of the
acoustic and optic branches almost occurs at = 80
cm '. For a larger mass difference between the
yositive and negative ions this mass separation be-
comes much more pronounced. The peak at low
frequency comes from TA (transverse acoustic)
modes which entail bending of bonds but little or no
bond stretching. Fully one-third of the modes are
of this type. The infrared and Raman spectra are
weighted superyositions of the allowed modes. For
ir, the allowed modes J, and E, are degenerate be-
cause of the ideal crystal yarameters and the neg-
lect of Coulomb forces. The calculated ir re-
sponse, shown in Fig. 2 at 112 cm ', has a half-
width of 5 cm ', which is the resolution of the cal-
culation. No other ir resyonse occurs in the cal-
culation, in agreement with experiment. " The re-
sults of the Raman calculation are also shown in

Fig. 2. We do not resolve the A, and E, modes
from the upper E, mode. This agrees with experi-
ment, since the average A, and E, mode occurs at
112 cm ', as does the upyer E, mode. The lower-
frequency E, is so weak for our calculation (- 10'
of the intensity of the upper-frequency E, mode)
that it cannot be shown to scale, and it is indicated
by the vertical line at 17 cm '. Again, note that the
mode at 112 cm ' is 5 cm ' wide, which is the re-
solution of the calculation.

The results of the calculations for the e phase
are shown on the right side of Fig. 2, and they may
be comyared to the results in the perfect wurtzite
structure. The density of states for the n phase
shows some similarity to that for the wurtzite
phase. Again there are a large number of low-fre-
quency modes a,s expected for ayyroximate tetrahe-
dral bonding. (Recall that Ag ' ions in the a phase
are taken to be on the tetrahedral d sites. ) The up-
yer-frequency modes, however, are spread over a
broad range of energies compared to wurtzite. For
the density-of-states calculation we have used a
5-cm ' resolution. However, for the ir and Raman
calculations in the e phase we have used a 15-cm '
resolution to enable a better comyarison with ex-
periment. As can be seen in the figure, the calcu-
lated e-phase infrared and Raman spectra are very
different from the wurtzite spectra, since there are
no selection rules to pick out particular modes.
The spectra are therefore rather broad, with fea-
tures which reflect the density of states. Note,
however, that there are pronounced differences in
couylings of modes in different frequency ranges,
so that yeaks in the different spectra do not pre-
cisely coincide with each other or with peaks in the
density of states. For examyle, the upyer peak in
the ir spectrum is calculated to be at a higher fre-
quency than that for the Raman spectra. This type
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FIG. 3. Contributions to the Raman intensity from
Eq. (5) for perfect n-phase AgI.

of shift aypears to occur in the experiments, al-
though the relative movements are oyyosite to those
given by our simple-couyling model. Note, how-

ever, that the lower-frequency Raman yeak is cal-
culated to occur at higher frequency than the cor-
responding density-of-states peak, while the in-
frared lower peak occurs at about the same ylace as
that in the density of states. This aspect of the cal-
culation does appear to bear some resemblance to
the experimental results.

Figure 3 shows the contributions from each of the
terms in Eq. (5) to the Raman scattering for "per-
fect" n-phase AgI, i.e. , Ag on the 12 d sites with
no static displacements. The resolution is still 5

cm '. The syectra for each term are broad, re-
flecting the intrinsically disordered nature of the
~ phase. This effectively destroys the k= 0 selec-
tion rules associated with Raman scattering in or-
dered crystals.

The low-frequency behavior of the experimental
spectra presents some syecial issues. " By hydro-
dynamic arguments it can be shown that the density
of phonon states should vary as m' at low frequency.
Also, since a uniform translation does not change
the yolarizability, the first-order Raman matrix
element for long-wavelength modes is expected to
vanish as ~' when ur tends to zero. Thus, for first-
order scattering from long-wavelength modes, the
reduced Raman spectrum should vanish as ~', and
the directly measured intensity should vanish as co'

when (d tends to zero. The experimental spectra do
not accord with this. ' To investigate the low-fre-
quency behavior, we have calculated densities of
states and reduced Raman spectra at high reso-
lution averaged over several larger models (-2000
atoms) of o.-AgL The ratio of the reduced spec-
trum to the density of states gives the matrix-ele-
ment effect. In the range 7-25 cm ' the matrix
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element varies approximately as ~ rather than (d'.

(In the range 7-13 cm ' the calculated density of
states does vary approximately as ~'. ) We con-
clude from this that even in the harmonic approxi-
mation, the matrix-element effect for first-order
scattering in disordered e-phase AgI does not at-
tain the limiting hydrodynamic behavior until fre-
quencies lower than those accessible to our calcu-
lations. At very low frequencies, however, the
diffusive motions neglected in our calculations are
expected to dominate the experimental behavior.

Aql
WURTZITE

TZITE

Agl
a.PHASE

SE

I I
j ~ [ t 1

IV. TREATMENT OF DEFECT SITES
0 I

TZITE ASE

The preceding analysis shows that the intrinsic
disorder of a-phase AgI can explain many aspects
of the spectra. However, it is also clear that de-
viations from the idea1 tetrahedra1 positions occur,
at least to some extent. "We take these deviations
into account, in a rather simple way, and find that
the results for the a phase are changed only a
small amount. Qne would expect this, since the de-
viations cause only a small amount of extra disor-
der in an already disordered system. However, in

the wurtzite phase of AgI, deviations from the ideal
structure play a more important role in changing
the spectra, because spectral response is added

where there is none for the ideal case.
Consider the experimental spectra of wurtzite

AgI at temperatures just below the transition to the
n phase (see the left side of Fig. 4). The features
associated with the normal wurtzite selection rules
are discernible, notably the E, mode near 17 cm '
and a strong response near 106 cm ' from the Ay

(TO) and E, (TO) modes. (The LO modes and the
high-frequency E, mode are not observable above
-68 and -196'C, respectively. "") However, as
can be seen, there is a great deal of intensity in a
spectral region not associated with allowed one-
phonon transitions in the usual wurtzite structure.
There are two kinds of effects which might explain
this: (a) disorder scattering from harmonic motion
about fixed, or essentially fixed, deviations from
the ideal positions and (b) "true" anharmonic ef-
fects where the time scales for large displacements
and for motions about displaced positions cannot be
separated, leading to a breakdown of the phonon de-
scription of the motion in any frequency regime.
Effects of type (b) could be studied by molecular
dynamics or by a direct attack on the nonlinear
equations. This is something which will not be at-
tempted in the present paper. We can, however,
examine type (a) effects with ordinary lattice dy-
namics.

In order to consider defect scattering, we need to
make assumptions about the kinds of defects and the
forces and couplings to light associated with defect
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FIG. 4. Same results as in Fig. 2 but for the defect
calculation, as described in the text. The calculated
curves are solid lines, the experimental results dashed.
The resolution for the calculation is 15 cm ~ throughout.

sites. As mentioned, for the n-phase AgI, there is
some evidence for deviations" from the 12 d
sites. For wurtzite AgI, the evidence regarding the
deviations from tetrahedral positions is contro-
versial. '"For both systems the problems in char-
acterizing defects and their optical and dynamical
properties compound the uncertainties associated
with the harmonic approximation. Thus, we would

like to make it clear that the calculations of this
section should not be regarded as necessarily des-
cribing the large-scale motions in AgI more ac-
curately than the basic calculations of Sec. III.
Rather, they illustrate a class of effects which can
explain further aspects of the observed spectra.

For m-phase AgI we take each Ag' ion to have a
small displacement from its d site toward one of
the four neighboring d sites. ' For.wurtzite AgI we

take each Ag' ion to have a small displacement in
the direction of one of the four faces of the tetra-
hedra of surrounding I ions. This is what is ob-
served in CuI, "and perhaps in AgI. ' Then in both
of these structures the Ag' ion is displaced away
from one of its four surrounding I ions. We take
this displacement to be 0.1 of the normal bond len-
gth in the material and reduce the force constants
and polarizabilities associated with the stretched
bond to 0.4 of the values used for the compressed
bonds.

In the left side of Fig. 4 we show the density of
states and spectra for wurtzite AgI with all the Ag'
ions in defect positions. Experimental spectra are
also indicated. It is seen that the defects give rise
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to a new peak at 80 cm ' in the density of states and
corresponding peaks in the infrared and Raman
spectra. There is a considerable increase in the
overall Raman intensity, largely because purely
polarized scattering [the d, term in Eq. (5)], for
bidden for the ideal tetrahedral sites, becomes al-
lowed in the defect configurations. Thus, spectral
resyonse in the region of the acoustic branch can be
seen. This is a general result that will occur inde-
pendent of the detailed nature of the defect. In the
right side of Fig. 4 we show similar results for e-
yhase AgI with defects. Here again a special defect
related peak in the density of states aypears at 80
cm ', but it is less pronounced because of the
broad spectra due to the disorder already present in
the a yhase. In Fig. 4, as in Fig. 2, twice the
weight is given to the polarized spectra (d, term)
as the depolarized spectra.

This model study of deviations from the ideal
structure shows that defects with ayproyriate coup-
ling couM be called upon to explain the features of
the spectrum of wurtzite AgI near the transition to
the e yhase. However, discerning the relative
roles of defects and true anharmonic effects on the
wurtzite-phase spectrum will require further ex-
perimental and theoretical study. In the a yhase
the dominant effects are not defects, but rather the
intrinsic disorder in the statistical occupation of
the 12 d sites. However, some broadening and
other features due to defects can be expected.

V. DISCUSSION

The spirit of this work has been to striy away all
complications from the description of the dynamics
and the optical couylings, so that we could treat the
effects of static disorder on the density of states
and the spectra. Once the possible effects of dis-
order have been elucidated, we may then get a
feeling for those aspects of the spectra which re-
quire more detailed consideration of the true mo-
tions, including anharmonic coupling and diffusion-
related effects.

Our results show that for a-phase AgI the princi-
pal features of the experimentally observed

rared ' spectra can be
understood in terms of the intrinsic disorder of this
material. In particular, a broad spectrum which
peaks at about 106 cm-' and has a feature at =30
cm ' reflecting the presence of a large number of
TA-like modes is expected and seen in Raman scat-
tering. The addition of defects in the e phase
makes relatively little difference in our calculated

results, as one would guess, since the selection
rules are already broken. The calculated low-fre-
quency conductivity in the a yhase, as taken from
the ir response in Figs. 2 and 4, is considerably
below the dc conductivity, which varies from 1.3
(0 cm) ' at T, to 2.6 (Oem) ' at the melting tem-
perature. The calculated curves in these figures
have been normalized so that they yeak at 3.3
(Acm) ' to agree with the experimental ir results.
If we normalized the calculated curves by demand-
ing that the integral under the curve be the same
as the experimental results (the sum rule" '), the
calculated results at low frequencies would still be
considerably below the measured dc values. ""'
The fact that the measured dc conductivity, which
is due entirely to diffusion, decreases between 0
and 1 or 2 cm ' and then increases in the manner
given by our phonon calculation can be taken as
confirming our assumytion that the effects of dif-
fusion are dominant only at the lowest frequencies
in a e-phase AgI.

For the wurtzite phase of AgI, our results are
much more tentative. We have investigated some
of the effects of static defects on the spectra. The
defects were taken as displaced Ag+ ions. These
defects, or other types of static disorder, might
explain the spectral changes observed as temper-
ature is increased toward the phase transition at
14'7'C, above which the cv phase exists. The defects
allow spectral intensity to appear with features of
the yhonon density of states as well as special de-
fect related peaks as discussed in the yaper. How-
ever, both in this phase and in the e phase some of
the spectra could be second order in nature. "

There have been several papers' '" "that treat
the dynamics of the a-phase AgI in terms of a sin-
gle dampled harmonic oscillator which can change
over to obey a diffusion equation at low frequencies
in order to get a nonzero dc conductivity at ~ =0.
This changeover has been described by a simple
yhenomenological modeP' which appears to repro-
duce various features of the experiments. How-
ever, detailed calculations"'" for a particle dif-
fusing in a periodic potential contradict the results
of the simple model and indicate that cooperative
effects must be important for the dynamics of the
diffusion.

Our work clearly does not describe the diffusive
motion in AgI." However, we can conclude that
even the oscillatory aspect of the motion is not
simple and that better treatments of both oscil-
latory and diffusive motion will be required to de-
scribe the overa11 spectra in detail.
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