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The far-infrared reflectivity R(@ ) of B-Ag;SI and y-Ag;SI has been measured in the
range 5<& < 400 cm™! and at various temperatures between 90 and 300 K. The most
interesting feature is the observation of a resonance near @y=60 cm~! and a pronounced
increase of R(@ ) below 40 cm™!; the latter disappears below T, =157 K, the f—v
phase-transition temperature. These data can be interpreted successfully on the basis of a
microscopic model in which the silver ions. move in a double-well potential. The oscilla-
tion of the silver ions in the wells gives rise to the resonance near &, = 60 cm ™' while
the jumps across the potential barrier lead to the observed increase of R(@ ) below 40
cm™'. The height of the potential barrier is between 250 and 400 K. The interpretation
of our optical data is supported by recent structural investigations.

I. INTRODUCTION

Ag;SI belongs to the large family of Ag-based
superionic conductors such as Agl, Ag,S, RbAg,Is,
(CsHsNH)AgsIs, AgCrS,, etc. The crystal struc-
ture as well as the transport and thermal properties
of this compound have been studied in detail.!~’
It is now well established that Ag;SI possesses
three crystallographic phases. In a-Ag;SI the
anions, I and S, are distributed statistically over
the centers and the corners of the cubic unit cell,
while the silver ions are distributed over a large
number of available sites located on the faces of
the cube, a distribution which is similar to the one
in a-Agl [Fig. 1(a)]. @-Ag;SI is a mixed conductor
with a dominating and very large ionic conductivi-
ty of about 1 (Q cm)~! at 300°C.2 The potential
barriers for diffusion of silver ions are estimated to
be 0.03—0.05 eV.>7 At 519 K a first-order phase
transition to the 3 phase occurs in which the an-
ions are ordered, but the silver ions are still disor-
dered as shown in Fig. 1(b). As in a-Ag;SI there
are still four possible sites for silver ions on each
cube face, but these sites are now much closer to
the face centers, the distance from the centers be-
ing only 0.5 A (the corresponding distance in a-
Ag;SI is a/4=1.248 A). This structure leads to
basically two kinds of jumps for the silver ions:

(1) local jumps between the four equivalent sites
grouped around a face center, and

(2) diffusive jumps of a silver ion from one face
of the cube to a neighboring face [Fig. 1(b)].

The potential barrier for the diffusive jumps is re-
latively high, of the order of 0.17 eV as estimated
from the ionic conductivity which is about 0.02 (2
cm)~! at 300 K.> On the other hand, the potential
barrier for the local jumps is much lower; a value
of only 0.014 eV has been estimated on the basis of
recent x-ray data.® Finally, at 157 K there is a
phase transition into the y phase; this phase transi-
tion is very close to second order.’ y-Ag;SIis an
ordered structure which is closely related to the
structure of B-Ag;SI. The positions of the anions
are almost the same as in SAg;SI, while Ag is lo-
cated at one of the four positions of the 3 phase
obeying a threefold symmetry axis around the
[111] axis [Fig. 1(c)]. Accordingly, the structure is
no longer cubic but belongs to the rhombohedral
system. Figure 1 also displays schematically the
expected behavior of the mean potential energy of
silver ions in the three phases.

In this paper we are studying the dynamical
behavior of the silver ions in Ag;SI by means of
far-infrared optical studies. Since the dielectric
response of a-Ag;SI will be complicated by the
nonvanishing electronic conductivity we are focus-
ing our attention on the 3 and y phases. The 3
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FIG. 1. (a) Structure of a-Ag;SI and schematic po-
tential energy for the motion of silver ions. (b) Struc-
ture of B-Ag;SI and schematic potential energy for
silver ions (local jumps 4<>B across double-well poten-
tial, diffusive jumps B — C across large potential bar-
riers). (c) Structure of y-Ag;SI; the sil er ions are
locked in the deep potential wells 4 and C.

phase is clearly of great interest due to the possibil-
ity of the silver ions of rattling between the four
equivalent sites grouped around each face center.
In a linear model and disregarding the diffusive
jumps across the large potential wells we can con-
sider the motion of the silver ions to be that in a
symmetric double-well potential.

In Sec. II we present our reflectivity measure-
ments of B- and y-Ag;SI in the far infrared. In
B-Ag;SI we observe a characteristic increase of the
reflectivity below about 40 cm™!; this low-
frequency structure completely disappears in the ¢
phase. In Sec. III we interpret and discuss the ex-
perimental data on the basis of ions moving in a
symmetric double-well potential and show that the
increase of the reflectivity is due to jumps of silver
ions across the small energy barrier of the double-
well potential.

II. EXPERIMENTAL

Crystals of Ag;SI were grown by the Bridgman
technique. Stoichiometric amounts of Ag,S and
Agl were sealed into a quartz ampoule, melted,

and then slowly pulled through a temperature gra-
dient centered around 700°C. Ingots were poly-
crystals containing large single-crystal domains
which were used for the reflectivity measurements.

All far-infrared measurements have been per-
formed with a Beckman FS 720 interferometer.
For measurements above 150 cm ™! the instrument
was used in the Michelson mode and below 150
cm ™! in the polarizing mode.® The measurements
have been performed with a dc mercury source.
Both a Golay cell and germanium bolometer
operated at 1.5 K have been used as a detector.
Most spectra have been recorded with a resolution
of 1.2 cm~!. A specially constructed reflection
cell has been used the details of which are
described elsewhere.” The samples were cooled
with a central stream of cold nitrogen gas while
the windows (sealed with normal O rings) were
kept near room temperature by a peripheral hot
stream of nitrogen. This guarantees a uniform
temperature over the whole sample. In order to
avoid the disturbing reflectivity from the windows,
the cell is equipped with oblique windows. The
sample holder carrying the sample and the refer-
ence mirror was rotatable.

Figure 2 shows the reflectivity of B3-Ag;SI at 300
K and of y-Ag;SI at 90 K between 10 and 360
ecm~!. At room temperature we observe two broad
absorptions near 200 and 250 cm~! and a rather
well-defined reflectivity peak near 60 cm~!. Note
the pronounced increase in the reflectivity R below
40 cm™!,

At 90 K the peaks are considerably sharper and
shifted towards higher frequencies. In addition,
weak subsidiary structures appear, for instance,
near 30 and 70 cm™!; they probably arise from the
lowering of the symmetry in going from the B into
the y phase. Note that at 90 K the reflectivity is
essentially flat at low frequencies. Figure 3
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FIG. 2. Reflectivity of B-AgsSI at 300 K (— - —-- —)
and of y-Ag;SI at 90 K (——).
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FIG. 3. Temperature dependence of the reflectivity

of B-Ag;SI and y-Ag;SI. T=300K (—--—-- -
T=180K (—-—-—); T=146and 150 K (- - - );
T=134 K (———); T=90K ( ). The B—v phase

transition temperature is at 156 K. The small increase
of the reflectivity below 20 cm~! at 150 K is regarded
as a precurser effect of the phase transition.

displays the temperature dependence of the reflec-
tivity between 5 and 140 cm~!. The increase in R
at low frequencies is observed at 300, 180, and 150
K. The B—y phase transition is at 157 K. We re-
gard the small increase in R at 150 K as a pre-
curser effect of the phase transition. Below 146 K
the reflectivity is flat down to 5 cm~!, the low-
frequency limit of our instrument.

The temperature dependence of the peak fre-
quency of the low-frequency mode is shown in Fig.
4. With decreasing temperature there is a marked
increase in the peak frequency in the vicinity of
the S— v phase transition at 157 K. Figure 5
displays the frequency-dependent conductivity
o(@) as obtained from a Kramers-Kronig analysis
of the observed reflectivity at 300 K; below 5
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FIG. 4. Temperature dependence of the low-
frequency optical mode near 60 cm~!. Note the change
in frequency near T,=156 K.
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FIG. 5. Frequency-dependent conductivity o (@ ) as

obtained from a Kramers-Kronig analysis of the reflec-
tivity of B-Ag;SI at 300 K; below 5 cm~! the reflectivity
has been extrapolated with the help of the double-well
model. The shoulder below 40 cm! is due to the jumps
of the silver ions across the double-well potentials.

cm~! R(@ ) has been extrapolated using the
double-well model discussed in Sec. III. Figure 6
shows o(@) of y-Ag;SI at 90 K.

III. INTERPRETATION OF EXPERIMENTS
AND DISCUSSION

Considering the structure of 3-Ag;SI [Fig. 1(b)]
it is evident that the dynamics of the ions in this
phase is very complicated. From a lattice dynami-
cal point of view the unit cell contains five ions
which are coupled by short- and long-range forces;
furthermore, the silver ions are disordered and can
jump between the four possible sites close to the
face centers. A generalized lattice-dynamical
model has been developed for simple diatomic
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FIG. 6. Frequency-dependent conductivity o(@ ) as
obtained from a Kramers-Kronig analysis of the reflec-
tivity of y-AgsSI at 90 K.
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crystals in which one sublattice of particles has

two or more equivalent positions in a lattice
site.!~12 The application of such a model to -
Ag;SI is, however, very involved as will be discussed
at the end of this section.

We therefore adopt a different point of view,
namely an Einstein-type model in which the direct
coupling between the ions is neglected, and within
this model we are focusing our attention to the lo-
cal motion of one silver ion. The limitations of
this model will be discussed below. If the silver
ion is displaced perpendicularly to its cube face
containing the four equivalent sites, it will move in
a normal single-well potential [Fig. 1(b)]. We are
not concerned with this motion but rather with the
motion of the silver ion within its cube face. In an
applied field this motion becomes essentially one
dimensional, i.e., the motion in a double-well po-
tential [Fig. 1(b)], and there are in a certain ap-
proximation two separate responses to an applied
light field: (1) the vibration of the silver ion
within one of the wells of the double-well potential
which is represented by a damped oscillator lead-
ing to a resonance in the reflectivity near the oscil-
lator frequency wg, and (2) the jump process
described by a Debye relaxation leading to a suruc-
ture near the Debye relaxation frequency. These
two responses should qualitatively explain the
behavior of the reflectivity of B-Ag;SI below 150
cm~! (Fig. 3).

The frequency-dependent mobility of a Brownian
particle moving in a double-well potential has been
studied by Schneider and Strissler.!* The non-
linear equation of motion is

mx =—myx —U'(x)+f (1), (1)

where m is the mass of the particle, -myx is the
damping force, U’ (x) is the derivative of the
double-well potential U(x) = A (x* — 2x?) with
barrier height A, and f(¢) is a random force which
describes the coupling of the particle with the ther-
mal motion of the lattice. The latter is assumed
to be Gaussian white noise with (f(¢)f(t"))
=2ymkgT&(t —t') where T denotes the tempera-
ture and kp Boltzmann’s constant. Equation (1)
has been solved by means of continued fraction ap-
proximations. These results are remarkably well
reproduced by a simple memory function an-
satz'>!* which we use here for fitting the experi-
mental data.

The reflectivity is given by

Vet !

R=
T | @)

where € (o) is the complex dielectric constant.
The relation between € (w) and the frequency-
dependent conductivity o () is

o) =¢, +4r L2 3)

—iw

Here, €, is the high-frequency dielectric constant.
o(w) can be expressed in terms of the mobility
1) by

olw)=fulw), 4)

where f is the oscillator strength. The expression
for u(w) based on the memory function ansatz is
given in the Appendix. The model contains five
parameters, namely: the oscillator frequency wy,
the oscillator strength f, the oscillator damping 7,
the “high-frequency dielectric constant” €, and

A /kgT. Figure 7 shows fits of the model to the
observed reflectivity of B-Ag;SI at three different
temperatures. In these fits the parameters wg, f,
€., and A are almost the same, while y decreases
slightly with decreasing temperature. For the bar-
rier height A we find 0.029 eV, corresponding to a
temperature of 338 K. Figure 8 shows the real
and the imaginary part of the dielectric constant as
well as the ionic conductivity o as a function of
frequency, as obtained from the fit of the model to
the reflectivity at 300 K. ‘Within the Einstein-type
model the main resonance in o(&) near 75 cm ™!

is due to the oscillation of the silver ion in the po-
tential well, while the shoulder below about 30
cm~! originates from the jumps of the silver ions
across the potential barrier. The escape rate, de-
fined as the probability per unit time for a silver
ion to escape from a well over a barrier, is given
by (see the Appendix)

ks T (5)

— —_ ~ — ¥
1/ Tege = Wese =2TCD g = CO ¥se

Here @* is the renormalized oscillation frequency
and s is a factor defined in the Appendix. s@* can
be regarded as the attempt frequency in wave num-
ber for jumps. At 300 K we obtain o* = 77
em~!, s@* = 70 cm ™!, and /7 = 6.2 X 10!
sec”! corresponding t0 @, = 3.3 cm™!. The
low-frequency peak of &(@) is at @, = 2@

= 6.6 cm™! (Fig. 8).

The fits shown in Fig. 7 are based on trial and
error. We have also performed least-square fits by
varying all five parameters or only a smaller num-
ber of parameters and have obtained essentially the
same parameters and quality of the fits as those of
Fig. 7. It should be mentioned that the fit of the
model to the observed reflectivity allows only an
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FIG. 7. Fits of the double-well model to the observed
reflectivity of S-Ag;SI at T=300, 227, and 180 K.
: experimental; — — —: model fit. The parame-
ters are @o=90 cm™!, f=2200cm ~%, =25 cm~!, 4A/
kgT =4.5,6,=8 at 300 K; @,=90 cm™', f=2200
cm~2 =21 cm~!, 4A/kpT=6, €, =7.5 at 227 K;
@p=90 cm~!, f=2000 cm~2, =19 cm~', 4A/
kpT =17.5,6,=7 at 180 K. The barrier height A is
0.029 eV which corresponds to 338 K.

approximate determination of the barrier height A:
We have performed least-square fits with wg, £, 7,
and €, as the variable parameters and with dif-
ferent fixed values of A. It is possible to obtain
reasonable fits with values of A ranging between
about 250 and 400 K; values of A outside this
range gave definitely poorer fits, especially below
40 cm~!. Thus we have shown that the micro-
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FIG. 8. Frequency dependence of the dielectric con-
stant and ionic conductivity of 3-Ag,SI at 300 K as ob-
tained from a fit of the double-well model to the ob-
served reflectivity. €,(@): — — —; €(@): —-—-—; o(@):
. The peak in &@) at & = 6.6 cm~! and the
shoulder in o(@) below about 30 cm~! are due to the
jump of silver ions across the double-well potentials.

scopic double-well model with the expression (5) for
the escape rate is able to describe qualitatively the
experiments. The model describes both the oscilla-
tion (resonance near 75 cm™!) and the jumps
[shoulder of o(@) below 30 cm™'] of the silver ions
and predicts a barrier height A between 250 and
400 K.

Above T, the small barrier height A gives rise to
a damping 1/7' (see the Appendix) in addition to
the oscillator damping y. At 180 K the values are
1/7=35cm~! and 7=19 cm~!. Well below T,
the silver ions move in a single-well potential
which means that the “additional damping” 1/7
disappears. At T, the oscillator damping y will
also change due to the change in crystal structure
which manifests itself in the appearance of new
weak absorption peaks (Figs. 2, 3, and 6). Even if
y increases slightly at T, the net effect will result
in a smaller damping below T, leading to a consid-
erably sharper resonance as observed in Figs. 3 and
6. The drop in the damping at T, will renormalize
the oscillator frequency towards higher values.
This effect together with the slightly larger force
constants explains the increase of the resonance
frequency at T, as observed in Fig. 4.

In the double-well model considered above the
oscillatory motion and the jump motion are inti-
mately coupled; the prefactor of the escape rate,
1/7es. [Eq. (5)], is not an independent parameter
but depends on w, 7, and A (see the Appendix).
This is one of the reasons that only fits of
moderate quality are obtained (Fig. 7). For this
reason we have considered in addition a phenomen-
ological model in which the oscillation is complete-
ly decoupled from the jumps. The oscillatory



546 P. BRUESCH, H.U. BEYELER, AND S. STRASSLER 25

motion is described by a damped oscillator while
the jumps are represented by a Debye relaxation
process, thus

47Bp 4rf

l—iwTp wé—mzwi'}/a)

elw)=€,+ (6)

This model contains six parameters, namely €,
Bp, Tp, f, ®, and y. Figure 9 shows a least-
square fit of this model to the reflectivity at 300
K. The fit is good below 100 cm ™! but less satis-
factory above. For the Debye relaxation frequency
wp = 1/7p = 2mcdp we find 14.6 X 10" sec™!,
which corresponds to @, = 7.3 cm™!; this is the
peak frequency of €,(@ ) and is close to the corre-
sponding value 2@, = 6.6 cm™! of the double-
well model. Assuming that @p is thermally ac-
tivated and choosing a barrier height A = 338 K
we obtain about the same attempt frequency as for
the double-well model. The fact that the two
models give approximately the same prefactor
shows that the two degrees of freedom (oscillation
and jumps) are related. If the degrees of freedom
would be unrelated, the prefactors would, in gen-
eral, be different. The microscopic double-well
model is thus confirmed and provides a good
description of the basic physics.

One should note that, from first principles, the
independent-oscillator — Debye model is not con-
sistent because the degrees of freedom representing
the Debye mode are not an independent part of the
lattice dynamics. In particular, the sum rule for
o(w) (Ref. 15) is not satisfied by such a model.
The advantage of the microscopic double-well model
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FIG. 9. Least-squares fit of the independent-
oscillator — Debye-relaxation model according to Eq. (6)
to the reflectivity of B-Ag,SI at 300 K. The parameters
are @p=71.3 cm~!, f=983.9 cm~2, $=32.7 cm™, €
=6.14, Bp=2.07, 75'=14.6 X 10" sec™.

lies in the fact that a qualitative fit is possible with
only five parameters and that it obeys the sum
rule.

In applying the double-well model to Ag;SI we
have tacitly assumed that the resonance near 60
cm~! (Figs. 3 and 5) is due to the motion of silver
ions only. On the other hand, our lattice-
dynamical calculations based on the antiperovskite
structure (in which the silver ions are located at
the face centers) indicate that this mode not only
involves the silver ions but to some extent also the
iodine and sulfur ions. If the double-well model is
applied to 3-Ags;SI, the parameters such as the
mass, the oscillator frequency and strength and the
damping should therefore be regarded as effective
parameters which are associated with the real nor-
mal mode. Nevertheless, the fact that it is possible
to describe both the oscillation and the jumps with
the double-well model indicates, that this normal
mode can, in a certain approximation, be regarded
as the attempt mode for jumps of silver ions. The
real attempt mode (reaction coordinate for jumps)
is a superposition of all the normal modes.

Finally, it should be mentioned that 3-Ag,SI
represents a system which could, in principle, be
described on the basis of a generalized lattice-
dynamical model developed by Merten et al.'°~12
In this model the normal modes of the system are
coupled to the Debye relaxation via the effective
field. The Debye relaxation represents the jumps
of ions between different nearby sites of one or
more sublattices. It has also been shown that this
coupling can lead to order-disorder transitions and
could possibly explain the B—y phase transition of
Ag;SI. The application of this model to Ag;SI is,
however, very cumbersome due to the three silver
sublattices and the many parameters involved and
is therefore beyond the scope of this paper.
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APPENDIX

Within a memory function ansatz the mobility is
given by
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b 1—b -1 where

—iw —io+1/7

f dy e—x[(1/4)y‘—(1/2)y2]y2

f dye_x[(1/4)y‘—(1/2)y2]

u(x)=

Here
P el 2
T= 0'2—03’ has been taken from a table. The renormalized
frequency w* is given by
where
r=o? Tesc 0" =0d[3u(x)—1]/2.
2 b
b=0%/0", The escape rate 1/7.,. becomes
and * 21172 B
I/Tesc=w_ 14+ Y X | A/kBT,
QO=1/V a(o). 21T 2(1)] 20)1
The static polarizability is given by
4A 4A where
a(0)=2 S U ,
kB T(Do kB r wq =co0\/§.
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