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New far-infrared, microwave, and inelastic neutron scattering experiments of the superionic conductor a-AgI are
presented. As to the optical studies, far-infrared reflection and transmission spectra between 3 and 400 cm in the
temperature range between 20 and 440'C have been measured. The far-infrared transmission data have been

checked independently by microwave techniques in the frequency range between 2,5 and 8 cm '. The drastic
increase in the absorption at the transition temperature and its relatively weak temperature dependence in the a
phase is due to the almost complete disordering of the silver ions at the phase transition. Based on these

experimental data the frequency-dependent conductivity of a-AgI has been evaluated. Besides the residual ray
absorption near 110 cm ' the conductivity is high down to 3 cm ' with a second very broad resonance near 18
cm . For the first time, inelastic neutron scattering experiments on a large single crystal of a-AgI have been

performed. These measurements proved the lattice-dynamical origin of the absorption between 5 and 30 cm '. An
extremely large linewidth for the transverse-acoustic phonon modes is observed. It is concluded that it is mainly
the disorder of the silver ions which is responsible for this broadening.

I ~ INTRODUCTION

The superionic conductor -AgI is one of the
simplest and most famous solid electrolytes
known. Many experimental and theoretical stud-
ies have been devoted to this outstanding silver
ion conductor with the aim to get more insight
into the lattice dynamics and conductivity
mechanism. ' ' In this paper, we present new ex-
perimental results, namely, optical experiments
in the far-infrared and microwave region as well
as inelastic neutron scattering experiments of
single cyrstals of -AgI. The results are dis-
cussed on the basis of recently developed mod'els.
As to the optical measurements, we present for
the first time temperature-dependent ref lectivity
and transmission data between 400 and 3 cm '
from which we deduce the frequency-dependent
conductivity. From the observed temperature
dependence important conclusions can be made
as to the nature of the different absorption pro-
cesses in the highly conducting phase. Much ef-

.fort has been devoted to the technically difficult
frequency regime between 2.5 and 10 cm '. Until
now no reliable optical data have been available
in this part of the spectrum. Physically, this
frequency range is of great importance because
it is the range in which the transition from the
oscillatory motion ot the diffusive motion of the
silver ions takes place. On the other hand, the

frequency dependence of the conductivity is in-
timately linked to the lattice vibrations. By in-
elestic coherent neutron measurements the dis-
persion relation of acoustic-phonon modes has
been determined. From the theoretical view-
point, the lattice dynamics of u-Agl is compli-
cated by both the disorder of the silver ions and
the anharmonicity. By comparing the data of
the high-temperature & phase with those of the
low-temperature, ordered P phase, we obtain
detailed information about the ionic motions in
the disordered structure of &-Agl which eluci-
dates the conductivity measurements.

II. FAR-INFRARED AND MICROWAVE EXPERIMENTS OF
0.- AND p-AgI

A. Far-infrared experiments

All far-infrared measurements have been per-
formed with a Beckman FS 720 interferometer.
For measurements above 150 cm ' the instru-
ment was used in the Michelson mode and below'
150 cm ' in the polarizing mode. The polarizing
interferometer which is working with corner re-
flectors and wire grid polarizer as beam divider
efficiently suppresses the mean level of the in-
terferogram. Since the mean level is a carrier
of noise due to source fluctuations, vibrations
of optical components, etc. , this leads to a
greatly improved signal-to-noise ratio. All mea-
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surements have been performed with a dc mercury
source. Both a Golay cell and a germanium bolo-
meter operated at 1.5 K have been used as a de-
tector. The low-frequency limit of the Golay cell
is about 7-10 cm ', depending on the sample. It
is well known that due to the extremely small
output power of the source, measurements below
10 cm ' are not an easy task. For studies at low
frequencies a fluorogold filter with a cutoff fre-
quency at 30 cm ' was mounted in front of the
germanium crystal of the bolometer. In addition,
a standard far-infrared mesh interference filter
from Cambridge Physical Sciences with a cutoff
frequency at 10 cm ' was used at very low fre-
quencies. With these filters, together with the
advantage of the polarizing mode, it was possible
to measure down to 3 cm '. Most spectra have
been obtained with a resolution of 0.6-1.2 cm '.
The stability of the source and the bolometer have
been checked by measuring the reference inter-
ferograms before and after the sample measure-
ments which usually took about eight hours; no
significant change in the intensity has been ob-
served.

A specially constructed reflection and trans-
mission cell has been used for this work, the de-
tails of which are described elsewhere. ' The
samples were heated by a central stream of hot
nitrogen while the windows (sealed with normal
0 rings) were kept near room temperature by a
peripheral cold stream of nitrogen. This guaran-
tees a uniform temperature over the whole sam-

pie which is a great advantage as compa, red to the
usual method where the sample is placed on a
"hot finger. " In fact, the latter method leads to
temperature differences between the hot finger
and the reflecting surface of as high as 100 C in
the case of thick AgI pellets. In order to avoid
the disturbing ref lectivity from the windows, ob-
lique windows have been used for all ref lectivity
measurements. The sample holder carrying the
sample and the reference mirror was rota, table.
In order to avoid possible effects of thermal di-
lation, the background spectra (reference mirror
for ref lectivity, hole for transmission) have been
measured at the same temperature as the sample.
The temperature was kept constant to within + 2 K.
The ref lectivity measurements have been per-
formed on 5-mm-thick pellets prepared from
freshly precipitated AgI and pressed at 6.8 Mg/cm'.
Figure 1 shows the observed ref lectivity in the
P phase at 20 C and 140 'C, and in the & phase
at 170 C, 260 C, and 420 C in the range between
3 and 140 cm '. The thin polycrystalline platelets
used for the transmission measurements have
been prepared by heating thin P-Agl single crys-
tals into the + phase and pressing this very soft
material into thin samples with thicknesses
ranging between 24 and 143 p, m. Normally the
samples have been measured first at room temp-
erature in the p phase and then in the o'. phase at
different temperatures up to 440 'C. After cool-
ing the samples to room temperature, control
measurements have been performed which de-
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FIG. 1. Far-infrared reQectivity of p- and e-AgI at different temperatures: p-AgI, 20'C; p-AgI, 140 C-----;
e-AgI, 170 C- —.—.o.-AgI, 260'C- "-"-; o.-AgI, 420'C- &- x-; the p-phase —a-phase transition temperature is at
147'C. The vertical bars at 5 and 15 cm ~ indicate the experimental errors.
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FIG. 2. Far-infrared transmission of p- and cv-AgI at different temperatures; sample thickness D= 38 pm: p-Agl,20'C; P-AgI, 140'C-—--; e-AgI, 170'C- — — — —;e-AgI, 250 C- "-"-. Q. -AgI, 420 C- &&- &&-; the P-phase—a-phase transition is at 147'C. The vertical bars at 5 and 15 cm indicate the experimental errors.

monstrated that most spectra were nearly identi-
cal with the spectra before heating. This indicated
that most samples survive the p-phase- o'-phase
transition and that no appreciable amount of io-
dine evaporated from the sample during heating.
The transmission spectra in the P phase at 20 'C

and 140 'C, and in the z phase at 170 'C, 260'C,
and 420 C are shown in Fig. 2. The curves shown
in Figs. 1 and 2 are mean curves derived from five
independent measurements at each temperature.
The vertical bars of the ref lectivity and transmis-
sion observed at 250'C indicate the experimental
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FIG. 3. Far-infrared transmission of ~-AgI at
=41 pm;, D=71 pm- —.— — —;D=143 pm-
errors. S microwave data.

250 C for various mean sample thicknesses D: D = 24 pm-----; D
The vertical bars at 3 and 10 cm indicate the experimental
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errors. Figure 3 shows the observed transmission
of cy-AgI at 250'C for different sample thicknesses
d =24, 41, 71, and 143 p,m. The inaccuracy of
the thickness is about +2 p, m.

B. Microwave measurements

In order to check independently the far-infrared
measurements, the transmission of thin samples
of P- and n- Agl have been measured by micro-
wave techniques in the frequency range between
2.5 and 8 cm '. The details of the instrument are
described elsewhere. ' A clystron generates mi-
crowave radiation with a fundamental frequency
vp Thl s radiation is fed into a harmonic ge n-
erator. Inside this generator, a nonlinear ele-
ment has been mounted (a tungsten whisker on a
semiconductor crystal) generating harmonics of
vp. The frequency vp itself is filtered out by
choosing suitable dimensions for the generator's
output waveguide. The unwanted radiation of
the wrong harmonics is then filtered out in a sim-
ple monochromator. If necessary the frequency
can be checked by a Fabry-Perot interferometer.
Using three clystrons (37-42 GHz, 43-50 GHz,
and 65—75 GHz) and four gratings (grating con
stants 2.5, 1.8, 1.0, and 0.6 mm), the region from
1.25 to 20 cm ' can, in principle, be observed al-
most continuously. Frequencies below 2.5 cxn '
are obtained directly from the clystrons, omitting
the harmonic generator and the monochromator.

Unfortunately, this device has one major dis-
advantage: It is very difficult to use it as a
source for conventional spectroscopy where the
frequency is scanned under fixed circumstances.
The reason for this is that the source's geometry,
combined with the coherent nature of its output
radiation, causes a frequency-dependent standing-
wave pattern in the light pipes, which cannot be
corrected for. When changing the frequency,
necessary adjustment of the clystron's reflector
voltage and of the harmonic generator's plunger
will affect this wave pattern in an unpredictable
manner. To eliminate this problem, we have
used a "sample-in"-"sample-out" method at
fixed frequencies, rather than scanning the whole
frequency range with the sample fixed. The sam-
ple is heated in vacuum inside a specially de-
signed oven. The sample holder is a massive
copper block with three cone-shaped holes of iden-
tical diameters, each of which can be placed into
the light beam without changing any other cir-
cumstances; the positions of the holes in the beam
are fixed by a snapping device to eliminate pos-
sible misfits. Although the three empty holes
gave identical detector signals (within a few per-
cent) when positioned in the beam, the mere pre-
sence of a sample in a hole also turned out to

affect the wave pattern, giving rise to.a larger
spread in transmission data. This difficulty can
be partly overcome by averaging the transmission
data over a small frequency band around the
chosen frequency. It may be minimized by using
as a reference a dielectric slab of the same thick-
ness as the sample with a well-known transmission
instead of an open hole.

The transmission of the sample was determined
by dividing the power passing through the sample
by the power through an open hole, the frequency
being fixed. The diameter of the sample was
large enough to prevent diffraction effects above
2 cm '. The results of the microwave-transmis-
sion measurements are marked in Fig. 3 together
with the far-infrared measurements. The agree-
ment with the far-infrared data is reasonable,
although the microwave transmission tends to be
somewhat lower than the far-infrared trans-
mission. Since the scattering in the microwave
transmission is considerably larger than for the
far-infrared transmission (possibly due to resid-
ual problems with standing-wave patterns), we
have used the far-infrared data for the calcula-
tion of the frequency-dependent conductivity.

C. Evaluation of the frequency-dependent ionic conductivity

Normally, the optical constants are evaluated
from a Kramers-Kronig analysis of the observed
ref lectivity R. In the case of c'. -Agl this is not
easily possible because R is not constant at low
frequencies and the necessary extrapolation to-
wards v=0 is not known (Fig. 1). Of course, one
can use trial extrapolations for R and the experi-
ence has shown that in the case of &-Agi the re-
sults are not very sensitive to the different ex-
trapolations above v= 15 cm ' (Ref. 3). Below
this frequency, however, a different method must
be used. From combined measurements of the
ref lectivity R and transmission T it is possible,
in principle, to determine the conductivity 0 and
the real part of the dielectric constant g, as a
function of frequency. Above 15 cm ' where the
errors of R and 'T are sufficiently small we have
essentially applied this procedure by using the
transmission data observed with the 41-pm-thick
sample of Fig. 3. With the values of n and k ob-
tained by this method we have then checked the
transmission data for the other thicknesses of
Fig. 3 and have found good agreement. Unfor-
tunately, this method becomes exceedingly in-
accurate below 15 cm ' in the sense that small
errors in R and T cause very large errors in
0' and f~.

We have found that v and &y can be determined
more accurately below 15 cm ' by using only the
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FIG. 4.(a) Determination of n and k of e-Agl at 7.5 cm and 250 C by the isotransmission method described in the
text. T(D=38 pm) =19%;T(D=70 pm) =9.6%-—--; T(D=143 pm) =3%- — — — —. (b) Determination of n and k

at 5 cm ' and 250 C. T(D=38 pm)=24% —;T(D=143 pm)=4. 0%-.—

observed transmission as a function of sample
thickness (Fig. 3). The transmission of a parallel
platelet of thickness d is given by'

(i p)2[] + (/p~/A/2) je +&

(l -&e ')'+ 4Re ' sin'(6|+ o')
'

Here, A is the ref lectivity of a thick sample:

where n is the refractive index, k the absorption
constant, Ã = 2k~/c = 4wkv (v is the wave number,

tanII =2k/(n'+k' —1), and & =2mnd/X= 2vnd P. The
second term in the denominator of (l) takes ac-
count of interference effects within the sample.
The transmission T is a function of n, k, d, and

v. T =T(vi, k, d, v). For fixed v and d =d, a
certain value T, is observed. On the basis of (1)
and (2) we construct an "isotransmission curve"

T teak, d„p) = T, in the k, n plane. Similarly, a
second isotransmission curve T(n, k, d„v)=T,
can be constructed. The intersection of two (or
more} isotransmission curves yields the two un-
known optical constants n(v) and k(v). In order
to obtain well-defined intersections, the thick-
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FIQ. 5. Far-infrared and microwave conductivity of e-AgI at 250 C. v& 3 cm: our data; 0.3 cm &i ~1.3 cm
data of Ref. 1; ———inter- and extrapolations. The vertical bars indicate the experimental errors.
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FIG. 6. Heal part of the dielectric constant, e)(i) of Q.-AgI at 250'C. && experimental values;
Kramers-Kronig analysis of o(v) of Fig. 5 according to Eq. {3).
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nesses d, and d, should be widely different. An
example is shown in Fig. 4 for v =5 cm ' and v
= 7.5 cm '. The conductivity is then given by o
=cnkv and the real part of the dielectric con-
stant is z, =n' -k'. The frequency-dependent con-
ductivity obtained by the methods described is
shown in Fig. 5 together with the microwave con-
ductivity below 1.3 cm ~ as observed by Funke
and Eckold. ' (Below 0.8 cm ' the newer o values
of Eckold are used which are considerably lower
at 0.6 cm ' than tbe original values of Funke. ) The
experimentally determined dielectric constant «, (v)
is displayed in Fig. 6. As. can be seen from the
error bars in this figure, the errors in &, are
rather large below 5 cm . In order to check the
Kramers-Kronig compatibility of our experimental
o and z, values we have calculated a, from the
conductivity at 250 'C shown in Fig. 5 by using
the Kramers-Kronig relation

g, (v).=g„+8 „,dv,
0 (v')

p V —V

where the high-frequency dielectric constant z„
is 4.8. The results are shown in Fig. 6 (solid
line). Above 7 cm ' the agreement between the
experimental &y values and the Kramers-Kronig
values is good; below 'l cm ' the deviations are
somewhat larger, which is due to the increasing
experimental errors as well as to uncertainties
in tbe inter- and extrapolations in v(v) of Fig. 5.

III. INELASTIC NEUTRON SCATTERING EXPERIMENTS

For tbe first time, a single crystal of o'. -Agi
sufficiently large for inelastic neutron scattering

experiments has been grown. Pressed pellets
of commercially available AgI were filled in a
glass tube of approximately 1-cm diameter with
narrow neck and spherical end. In consequence
of the volume change in the P ntran-sition, the
sample has to be kept above 147 'C; therefore,
the crystal was grown by the Bridgemen tech-
nique directly on the neutron spectrometer. The
furnace has two heating coils; after the crystal
growth the upper coil was lifted in order to open
a slit for the passage of the neutron beam. The
whole system, was mounted on a big goniometer
head for the alignment of the crystal. After sev-
eral trials we successfully grew a crystal of
2 cm in length, a mosaic spread of approximately
1' and a (111)orientation parallel to the scattering
plane.

The inelastic neutron scattering experiments
have been performed on a triple-axis spectro-
meter at the reactor Saphir in Wurenlingen. The
standard constant-Q or constant-&u scans were
employed for the transversal and longitudinal
modes. Pyrolitic graphite crystals were used as
monochromator and analyzer in the reflecting
position (002). The monochromator energy was
kept fixed at 14.9 meV in conjunction with a pyro-
litic graphite filter.

Most of the measurements were done at 300 'C
a 20 'C. At the end of the period, the temperature
was reduced to 160 'C; however, the results did
not change within experimental error.

The neutron intensity distribution of a typical
constant-&o scan is shown in Fig. 7(a). Tbe ob-
served double maximum corresponds to the longi-
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FIG. 7. Neutron scattering experiments of e-AgI. (a) Constant-co scan. ~ LA intensity; solid line: calculated inten-
sity. Arrows mark the wave vector of the observed phonons, corrected for resolution effects. (b) Constant-Q scan.
I TA intensity; 0 background (dashed line); solid line: calculated intensity; dotted line: Gaussian fit to observed in-
tensity; the arrow marks the observed phonon frequency.

tudinal-acoustic-phonon mode with wave vector
+q and -q, symmetric to the reciprocal-lattice
point. The peaks are of similar energy and
linewidth as those observed in the low-tempera-
ture ordered P phase. " Figure 7(b) displays the
result of a constant-Q scan through a transverse-
acoustic branch (full circles). The high intensity
at zero energy transfer originates in the inco-
herent scattering from the glass tubes of the
furnace. Open circles are the result of a scan

with the same jQj, but at a point in reciprocal
space where only longitudinally polarized phonons
give intensity. " Because the longitudinal modes
have a higher energy, they do not contribute in
the transverse-frequency region, and therefore
the open circles represent the background. The
intensity difference, approximated by the dotted
curve, is due to the transverse-acoustic branch;
the phonon peak is smeared out and much broader
than in P-Agl. The solid lines in Fig. 7 repre-
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FIG. 8. (a) Observed phonon frequencies p (q) in O. -AgI at 300'C; the dashed lines are a guide to the eye. (b) Line-
width l (q) for the [j.10] TA mode; the solid line represents the calculated width (mosaic spread included).
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sent the calculated intensity distribution, based
on the convolution of the spectrometer resolution
function with an energetically sharp excitation
function. The mosaic of the sample has been
taken into account by representing the dispersion
curve by a band of frequencies whose angular
spread was adjusted to the experimental resolu-
tion measured at the Bragg points. For the longi-
tudinal modes [Fig. 7(a)] the experimental and
theoretical intensity distributions agree fairly
well, whereas a large discrepancy is observed
for the transverse modes [Fig. 7(b)]. Figure 8

displays the experimentally determined phonon
dispersion of the acoustic modes of +-AgI. The
dahsed lines are a guide to the eye. The fre-
quencies are slightly softer than those in P-AgI.
The linewidth of the [110] TA phonons is shown
at the bottom of Fig. 8. The open circles give
the observed linewidth. The calculated linewidth,
based on the above-mentioned procedure is re-
presented by the solid line and is much smaller
than the observations. Only part of the LA modes
have been detemined, and the optic modes have
not been measured at all. This limited informa-
tion is due to the following physical reasons: (i)
Instrinsically strong anharmonicity of the silver
halides, observed in P-AgI (Ref. 10) as well as
in AgCl (Ref. 12) and AgBr (Ref. 13), making
feasible a complete phonon-dispersion measure-
ment only at very low temperatures, and (ii) very
large Debye-Wailer factor for o. -Agl (Ref. 14);
as a consequence, in the inelastic coherent cross
section" the exponential decrease e ~ always dom-
inates the O'Q' term, leaving only a few recipro-
cal-lattice vectors useful for a scattering pro-
cess.

IV. DISCUSSION

A. Optical properties in the far infrared

/. Far-infrared properties of p-AgI

In P-AgI we observe the main residual-ray ob-
sorption near 110 cm " (Figs. 1 and 2) correspond-
ing to the q = 0 TO modes of symmetry A.

y
and Ey.

The origin of this main absorption band is well
understood; it corresponds to the vibration of
the Ag ions against the I ions; with increasing
temperature this mode becomes highly damped
which reflects the strong anharmonicity in this
compound. "' In the vicinity of the p-phase -&-
phase transition an anomalous damping has been
observed which might be related with thermally
activated silver ions. "

Although this paper is mainly devoted to o. -AgI,
we take the opportunity to discuss here some fea-
tures of p-AgI, which are still not yet completely

understood. This concerns the question as to the
origin of the additional structures observed in
the far-infrared" "and Raman spectra" " in the
regions near 80 and 30 cm '. There are two pos-
sible explanations for this subsidiary structures:
(1) One explanation is interpretation in terms of
multiphonon processes; here one assumes a per-
fectly ordered but anharmonic crystal. Anharmon-
icity will couple different phonons and if the q-
selection rules as well as the specific selection
rules for infrared and Raman activity are satis-
fied, such processes can produce additional struc-
tures, especially if phonons at critical points in
the Brillouin zone are involved for which the
combined density of states is la, rge." (2) An in-
teresting alternative interpretation is based on a
harmonic but disordered crystal; the defects will
break the q selection rules to some extent and
allow phonons that occur throughout the Brillouin
zone to be observed. ' ' We first consider the
experimental situation and then discuss the re-
sults in terms of the two models mentioned above.

In the far-infrared ref lectivity spectrum (Fig. 1)
the 80-cm ' structure is clearly resolved, but
in the transmission spectrum (Fig. 2) it is com-
pletely hidden by the main absorption band. In
thinner samples, however, this structure can
also be observed in transmission. " With decreas-
ing temperature the intensity of the peak decreases
and its frequency increases: A two-oscillator
fit gives a peak frequency of 84 cm ' at 145 K (Ref.
15) while a Kramers-Kronig analysis of the re-
flectivity of single crystals yields a peak frequency
of 87 cm ' in &,(P) at 193 K (Ref. 16). A similar
structure near 85 cm ' has also been observed in
the Raman spectra" "and shows qualitatively
the same temperature dependence as the corres-
ponding infrared structure: At 80 K the intensity
of this structure is considerably weaker than at
room temperature and its frequericy is 94 cm '
(Ref. 19). The second subsidiary structure is
observed in the transmission spectrum of Fig. 2

near 32 cm '. Applying Eq. (1) it is found that
this structure is attributed to a great extent to
interference effects within the sample. Only a
weak resonance in o(P) and e,(P) remains near 40
and 35 cm ', respectively. ' That this resonance
is in fact intrinsic is also indicated by the very
weak structure observed in the ref lectivity spec-
trum in this frequency range (Fig. 1). Again, there
exists a corresponding Raman line with a fre-
quency between 37 and 40 cm ' at room tempera-
ture" "; the intensity of this line is considerably
weaker at 80 K and its frequency increases to
47 cm ' (Ref. 19).

We now propose our interpretation in terms of
two-phonon processes. From its temperature de-
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pendence the far-infrared structure near 80-90
cm ' has been tentatively assigned to a TA+ LA
zone-boundary combination mode which is infrared
active. " This assignment is strongly supported
by inelastic neutron scattering experiments which
yield zone-boundary TA and LA phonons with
frequencies of 15 and 74 cm ', respectively, at
the M point at 160 K (Ref. 10). A group-theoreti-
cal analysis shows that a similar assignment is
possible for the corresponding Raman struc-
ture. ' As to the second structure near 35 cm '
we suggest that it originates from two-phonon pro-
cesses involving pairs of TO phonons with oppo-
site wave vectors and with frequencies between
15 and 20 cm '. TO-phonon branches with very
weak dispersion and correspondingly high den-
sity of states have indeed been observed in this
frequency range in the ~ and Z directions of the
Brillouin zone. " An example is the combination
of two TO phonons at the M point with a frequency
of 20 cm ' which is infrared and Raman active. ""

We now turn to the second interpretation which
is based on defects and has been proposed by
Burns" and Alben and Burns. ' Two kinds of de-
fects are considered: The first kind are thermally
activated (Frenkel) defects which give rise to the
observed ionic conductivity of the silver ions."
This interpretation is qualitatively compatible
with the temperature behavior of the extra lines.
On the other hand, the concentration of Frenkel
defects is quite small, less than 4% at 140'C (Ref.
14) and it is difficult to understand how such a
small defect concentration can give rise to com-
paratively strong structures in the Raman spectra.
In addition, two-phonon processes of the type dis-
cussedabove have a,iso been observed in other com-
pounds with wurtzite structure, such as CdS (Refs.
29 and 30) and ZnO (Ref. 31) which are not known

to have appreciable ionic conductivities. It is
important to note that in the case of CdS the in-
tensities of the two multiphonon Raman lines
with lowest frequencies are larger than those of
the fundamentals at room temperature, "a situa-
tion which is similar to that of P-AgI. As to the
second kind of defects, small statistical displace-
ments of all the silver ions from their tetrahedral
positions are assumed. 4 Alben and Burns have
indeed shown by quantitative calculations that these
defects give rise to structures near 80 cm ' in
both the infrared and Raman spectra, but not near
40 cm ' (Ref. 4). Some support for this view is
given by the Raman study of Fontana et a/. '4 who
in contrast to other authors"'"'" claim that the
extra lines are not ordinary second-order peaks
and infer the possibility of a first-order partial
disordering in the Ag sublattice at about 50 K. Un-
fortunately, the displacement order assumed in

the second interpretation is at least controver-
sial" "and could not be confirmed by more re-
cent structural studies. " At the moment, no de-
finite conclusions can be drawn as to the origin
of these extra lines. It is possible that both an-
harmonicity as well as disorder are involved, the
latter mainly in the vicinity of the P-phase-o. -
phase transition, and it is also possible that these
two mechanisms can not even be clearly separated.
For the reasons discussed above we believe that
the dominating mechanism is anharmonicity. That
anharmonicity is of fundamental importance in

P-AgI has been demonstrated by a number of pa-
perslo ~ 14 16' 19

2. Far-infrared properties of n-AgI

Heating the sample across the order-disorder
phase-transition at 147 C results in a drastic
change of the transmission spectrum (Fig. 2). The
main absorption band near 110 cm ' survives the
phase transition but becomes extremely smeared
out. The drastic decrease in the transmission
below about 60 cm ' is accompanied by a cor-
responding increase in the ref lectivity in this re-
gion (Fig. 1). Although the temperature dependence
of the ref lectivity and transmission is weak in the
o. -phase (Figs. 1 and 2), the main absorption near
110 cm ' still shows some increase in damping
if the temperature is raised from 170'C to 420 C.
This can be seen from the peak values of the main
resonance of a(P) which decrease with increasing
temperature. Based on the data of Figs. 1 and 2

and with the help of Eqs. (I) and (2) we obtain peak
values of 4.4, 4, and 3.4 (Oem) ' at 170'C, 250'C,
and 420'C, respectively. The value of 4.4 (Q cm) '
from our present data at 170'C is in fair agree-
ment with the value of 4.8 (Q'cm) ' from our earl-
ier measurements performed at 180'C (Ref. 16);
the discrepancy of 9% is due to different sample
preparation arid measurement techniques as well
as to different evaluation procedures applied in
the two cases. In view of the progress made in the
meantime, our new data are more accurate than
the older ones. There remains still a discrep-
ancy between our data at 250 C with a peak value
of 4 (Clem) ' as compared to the value of 3.3
(0 cm) ' observed by Funke and tost at the same
temperature. ' However, more recent studies
of Funke et a/. have shown that their earlier va, lue
is indeed too low and that our value is appro-
priate. " This implies that the frequericy-depen-
dent conductivity obtained Indirectly from Haman
measurements""'" and which has been normalized
to the peak value of Funke and Jost should be re-
normalized to our peak value at the appropriate
temperature.
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More important than the absolute peak values
of the main absorption band is the question as to
the strong far-infrared absorption observed in
+-AgI in the region between about 60 and 7 cm '.
In contrast to P-Agi, where according to our opin-
ion the additional structures are mainly due to
anharmonicity, we agree here with Alben and
Burns that this absorption in n-AgI is mainly
due to disorder. This is indicated by the drastic
change of the transmission at the order-disorder
transition temperature and its relatively weak
temperature dependence in the o.'phase (Fig. 2).
That the degree of disorder does not change ap-
preciably with temperature in the n phase has
been shown by recent elastic neutron scattering
experiments"'" as well as by configurational mo-
del calculations based on the disorder entropy";
this implies only a weak temperature dependence
of the disorder-induced absorption. The disorder
of the silver ions in n-AgI will break the selec-
tion rules' and we expect a coupling of the high-
frequency infrared-active TO modes near 110 cm '
with all first-order low-frequency modes, the na-
ture of which will be discussed in more detail in
Sec. IVB. This coupling is associated with a
transfer of oscillator strength of the high-fre-
quency TO modes to the low-frequency modes
which results in the observed strong absorption.
A more quantitative study of the disorder-induced
absorption of n-AgI has been given recently by
Alben and Burns' and by us. ' Alben and Burns
have calculated the phonon density of states, the
reduced Haman intensity and the far-infrared con-
ductivity based on the equation-of-motion method
for a large cluster containing about 250 unit cells
of different configurations for the silver ions. Our
approach is quite different', in a first step we
constructed a dynamical matrix for the primitive
unit cell of a virtual crystal. The fluctuations
of the force constants with respect to this virtual
crystal are then introduced and the problem is
treated .using a coherent-potential-approximation
method. Both models are able to account quali-
tatively for the observed far-infrared conductivity
above 10 cm ' (Fig. 5).

At very low frequencies, below about 5 cm ', a
strong temperature dependence of the transmission
is expected because in this range the diffusion-con-
trolled regime is approached and anharmonicity
becomes more important. The data of Fig. 2 in-
deed show that in this region the temperature de-
pendence of the transmission becomes stronger
and imply an increasing conductivity with increas-
ing temperature in agreement with the microwave
data. ' Figure 5 also shows that our absolute val-
ues of a(P) between 5 and 3 cm ' extrapolate rea-
sonably well to the microwave data of Funke and

Jost between 1.3 and 0.3 cm ' (Ref. 1).

B. Inelastic neutron scattering experiments

The intepretation of the inelastic neutron-scat-
tering experiments as shown in Fig. 8 is based on
a comparison of the data of n-Agl and P-Agl, e.g. ,
a disordered crystal at high temperature (300'C)
and an ordered crystal at room temperature and
at 160 K (Ref. 10). In o.'-Agl, the longitudinal-
acoustic modes could be measured up.to 3 meV
(24 cm '}. At higher energies, the peaks were
smeared out due to anharmonic effects. This en-
ergy is a reasonable continuation of P-AgI, where
the limit was 5 meV (40 cm ') at room tempera-
ture. Thus, the LA compressional modes show

a normal temperature-dependent anharmonicity
and no drastic change is observed at the order-
disorder transition. This is in sharp contrast
to the TA-shearing modes: In the P phase we
mesure mell-defined phonon peaks, whereas in
the & phase the linewidths are very large, about
4 meV (32 cm ') at the zone boundary, which is
about twice the mean energy (Fig. 8). In a well-
ordered crystal such as P-Agl where the line
broadening is due to anharmonicity, the TA modes
are usually better defined than the LA modes. In
o, -AgI the situation is reversed; if the very large
linewidths of the TA modes would be entirely
due to anharmonicity, we would expect that the
LA modes would be smeared out to such an ex-
tent that they would be unobservable. From this
different behavior of the modes we conclude that
it is mainly the disorder which is responsible
for the extremely large linewidths of the TA modes
in Q-AgI.

In order to account for disorder, we have per-
formed preliminary lattice-dynamical calcula-
tions based on the four different configurations
of the two silver ions in the cubic unit cell shown
in Fig. 9. The same force constants as those of
P-Agi have been used. "

Configuration 1 gives a satisfactory agreement
with the observed LA modes and the mean fre-
quencies of the TA mode as well as for the optic
modes in the region of the strong infrared ab-
sorption near 110 cm '. The other three config-
urations differ by about 25%%uo for the I.A frequen-
cies, e.g. , a 5-cm ' spread at the energy of 20
cm '. The calculated TA frequencies on the other
hand vary by about 60%%uo (6 cm '}at q = 0.5 A ' and

80%%uo (16 cm ') at the zone boundary. Thus, our
proposed model accounts well for the small and

broad bandwidth of the longitudinal and transver-,
sal phonons, respectively.

Inspection of the calculated eigenvectors of
the TA zone-boundary modes show that the dis-
placements of the ions are such that little or no
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Configuration 1 Configuration 2

0

0

Configuration 5 Configuration 4

FIG. 9. Four different configurations of the silver
ions in the cubic unit cell of e-AgI. All configurations
with two silver ions in nearest-neighbor sites are ex-
cluded. The statistical weight of configuration 1 is four,
that of configurations 2, 3, and 4 is one only. C} iodine
ions, && occupied silver sites. The arrows in configura-
tion 1 indicate the eigenvector of the f110] TA —zone-
boundary mode with a calculated frequency of 20 cm ~.

The above results are obtained from lattice-
dynamical calculations based on perfectly ordered
crystals. As has already been emphasized by
Alben and Burns, in reality disorder will break
the q selection rules, ' but locally, low-frequency
modes of the type described above will still exist
although they will now couple to all other modes
resulting in a large spread of vibrational fre-
quencies. Owing to disorder these local modes
will gain oscillator strength, which explains the
high conductivity of o'. -AgI below 30 cm ' (Ref. 4}.
It should be pointed out that there is a close con-
nection between the optical and the neutron scat-
tering experiments: 'The high conductivity below
30 cm ' implies a high density of states down to
about 3-5 cm '. The phonons which produce this
high density of states are just the TA phonons ob-
served by inelastic neutron scattering, in particu-
lar the zone-boundary modes with frequencies
ranging between about 5 and 30 cm '. In sum-
mary, the existence of these low-frequency modes
is now clearly established by far-infrared and
Raman as well as neutron scattering experiments.

changes occur in the nearest Ag-I and I-I dis-
tances, thereby minimizing the mutual repulsion
between the ions (Fig. 9}. This kind of motion
favors the jump of silver ions into neighboring
empty sites, and the mode illustrated in config-
uration 1 of Fig. 9 represents a reaction cocedkn-
ate for such jumps.
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