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By use of extended x-ray absorption fine structure, the Ag ions in superionic Agl are
shown to occupy the distorted tetrahedral sites in the iodine bee lattice, being slightly dis-
placed from the center toward the faces along the most probable diffusion path. The resi-
dence time of the Ag ions in these sites is determined to be longer than their flight time,
implying that the jump-diffusion model is more appropriate than a free-diffusion model.

Agl is typical of a class of superionic conduc-
tors that achieve their high-conducting state
through a structural phase transition. Below
147°C, Agl has the hexagonal wurtzite structure
(8 phase). At 147°C, it transforms to the o phase
in which the iodine ions form a body-centered cu-
bic lattice with the Ag sublattice disordered,!*?
and the ionic conductivity increases by 4 orders
of magnitude to 1 (% cm) 1.2 We have used the ex-
tended x-ray absorption fine structure (EXAFS)
on the Ag K-shell absorption to obtain informa-
tion on both the position and the dynamics of the
Ag ions in the superionic @ phase of Agl. First,
we show that the Ag-ion position distribution func-
tion is peaked ~0.1 A from the center of the dis-
torted tetrahedron formed by the bcc iodine lat-
tice, displaced toward a tetrahedral face. Sec-
ondly, we determine that the residence time of
the Ag ions in the displaced tetrahedral site is
roughly 3 times the flight time between different
tetrahedra. Finally, we show that previous con-
clusions on the position and dynamics of the Ag
ions in superionic Agl which were drawn from x-
ray'’? and neutron*’® scattering studies are incon-
sistent with the EXAFS data.

The EXAFS on the Ag K-shell absorption in Agl
was measured in the ionic insulating 8 phase at
20°C and 98°C and in the superionic @ phase at
198°C and 302°C using the facilities of the Stan-
ford Linear Accelerator Center Synchrotron Ra-
diation Project. The EXAFS is observed as an
oscillation in the absorption cross section above
the Ag K edge.® Using procedures which have
been described in detail elsewhere,” we extracted
the EXAFS as a function of final-state electron
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momentum, %Z, from the measured absorption and
made a Fourier transformation into real space.
The resultant complex transform, ¢(»), is shown
in Fig. 1 for the 20°C and the 198°C data. Note
that the vertical scales differ by a factor of 2.
All the data were collected on the same sample
and were reduced in an identical manner.

The Fourier transform, ¢(r), of the EXAFS on
K-shell absorption can be expressed’ as a sum of
contributions, &, from each shell of atoms sur-
rounding the excited atom:

W) =D ol @r/r?)palr)salr =77, (1)
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FIG. 1. The real part (solid line) and the magnitude
of the Fourier transform @(r) of the EXAFS on the Ag
K-ghell absorption in Agl: (a) at 20°C (well below the
normal-superionic transition) and (b) at 198°C (well
above the transition). Note that the vertical scales dif-
fer by a factor of 2. The data were collected on the
same sample and transformed over the same interval
in & space.
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where >0 and p is the radial distribution func-
tion of the ath atomic species. As in x-ray and
neutron diffraction studies, ¢ is a radial distribu-
tion function modified by convolution with a peak
function, £. £(7) is a complicated function involv-
ing the complex ¢ matrix of the scattering atom,
the final-state electron lifetime, and the initial
phase shift due to the excited-atom potential. In
addition, £ is a function of the manner in which
the finite range of the k-space data is treated. In
order to enable direct comparison among the data
at different temperatures, we have used in each
case the same square window, =3 to 17 A™?,
Gaussian broadened with o, =0.7 Al ¢ isinsen-
sitive, however, to changes in crystal structure,
local bonding, thermal effects, etc. The strategy
of our study, therefore, is to extract £(») from
the ¢ measured in a state where p() is known, at
20°C in the B phase. The unknown p(7) at other
temperatures can then be obtained from the ap-
propriate ¢ using this £.7

Before discussing the change of the EXAFS of
Agl with temperature, we first consider the 20°C
data. At this temperature Agl has the hexagonal
wurtzite structure in which each Ag atom has four
iodine nearest neighbors at 2.82 A and twelve Ag
next-nearest neighbors at 4.59 A. The structure
below 1.5 A in both Figs. 1(a) and 1(b) is an arti-
fact of the data-reduction techniques. The ab-
sence of any significant structure beyond 3.8 A
in Fig. 1(a) suggests that only the nearest-neigh-
bor iodine atoms contribute substantially to the
EXAFS. They give rise to the extensive struc-
ture between 1.6 and 3.8 A which peaks at 1.56 A,
0.26 A below the actual peak in the radial distri-
bution due to the # dependence of the initial phase
shift and of the phase of the { matrix. The gener-
al shape in real space, including the satellite at
2.1 A and the shoulder at 3.1 A , is reproduced in
each of our measurements on Agl. In fact, the
only significant difference between the data in the
ionic insulating phase at 20°C and 98°C is that the
peak in the higher-temperature data is broadened
somewhat and reduced in intensity by about 10%.
In analogy with x-ray and neutron scattering we
define the reliability index by

R =E[|Re(¢q-‘PM) L+ 1 Im(pg = ¢u) 1]
2o (IReg | + 1 Ime ) ’

where ¢, is the experimentally determined EXAFS
real-space function, ¢, is the model function
simulated from the 20°C data, and the sum is
over all the data points in the interval » =1.6-3.8
A. These 98°C data can be fitted by Gaussian

broadening the 20°C data by 0.05 A with a reliabil-
ity index of R =0.06. This R places an upper
bound on the accumulated errors from the origi-

‘'nal data and from the data-reduction process.

Having obtained a &; for iodine scatterers and
a measure of the expected R value for a good fit
using the 8-phase data, we now turn to examine
the ¢ for Agl in the superionic @ phase. It is evi-
dent that two different types of changes occur be-
tween Figs. 1(a) and 1(b). First, the main peak
shifts to lower » and develops a shoulder at high-
er . Secondly, the height of the peak decreases.
Consider first the positional information contained
in the peak shifts. We assume that, as in the 8
phase, there are no Ag-Ag nearest neighbors and
synthesize the 198°C peak using the &; extracted
at 20°C. We initially attempted to fit the data us-
ing a single Gaussian-broadened peak. This fit
required a slight shift to lower Ag-I spacing than
at 20°C (r =2.81 A instead of » =2.82 &), an addi-
tional Gaussian broadening of 0.07 f\, and a fur-
ther amplitude reduction of 22%, and yielded R
=0.12. An R value of 0.12 is too large to be satis-
factory, even taking into account the reduction of
signal between 98 and 198°C. Furthermore, the
deviation between ¢, and ¢, is systematic and
suggests that a bimodal radial distribution is
more appropriate. It is clear even from this
first fit, however, that the nearest neighbors of
Ag are I ions at a position corresponding roughly
to the center of the tetrahedral sites (r =2.82 A
from the known? x-ray lattice constant at 200°C
of 5.05 A). The 198°C data are inconsistent with
any significant number of Ag ions being near the
center of the trigonal site (» =2.68 A). This con-
clusion of tetrahedral symmetry for the Ag ions
is consistent with the similarity between the Ra-
man spectra® in the 8 and @ phases. Accordingly,
we will restrict our search to models which are
appropriate to the tetrahedral sites but displaced
somewhat to yield the bimodal distribution sug-
gested by the EXAFS data.

Let us consider the following two models: (a) a
displacement of Ag along the (100) direction with
two I ions closer and two farther than 2.82 A;

(b) a displacement of Ag along the (110) direction
with three I atoms closer and one farther than
2.82 A. The latter model is most attractive as it
calls for the Ag being displaced toward a tetra-
hedral face along a likely path for diffusion among
tetrahedra, whereas the first model displaces the
Ag ions toward the small space between adjacent
Iions. A fit by model (a) requires two atoms at
2.75 A and two at 2.87 A and a further amplitude
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FIG. 2. Synthesis of the Fourier transform, ¢(@),
from Fig. 1(b) for the superionic phase at 198°C, using
three different structural models: (a) Ag in displaced
tetrahedral sites with three iodine at 7 =2.78 & and one
iodine at 7 =2.93 j\; (b) Strock model (Refs. 1 and 2)
from x-ray scattering; (c) Bilhrer-H#lg model (Ref. 4)
from neutron scattering. (b) and (c) do not reproduce
the measured EXAFS, whereas (a) does.

reduction of 25%, yielding R =0.11. This is not
satisfactory because the R value is still large,
the radii are slightly too small, and systematic
deviations between ¢, and ¢ still remain, Final-
ly, model (b) requires three I atoms at 2.78 A
and one at 2.93 A and a further amplitude reduc-
tion of 25%, yielding R =0.09. In this case, illus-
trated in Fig. 2(a), the R value is significantly
lower, the radii are appropriate (giving » =2.82
A for the center of the tetrahedron), and the sys-
tematic deviations between ¢, and ¢, have been
eliminated. We can conclude, accordingly, that
at 198°C the Ag are in the vicinity of the tetra-
hedral sites and have lost ~25% of their EXAFS
amplitude compared with the 20°C data.’ Addi-
tionally, the above evidence favors modelo (b),
where the Ag ions are displaced by ~0.1 A from
the center of the tetrahedron along the (110) di-
rection toward a tetrahedral face. Within a given
model the change in R value suggests the follow-
ing error limits: amplitude, + 5%; position,
+0.01 A, The data in the superionic phase at the
higher temperature of 302°C are fitted in the
same manner but with an additional broadening
of 0,04 A,

It is interesting to note that the two peaks with
which we synthesize the ¢ at 198 and 302°C are
nearly as narrow as the first-neighbor peak in
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the ¢ at 20°C, which we estimate to have a Gauss-
ian half-width less than 0.1 A. The broadening

in the nearest-neighbor position which is observed
in EXAFS should not be confused with the much
larger rms deviation from the average lattice po-
sition deduced from x-ray and neutron diffraction
studies (¥ 0.5 A for I and 0.7 A for Ag at 195°C).*
The latter broadening includes effects which do
not broaden the EXAFS, such as long-wavelength
acoustic phonons and certain types of static dis-
order.

In the same manner we have also synthesized
the EXAFS that one would expect from the two
other structural models which have been pro-
posed. These are shown in Figs. 2(b) and 2(c).
Figure 2(b) corresponds to the Strock model,!*2
where two Ag ions are equally distributed over
42 crystallographic sites in the cube formed by
the bee iodine atoms. The R value for this model
is 0.60, the poor agreement due mainly to the
large number of neighbors in the trigonal sites
at»=2,68 A. Figure 2(c) results from the model
proposed by Bihrer and Halg® from neutron scat-
tering experiments, in which the Ag ions occupy
the displaced tetrahedral 24g sites having two
iodine near neighbors at » =2.71 A and the other
two at »=2.96 A, R equals 0.50 for this structur-
al model, the sizable deviation due mainly to the
large displacement from the tetrahedral center.
It is seen that both of these two structural models
are, therefore, inconsistent with the EXAFS data
and so must be ruled out.

Next, we consider the information contained in
the amplitude of the EXAFS peaks in real space.
In the synthesis of the 198°C data, it was neces-
sary to reduce the amplitude of the peaks by ~25%
in order to obtain the experimental amplitude.
This implies that only ~ 75% of the Ag atoms that
were observed at room temperature are contri-
buting to the sharp EXAFS features at high tem-
perature. Such a'loss in intensity can be explained
by considering the following simple model. An Ag
ion resides inside a tetrahedron at one of the dis-
placed sites for a residence time 7z and during
this time yields a sharp EXAFS signal. During
the flight time, 7z, between adjacent tetrahedra
the Ag-I distances are distributed over a large
range and so will not contribute to ¢. According-
ly, the total intensity of the sharp features equals
Tr/(Tr +TF), which then is approximately equal to
0.75, yielding 7z/75=3.0+0.6. Thus Ty is longer
than 75, implying that conduction in the superion-
ic phase of Agl is more closely related to jump
diffusion than to free diffusion.'®
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An estimate of these times can be made since
the sum 7z +75 is just the time that enters the
jump-diffusion expression for the ionic conductiv-
ity, o0: Tr +7~ Ne?d?/6ksTo, where N is the con-
centration of Ag ions, e their charge, andd the
mean jump distance. We consider hops between
the neighboring tetrahedral sites for whichd =1.8
A. At 198°C, using 0=1.6 (2 cm) !, we then have
Tr+Trp~ 2.1 ps. Tp can be estimated using the
equipartition theorem and assuming that the po-
tential energy is small during the ion flight: 77
~ (Md?/3ks T)*2, where M is the Ag-ion mass.

At 198°C this yields 7~ 0.6 ps, and, therefore,
TR/Tp™ 2.5, in good agreement with the observed
value of 3.9+ 0.6. This ratio is at variance with
the results of an analysis of quasielastic neutron
scattering data by Eckold et al.,° who conclude
that the residence time is sZovter than the flight
time (Tz/7~ 0.5). Their results would predict,
however, a first-neighbor peak amplitude in the
superionic phase which is less than one-half of
what we observe.

In summary, we have shown that the Ag ions in
the superionic phase of Agl occupy sites slightly
displaced from the center of the distorted iodine
tetrahedron, yielding sharp EXAFS features with
three near-neighbor igdine atoms at 2.78+0.01 A
and one at 2.93+0.01 A, Secondly, we have deter-
mined that the residence time of the Ag ions is
longer than their flight time by a factor of 3, sup-

porting the validity of a jump-diffusion model for
the conduction.
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-The energy theorem of electrodynamics is cast in a form which yields expressions for
the energy current and energy dissipation of a combined field of transverse and longitudi-
nal waves when the longitudinal field is described in the hydrodynamic approximation.
This has consequences concerning the boundary conditions for transverse and plasma
waves at metal-metal interface and the photoemission yield.

Plasma waves in metals are homogeneous so-
lutions of Maxwell’s equations. They are excited
by interaction of light with conducting media' and
therefore should be properly included in optics
at metal surfaces. There have been a few at-
tempts to achieve this on a macroscopic level,?:?
while other authors approached this problem by
microscopic models.*””

A macroscopic treatment of plasma waves is
most often done via the so-called hydrodynamic
approximation of the equation of motion of the

electron gas® such that

4 e’y .3
o 4y = Y1=DVe, M

with | and p the current and charge densities,
w,’=4mne®/m, and y=7"" an inverse lifetime.
Equation (1) can be derived from Boltzmann’s
equation; it contains Ohm’s law, the propagation
of plasma waves with the dispersion w(w +1iy)
=w,? +DK? (where D = %v ¢ in a free-electron ap-
proximation), and a difference in the transverse
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