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Extended-x-ray-absorption-fine-structure (EXAFS) data on the normal and superionic phases of Agl and the
cuprous halides have been analyzed using four structural models: harmonic oscillator, displaced site, anharmonic
oscillator, and excluded volume. The most satisfactory description is obtained with the last model, based upon a
softened hard-sphere pair potential. The results indicate that the tetrahedral locations in the halogen lattice are
preferred by the mobile cations, but that at elevated temperatures substantial cation density also occurs at bridging
trigonal sites. For fcc immobile-ion lattices, significant octahedral occupation is also found at elevated temperatures.
These results indicate that the likely conduction path between tetrahedral sites is in the {110) directions for bcc
materials and in the {111} directions for fcc materials. The potential-energy barrier heights for conduction in
various directions are obtained from the ion density. In addition, differences in the nature of the structural
information probed by EXAFS and by diffraction techniques are discussed.

I. INTRODUCTION

Considerable experimental and theoretical ef-
fort has been devoted to understanding the be-
havior of superionic conductors. These materials
are interesting in that they exhibit ionic conduc-
tivities comparable to those of molten salts while
still in the solid phase [~1 (2 cm)~!].! They in-
clude relatively simple binary salts like Agl
(Refs. 2-11) and structurally complex ceramics
like Li,Ti,0, (Ref, 12). Their ionic conductivities
show different temperature dependences,'® ranging
from predominantly exponential behavior with a
sharp discontinuity at a phase transition (as in
AglI) to a continuous exponential increase over a
wide temperature range (as in Na-B-AL0O, and

Li,Ti,0,). The first category, dominated by Cu
and Ag ion conductors, is particularly interesting
since the onset of superionic conduction is as-
sociated with a true first-order phase transition,
accompanied by changes in structure and discon-
tinuities in the specific heat. The entropy in-
crease at these solid-solid transitions is often
half the entropy increase on melting of a normal
salt—a fact which has led, in part, to the con-
cept of sublattice melting at the transition.'*!3
Agl and the cuprous halides exemplify this be-
havior and are the materials we discuss in this
paper. Selected information on the phases is
listed in Table I.

At all temperatures in these salts, the halogen
anions are c'osely bound to their lattice sites and

TABLE 1. Selected information on the structures and phase transitions of Agl and the cu-

prous halides.

Transition
temperature AS
Material Phase (°C) Structure [J (moleK)™]
Agl % Zinc blende (iodine fcc)
B Wurtzite (iodine hcp)
o 147 Iodine bece 14.5
Melt 557 11.3
Cul Y Zinc blende (iodine fcc)
B 369 Iodine hcp 11.1
o 407 Iodine fcc 4.7
Melt 600 9.2
CuBr % Zinc blende (Br fcc)
B 385 Br hep 8.8
o 469 Br bee 3.8
Melt 488 12.6
CuCl Y Zinc blende (Cl1 fcc)
B 407 Cl hep
Melt 422 15.5
23 2876 © 1981 The American Physical Society
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the cations are relatively mobile, As can be seen
in Fig. 1, the ionic conductivity at low tempera-
tures is well approximated by the Arrhenius ex-
pression

0=0,/Texp(-U/kgT), 1)

where T is temperature and U is the barrier
height or activation energy. Just as one would ex-
pect for a normal salt, the conductivity is low
[<10~* (R cm)™] and is highly activated (U=1 eV).
In this normal phase, the cations are situated at
well defined lattice sites and have very low mo-
bility. They become much more mobile as the
phase transition is approached. Agl is dimorphous
at low temperatures, existing in either the wurt-
zite structure (B phase) or the zinc-blende struc-
ture (¥ phase). The conductivity of both these
phases is low, with the ¥ phase being a somewhat
better conductor.'® From either phase, the con-
ductivity increases abruptly by a factor of 10*
upon entering the superionic @ phase at 147 °C
(Ref. 17). The situation for the cuprous halides'®
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FIG. 1. Conductivity on a logarithmic scale versus
inverse temperature for Agl (Refs. 16 and 17) and the
cuprous halides (Ref. 18). Cationic conductivity dom-
inates over this temperature region.

is different in that the conductivity increases more
rapidly than exponential and achieves a large value
[=0.1 (R¢em)] below the first phase transition.

It increases further by a small factor at the two
phase transitions y— 8 and 8~ a. In each case,
however, the «a phases exhibit superionic be-
havior, That is, the cationic conductivity is large
[*1 (R cm)~'] and only slightly temperature de-
pendent (U=0.1 eV), (Although CuCl has no a
phase, its conductivity is as substantial as that of
CuBr and Cul at the high-temperature end of the

¥ phase and in the B8 phase.!®)

There is a latent heat at these phase transitions
which corresponds to an entropy change AS
=10 J (mole K)™ (Ref. 14). This is comparable to
the entropy of fusion of these salts, as shown in
Table I. The sum of these entropies is approxi-
mately equal to the entropy of fusion for normal
salts [e.g., 24 J (mole K)™! for the alkali ha-
lides'?]. This observation supports the concept
of sublattice melting in superionic conductors.

In this description, the transition to the superionic
phase is viewed as a “melting” of the mobile-ion
sublattice. This ionic liquid can flow readily
through the rigid but relatively open immobile-
ion sublattice. In these materials, the Ag or Cu
sublattice melts while the halogen sublattice re-
mains intact.

The characterization of these materials requires
understanding the nature of the transitions to the
superionic phase and of the motion of the cations
that accounts for the high conductivity in this
phase. Structural studies are particularly in-
teresting in this regard to the extent that they can
yield the location of the mobile ions relative to
their immobile-ion nearest neighbors. From this
information, it is possible to infer the conduction
path as well as the nature of the cation disorder
in the superionic phase. The structural informa-
tion probed through the extended x-ray absorption
fine structure (EXAFS) is especially useful in
this respect. The EXAFS (Refs. 19 and 20) is the
oscillations, as a function of photon energy, in the
absorption cross section above the characteristic
x-ray edges of an atom, These oscillations arise
from an interference between the outgoing electron
wave function and that small fraction of it back-
scattered from the near-neighbor atoms. It con-
tains information on the near-neighbor environ-
ment of the excited atom only, and thus involves
a subset of the pair-correlation functions probed
in a diffraction experiment. This is a substantial
simplification.

There are two significant additional differences
in the nature of the information to be obtained
from these two kinds of structural probes. First-
ly, in x-ray- and neutron-diffraction studies of



2878 J. B. BOYCE, T. M. HAYES, AND J. C. MIKKELSEN, JR. 23

superionic conductors, the complicated diffraction
pattern contains both Bragg peaks from long-
range order and a liquidlike diffuse scattering
pattern from short-range correlations.?*’?! These
two contributions are often dominated by the
stationary lattice and the mobile-ion-mobile-ion
correlations, respectively, The EXAFS on the
cation K-shell absorption, on the other hand,
measures primarily the pair-correlation function
of the mobile cations with respect to the im-
mobile anions, This correlation function is the
most direct indicator of the conduction path.
Secondly, to the extent that the mobile-ion—im-
mobile-ion correlations arve represented in the
Bragg scattering of a diffraction measurement,
the effect must be dominated by long-range cor-
relations for low values of the scattering vector.
The peaks at large 7 in the pair-correlation func-
tions are significantly less sharp than those of
nearest neighbors, due to the influence of long-
wavelength acoustic phonons, certain types of
static disorder, etc. In other words, the vibrative
and diffusive motions of atoms separated by long
distances are not preferentially in unison, unlike
nearest neighbors. As a result, if the Bragg
scattering for low values of the scattering vector
is analyzed in terms of an effective nearest-
neighbor distribution, it will yield a charge-
density pattern which is artificially broad—and an
apparent distance of closest approach which is
unphysically short, While this charge density
can yield some information about the cation con-
duction path through the crystal, it will yield
little information about the short-range pairwise
interactions which govern the conduction. The
Bragg scattering for large scattering vectors
(g>10-15 A™') could be analyzed to yield this
information, but this is seldom done. In contrast,
the EXAFS data bear directly on the nearest-
neighbor contribution to the atom-atom correla-
tion function, which is closely related to the con-
duction process. The effect of thermal vibrations
on the EXAFS, as contrasted with the Debye-
Waller treatment, has been discussed in the
literature.?? Owing to both of these differences,
the EXAFS technique is especially well suited to
determine the path taken by the conducting ions
and to study the microscopic basis of the con-
duction process. This will be evident in the sub-
sequent discussion of our results.

In the following, the results of EXAFS studies
of Agl, Cul, CuBr, and CuCl are presented. The
EXAFS data are analyzed in terms of a three-
dimensional one-ion potential which determines
the cation positions. This leads directly toa
model which not only can explain the structural
data but also can yield substantial insight into

the details of the unusual ionic conduction in
these materials. The experimental details are
presented in Sec. II. In Sec. III are reviewed the
underlying theory of the EXAFS and the data re-
duction process. Models for the structure of
these materials are presented in Sec. IV. In
Secs. V-VII are presented the experimental re-
sults and a discussion in terms of the various
structural models. In Sec, VIII, the results are
summarized and conclusions are drawn.

II. EXPERIMENTAL METHOD
A. Sample preparation

Samples were prepared from 99.999%-pure
powders from Atomergic, New York. This high
purity refers to the starting Cu or Ag metal.
These as-received materials are usually some-
what contaminated with organic solvents used in
washing the precipitated halides, and with water,
The powders were outgassed and dehydrated in a
vacuum drying oven at 140 °C before being sealed
into silica ampoules. The cuprous halides were
melted in one end of the ampoule and filtered
through silica wool into the other end of the am-
poule. A satisfactory alternative is to melt the
material in air in the end of a test tube, and load
the melt into an ampoule for filtering. Dark
insoluble material often formed, probably CuO.
Care was taken to avoid excess heating of the
molten halide as it will dissolve the unwanted
oxide, The small amount of cupric ions present
was chemically reduced by the addition of high-
purity copper metal to the melt. The final
purification process of the cuprous halides in-
cluded partial distillation and several sublima-
tions. The resultant polycrystalline ingots were
colorless CuCl, which has only slight light sensi-
tivity, pale green CuBr, and faintly yellow Cul.
Agl was purified in a similar manner, except
that the distillation-sublimation was replaced by
zone refining,

EXAFS samples were prepared from this start-
ing material, with a slight loss of purity neces-
sitated by the loading of the sample cells. The
EXAFS cells are described in detail by Mikkelsen
et al.?® They are composed of inner pyrolytic
boron nitride disks with a machined circular
cavity for the sample. The cavity depth was
chosen to obtain the desired sample thickness,
which is discussed below. The cells were loaded
with CuCl and CuBr by melting an excess of the
salt into the cell cavity under flowing high-purity
Ar, Agitation with a silica rod facilitated wetting
and the complete filling of the cavity. The sam-
ples were cooled slowly to minimize cracking
from thermal contraction, and were carefully
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polished to the desired thickness, with a tolerance
of about 3 um, Cul and Agl tend to decompose

in an open tube and could not be prepared in the
above manner, Cul samples were ground to the
correct thickness from polycrystalline ingots

of the melted purified material, Agl-pressed
pellets of the appropriate thickness were formed
in a standard infrared sample press at 5000 psi.
The disks were fragile and difficult to handle,
The Agl was transformed to the low-temperature
B phase by heating to 200 °C and cooling to room
temperature.

B. Experimental apparatus and procedure

The experiments were performed at the Stan-
ford Synchrotron Radiation Laboratory (SSRL)
using the conventional experimental arrangement
for an absorption experiment, The white radia-
tion from the storage ring is passed through a
double-crystal monochrometer, using an Si(111)
crystal face for the experiments at the Cu K
edge (8.98 keV) and Si(220) at the Ag K edge
(25.5 keV). The intensity of this monochroma-
tized radiation incident on the sample /, is
monitored by a gas ionization chamber. The
radiation then passes through the sample, and
the transmitted intensity I is measured by a
second chamber. These intensities are related
by

I=Ioexp(- z; u,.xi) , 2)

where the sum includes all absorbing elements

(of absorption coefficient i ; and thickness x;) in
the path between the incident and transmitted
counters. This includes the air, Dewar or furnace
windows, sample holder, and sample. Absorption
by other than the sample was kept to less than
20% to maximize signal-to-noise ratio. From con-
siderations of statistics under the condition that
the nonsample absorption is negligible, Kincaid®*
has shown that the maximal signal-to-noise ratio
results from a sample thickness given by

hsxs== 2,55, where L, is the absorption coefficient
of the sample just above the K cuge of interest.
This condition changes slightly when the non-
sample absorption is signiticant. In our worst
case of 20% nonsample absorption, the optimal
sample thickness is reduced slightly to about
nsxs=2,50 and the signal-to-noise ratio is re-
duced by 10%. The samples were thinned to
approximately the optimal thickness: 125 yum

of Agl for the Ag K edge, 29 um of CuCl, 30 4m
of CuBr, and 18 yum of Cul for the Cu K edge.

The thickness criterion is rather broad so that
small deviations from these tinininesses cause
little deterioration in signal-to-noise ratio. In

addition, the noise often seems to be dominated
by factors other than the photon statistics which
give rise to this criterion, such as synchrotron
beam stability.

Another experimental factor is the gases used
in the two proportional counters. Kincaid?* de-
termined the optimum absorption for the first
counter, measuring I,, to be uy,x,~0.24. Ac-
cordingly, we chose Ne (i,x,~0.24) at the Cu K
edge and Ar (1yx,~0.12) at the Ag K edge for the
6-in.-long I, counter, The second counter, mea-
suring I, was 12 inches long and the gas was
chosen to absorb most of the transmitted photons:
Ar (px=4.9) at the Cu K edge and Kr (ux=3.3)
at the Ag K edge.

For the low-temperature runs, the samples
were kept within a few degrees of 77 K in a
Dewar. For the elevated temperature runs, the
furnace temperature was kept constant to within
+3 °C during the scan time of 15-30 min. A scan
was performed at room temperature both before
and after the runs at high temperatures. In all
cases, these two room-temperature scans were
identical, showing that no sample deterioration
occurred at high temperatures. The intensities
I, and I were recorded, along with the mono-
chrometer position, using the standard SSRL
equipment, The total absorptance In(l,/I) was ob-
tained as a function of monochrometer angle 6 or,
equivalently, as a function of x-ray photon energy
E, using Bragg’s law: E=hc(2dsin6)™!, A typical
such spectrum is shown in Fig. 2(a) for the case
of Cul at 77 K in the region of the Cu K edge at
8.98 keV. The EXAFS is evident as sharp oscil-
lations in the absorption cross section extending
for about 1000 eV above the edge. The two sharp
peaks in this cross section just above the edge
are not part of the EXAFS but rather are the
“white lines,” arising from either a high density
of final states or the substantial overlap of an
unusually localized final-state wave function with
the K shell.?® We now discuss the EXAFS theo-
retical expressions and data reduction procedure
used to extract the structural information from
the spectrum,

III. EXAFS DATA ANALYSIS

The theoretical basis used to extract structural
information from the EXAFS has been discussed
extensively in the literature,9:20:26-33 We review
the salient features here for K shell absorption,
The total absorption coefficient obtained from Eq.
(2) is

“=“K+ubackgxound ’ (3)

where [ is the sample absorption for the K shell
of interest and Hy,q,,ounqls all other absorption,
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FIG. 2. (a) The absorptance of Cul at 77 K as a func-
tion of x-ray photon energy in the region of the Cu K
edge at 8.98 keV. (b) The Cu K-edge absorptance ob-
tained from (a) after removal of the background describ-
ed by Eq. (4) with p =1.65.

including that from other atoms inthe sample and
lower-energy edges of the atom of interest (L
edge,...) as well as the absorption from sample
cell, windows, etc. times the ratio of effective
thicknesses. Such a total absorption for Cul is
shown in Fig. 2(a). An essential feature is that
the background absorption is smoothly varying
with photon energy since this region is far from
any other characteristic absorption edges. In that
case, the background absorption falls off with
energy approximately as

“backgm\md =A +BE - ’ (4)

where A, B, and p are determined by a least-
squares fit to the data below the K edge of in-
terest. In practice, p is found to be between 1
and 3, consistent with the often-used Victoreen
formula.* The background absorption is then
subtracted from the total, yielding (x. The re-
sult of such a procedure is shown in Fig. 2(b)
for the Cu K -edge absorption of Cul at 77 K, where
the fit range was from 1000 to 100 eV below the
K edge. In this case, a value of p =1.65 gave the
best fit below the threshold.

The resulting (; consists of two parts, the
atomiclike K-shell absorption 1% and the EXAFS

A(k), according to
by = B30 +AR)]. (5)

The EXAFS depends on the final-state electron
momentum k& given by

K2k2/2m =E - E,, (6)

where E, is the binding energy of the K-shell
electron. To extract A(k), the kinetic energy
zero of the photoexcited electron E, has to be
determined and g} has to be removed. E, is
taken to be the photon energy at which the ab-
sorption [ is half of its maximum value, ex-
cluding the white line. For Cul in Fig. 2(b) this
is 8982.6 eV. If this does not correspond to the
true zero of kinetic energy of the photoexcited
electron, then there will be a systematic dis-
tortion of the % scale according to Eq. (6). Since
the E, for the standard and for the unknown are
chosen in the same manner, this distortion should
not affect comparisons between the data sets.
This is particularly true when the structural
standard and the unknown are similar, as they
are in this study, where the standard used is the
actual sample at low temperatures (77 K).

The second step in extracting A(k) is the re-
moval of u. This is accomplished by fitting u
above the edge to a fourth- or sixth-order poly-
nomial in k. Such a function is slowly varying
compared with the EXAFS so that only the smooth
1% is fit. The fit range in the case of Cul at
77 K extends from about 15 eV above E to the end
of the data set, approximately 1500 eV above the
edge. One then divides p by this fit, subtracts
one, and converts the E scale to a & scale to
obtain A(k). The resulting EXAFS for Cul at 77 K
is shown in Fig. 3(a).

The EXAFS A (k) on the K-edge of atom species
o may be written as3°

Baah)= 3 [ L op ()2 Relexp@itrh as(t, )],

72
(M
where
A gk, v)=—2im2f (k) expl- 27 /MR) +2i6,(R)].  (8)

The EXAFS is divided into two parts. The struc-
tural information is in p 45(r), while the details

of the electron scattering processes are contained
in A, p,s(¥) is the pair-correlation function of 8
atoms about the excited atom «. It is normalized
so that [drp,g(r) is the total number of B atoms
in the sample. The sum over 8 in Eq. (7) includes
all the atom species in the sample. A contains
the electron backscattering { matrix for the
neighboring B atoms f4(k), the electron mean free
path A(k), and the /=1 phase shift due to the po-
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tential of the excited a atom 5,(k). Equation (7)
applies to polycrystalline materials where the
dependence on the angle between the photon
polarization and the vector joining atoms « and B
averages to a constant,

The simplest peak in a pair-correlation function
is a Gaussian, which describes the case for har-
monic vibrations about the lattice sites. Consider
one shell of B neighbors containing N, atoms at a
distance 7, from the excited atom a. Then, sup-
pressing the subscript o,

Pas(r)=Ng(@med) 2 expl~ (v - v)?/2€8],  (9)

where €; is the rms deviation in the atomic spac-
ing about the mean 75. Since p .4 () is sharply
peaked at 7, for this case, Eqgs. (7) and (8)
simplify to the widely-used expression

kAo (R)= Ny 32 to(R)
xexp(—2¥g /A —2k2€?)sin(2kr +256, +53),
(10)

where 55 is the phase shift from the ¢ matrix of
the backscattering atom. This expression shows
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FIG. 3. (a) The EXAFS oscillation 2 A(k) on the Cu
K-edge absorption in Cul at 77 K as a function of photo-
electron momentum % after removal of the background
and atom-like absorption. (b) The Fourier-filtered
EXAFS that corresponds to the first shell of iodine
atoms about the Cu for Cul at 77 K. This is obtained by
Fourier transforming (a) into real space using a k& -space
window from 2.85 to 13.6 A, Gaussian broadened by
0.7 A", The resulting real space data [see Fig. 4(a)]
are back transformed into & space using a window that
contains only the first peak, namely, 1.4-3.4 &, Gaus-
sian broadened by 0.2 A.

that the EXAFS is a sum of sinusoids with dif-
ferent frequencies for each shell of neighbors,
as can be seen in Fig, 3(a). Figure 3(b) shows the
Fourier-filtered data for the first shell only of
iodine neighbors. This procedure, discussed be-
low, picks out the contribution of a given shell
of neighbors from Eq. (7). This sinusoid is
damped by thermal broadening effects and further
modified by the k-dependent ¢ matrix, For a
heavy-atom backscatter, as is the case here,
t(k) is particularly complicated, including a
phase change of 7 near k=6 A~! as seen in Fig.
3. It should be mentioned that the first two peaks
of Fig. 3(a), below 2 A1, are the resonances
discussed above, not EXAFS. As a result, the
low-£ information is lost to the EXAFS, as shown
explicitly in the Fourier-filtered data of Fig.
3(b).

The various shells of neighbors can often be
resolved from one another in 7 space.?® A
Fourier transform of Eq. (7) yields®®

9= 2 [ T basecalr=r), (A1)

where the peak function £,4(7) is the Fourier
transform of A (k) over the limited % range of
the data. In essence, ¢ is a linear combination
of &’s, one located at the position of each peak in
p. Figure 4(a) shows an example of ¢ (), derived

[ I 1 f I
0.4} Cul o (a) 77K _|

(b) 300°C

olr) (A-2)
o
N
T

(c) 470°C

-0.2 f— —
1 | 1 | ]
0 1 2 3 4 5 6
r(A)

FIG. 4. Real part (solid line) and the magnitude of the
Fourier transform of the EXAFS on the Cu K edge in
Cul (a) at 77 K, (b) at 300°C in the high-temperature
end of the y phase, and (c) at 470°C in the superionic
«a phase. The window used for the transform is
k =2.85-13.6 A'i, Gaussian broadened by 0.7 AL
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from the Cu K-shell absorption in Cul at 77 K.
The transform window is 2.85-13.6 A,
broadened by a Gaussian width of 0.7A~!, The
double-peaked structure at approximately 2.2 A
is the signal from a single shell containing the
four iodine neighbors to each Cu atom in this
zinc-blende structure. £, ~ is double peaked
due to a Ramsauer-Townsend® resonance in the
iodine backscattering ¢ matrix, also responsible
for the phase shift near k=6 A~! discussed above
(Fig. 3). The next two peaks are due to the Cu
second neighbors and the iodine third neighbors,
respectively. The first-neighbor peak dominates
the spectrum due mainly to the fact that thermal
broadening effects are larger for further neigh-
bors, but also to the 72 factor of Egs. (7), (10),
and (11). The larger thermal broadening for the
third neighbor can be seen in the decreased height
of the third peak compared with the first peak

of Fig. 4(a). The positions of the peaks in Fig.
4(a) are shifted inward from the actual near-
neighbor spacing due to the 2 dependence of the
phase shift [25,(k) +64 (k)] in Eq. (10), or, equiva-
lently, due to the fact that £(r) peaks at

r=~-0,16 A,

The first peak in ¢(r) is resolved from the
others and so can be analyzed separately, either
in » space, Fig. 4(a), or in k space, Fig. 3(b).
An additional Fourier transform is required for
k-space studies and the transform range used to
obtain the filtered data of Fig. 3(b) is 1.4-3.4A,
Gaussian broadened by 0.2 A. Analysis of the
k-space data [Fig. 3(b)| or of the first-neighbor
peak of the r-space data [Fig. 4(a)] should yield
equivalent results, depending upon the details
of the analysis. For these studies, we have
chosen to analyze the »-space data using Eq. (11).

The first peak is the one of interest for the
studies presented here since it yields the location
of the mobile cations relative to the immobile
anion lattice. In fact, only the first peak is ob-
served with adequate signal-to-noise ratio at
elevated temperatures, as can be seen in Figs.
4(b) and 4(c). These are the »-space data on the
Cu K edge of Cul at 300 °C in the high-tempera-
ture end of the ¥ phase |Fig. 4(b)], and at 470 °C
in the superionic a phase |Fig. 4(c)]. The sample
and the data reduction procedure are the same as
for Fig. 4(a). The ¢(r)’s differ substantially,
however, with the first-neighbor peak being
broader and reduced in amplitude at the higher
temperature. In addition, it has shifted inward
by about 0,12 A despite the fact that lattice ex-
pansion has caused an increase of 0.03 4 in the
Cu-I near-neighbor spacing. Since £ is insensi-
tive to crystal structure, local bonding, thermal
effects, etc.,%'% the changes that are observed

Ly

between Figs, 4(a), 4(b), and 4(c) are due entirely
to changes in p(r) with temperature. The narrow,
symmetric Gaussian p(r) of 77 K |Fig. 5()] be-
comes broad and asymmetric at 300 °C |Fig, 5(b)]
and 470 °C |Fig. 5(c)].

We quantify these changes in the following man-
ner. Since p,4(r) is a narrow Gaussian of known
position at low temperatures in these materials,
the unchanging £ may be extracted using Eq, (11)
from the ¢(r) measured at 77 K, This £(r) can
then be used to determine the unknown p(r) at
elevated temperatures., This is accomplished
by formulating a model for p(»). From the model
p2(r) and the £(r) obtained from the low-tempera-
ture data, one can calculate a model ¢ () using
Eq. (11). One can then compare ¢,(») with the
data and adjust the model parameters using a
least-squares criterion. The parameter which
is minimized is

R =(2N)" zv{Re(w - <pm)2/[(1’<e<!’)2 *(Re Z—:Lﬂ

+Im(g - wm)z/[(lm"))z ) (lm%’y ]}
(12)

where the sum is over the N data points in the
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FIG. 5. First-neighbor pair correlation function for
Cul (a) at 77 K, (b) at 300°C, the high-temperature end
of the v phase, and (c) at 470°C in the superionic «
phase. Part (a) is a Gaussian of width 0.06 A, while (b)
and (c) are obtained using the excluded-volume model as
described in Secs. III-V.
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range of the spectral feature of interest. This is
a weighted fractional difference least squares,
where the do/dv term has been added to enhance
the sensitivity of R to variations in the shape of
p(r) at the expense of some of its great sensitivity
to position. This procedure yields an optimal set
of parameters for a particular model p(»). One
then repeats this process for other physically
realistic models for p(r). If the various models
yield R values which are substantially different,
then one may conclude that the EXAFS contains
sufficient information to choose among the struc-
tural models. This is the case for the superionic
conductors as will be discussed below,

Use of a model is essential in obtaining p(7)
from Eq. (11) because the EXAFS is lacking some
information.3°'37'3 The low-k components of p(7)
are missing due to the presence of the resonances
at low % that dominate the EXAFS, due to multiple
scattering at low 2 and, for many backscatterers,
due to the small value of the { matrix at low k&,
As a result, the lower limit on k-space informa-
tion is typically 2-3 A~', Also, the high-% in-
formation (beyond about & =20 X") often cannot
be obtained due to thermal broadening effects as
well as the falloff with 2 of #(k). These k-space
limits are evident in the Fourier-filtered data
of Fig. 3(b). As a result, one must model p(r)
to allow a meaningful extrapolation into the low-4
and high-% regions, where data is lacking.

It should be mentioned that the structural infor-
mation is obtained straightforwardly from Eq.
(10) or (11) if the Gaussian model for p(r) is
appropriate, This model is valid, however, only
for harmonic materials. The narrow symmetric
Gaussian p(») becomes broad and asymmetric
for anharmonic systems (see Fig. 5). The super-
ionic conductors are indeed very anharmonic
since the ions not only vibrate vigorously about
an equilibrium site but also actually hop from one
site to another. So a simple Gaussian is not
appropriate for the superionic materials, as is
shown in Secs. V-VII, and a more complicated
pair-correlation function has to be determined.
The models used for p(r) are discussed in the
next section,

IV. STRUCTURAL MODELS

To provide a frame of reference for the dis-
cussion of the EXAFS data, we first discuss the
various models which have been proposed to ex-
plain structural data on the superionic conductors.
The simplest approach is to model p(r) directly.
For example, it could be assumed that the near-
est-neighbor contribution to p(7) is a single
Gaussian peak: a harmonic model. Such a p(r)
results from the harmonic approximation to the

ion potential and corresponds to the cations being
located in a site that is equidistant from the
neighboring anions and executing symmetric,
harmonic vibrations about this site, Slightly
more sophisticated are the displaced site models,
in which the cations in the high-temperature
superionic phase are assumed to be statistically
distributed over metastable sites which are dis-
placed from the central site in certain symmetry
directions (e.g., along probable conduction paths),
For example, in low-temperature y-Cul the Cu
ions occupy the tetrahedral sites but, in the spirit
of this model, are displaced in superionic a-Cul
along (111) directions toward the faces of the
tetrahedra. Such models have been applied to
AgI’S'S.B.Il Cu-[,as-él CuBr,40.42,43 and Cuc1.43—45
They are somewhat successful since they yield
an asymmetric near-neighbor pair-correlation
function, which is needed to fit the structural
data. They can be criticized, however, on the
grounds that they are phenomenological, static,
and often yield small displacements comparable
to vibration amplitudes.® One would expect a
dynamic model to be more appropriate since the
ions are mobile, In addition, we have tested
these models using our EXAFS data on AglI (Refs.
46 and 20) and the cuprous halides,?°**!**3 and find
they are inferior to an excluded-volume model,
as will be discussed.

A more general approach to formulating a
structural model begins by defining a microscopic
potential V(r) in which the cations move. The ion
density follows directly from this potential through
the Boltzmann relation:

p(T)=p, expl- V()/ksT). (13)

The problem of modeling the structure has be-
come one of modeling the potential. It is possible
to use a very general form for the ion-ion pair
interaction, which would include the core-core
repulsion, Coulomb interaction, and ionic po-
larizabilities:

Vii(-l:) =Ay eXP<L.%:_';r>
0

q.e? o2
+ Mf‘ - sloyg; +,0) (14)

The first term is the overlap repulsion between
closed-shell ions, where 7; is the radius of the
ith ion and T is the vector joining ions i and j.

The second term is the Coulomb potential, where
q; is the fraction of ionic charge. The third term
is the polarization self-energy of the ions, where
a; is the ionic polarizability, This approach has
been taken in various calculations, including the
molecular dynamics simulations*” and calculations
of the potential energy of ions of varying size in
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the a-Agl lattice by Flygare and Huggins.*® It is
very cumbersome, however, in analyzing struc-
tural data, leading to the use of much simpler
models for the potential. We will now discuss
two of these, the anharmonic and excluded-vol-
ume models.

In the anharmonic models, the ions are assumed
to be independent oscillators and the potential
is expanded about an equilibrium position., This
approach yields ionic potentials of the form

V() =V, +5a,(x2+y2) +36,22 +3b(x2 = y2)z + » =+ |
(15)

where ﬁ=(x, v, 2) is the displacement of the ions
from this equilibrium site and V,, a,, a,, and
are constants. The precise form of the terms

in Eq. (15) depends on the lattice symmetry. The
form shown is for the distorted tetrahedral site
of a bcce lattice,' that appropriate, for example,
for Ag in a-Agl and for Cu in o-CuBr. For the
tetrahedral site of an fcc lattice, the anharmonic
potential is

V() =V, +3au® +3bxyz + =+ * , (16)

This form is appropriate for Cu in the fcc iodine
lattice of v- and a@-Cul, If the anharmonic terms
are negligible, then Egs. (13) and (16) lead to a
Gaussian pair-correlation function with a width
€= (kyT/a)”, If the anharmonic terms are non-
negligible, the pair-correlation function becomes
asymmetric, similar to the shape required by the
structural data. Therefore, this model has been
somewhat successful for AgI,®®!! Cul,*
CuBr,*%5% and CuCl,*3~%%:5! One expects an ex-
pansion about the equilibrium site of the form
of Eqs. (15) and (16) to break down, however, for
the superionic conductors where a cation must
leave one equilibrium site and hop to another,
An indication that this is the case is found in the
neutron-diffraction work on Agl by Cava ef al.,®
who find that significant fourth-order terms must
be included in the anharmonic expansion of the
potential. In addition, we have tested the anhar-
monic model with cubic terms only and find it to
be inferior to another approximation to the po-
tential, the hard-sphere approximation which we
now discuss.

The excluded-volume model?® for V(r) assumes
that the hard-core repulsion dominates the ion-
ion interaction:

° ’ ’V<’Vi +7; = Vexcluded

Viy(F) = amn

0 ’ 7>1’4 +ri =7’excluded.

with 7; the effective hard-sphere radius of atom ¢,
The anions are fixed at their lattice sites and

only cation-anion interactions are considered.
The cation density is then a constant p, except
that it is zero within a distance of 7 ,4.a Of an
anion site, where 7, 4q =7.+7,, the effective
hard-sphere radii of cation and anion. For one
anion at the origin, the cation density pL(r) is
given by
0 y ¥ < Vexcluded
L(F) = 18
pe(x) Pos 7> Vexeluded (8)
While Eq. (18) is appropriate for a hard-core
interaction, the actual interactions have a finite
slope, or softness, and the anions are known
to execute large amplitude vibrations about their
lattice sites. To account for these effects we
convolute Eq. (18) with a Gaussian of width €,
The density can then be expressed in terms of the
complementary error function as

erfc (x)/2 , ¥< ¥ excluded

pa(F) _ (19)
Po 1- erfc(x)/2 , ¥ > Vexcluded

where x2 =(¥ = 7 oyquaeq ¥ /2€2. To obtain the total
cation density p.(T) one must include the effect
of all the anion near neighbors, located at T,.
Equation (19) is then generalized to yield

N
R
po(F)=pp I] Leli=Ti) (20)
i Po
where the product includes all the N anion sites
in the crystal. From this cation density, the
cation-anion pair-correlation function p._,(7) can
be calculated as follows:

N
Pondr) =41 N D (0, (F+F,Dq, - (21)

In fitting the EXAFS data using Eq. (21), the lattice
of the anions is determined from diffraction re-
sults. Only the two parameters 7,,,,q and €
need be adjusted to determine the cation-anion
pair-correlation function in many systems.

In the fcc and hep phases of these materials,
however, an additional parameter must be added.
One can distinguish two types of voids for the
cations, tetrahedrally and octahedrally coordi-
nated sites, In the fcc halide lattice at low tem-
peratures, only alternate tetrahedral voids are
occupied., As the temperature is increased, how-
ever, the octahedral occupation is expected to
increase since the conduction path for motion
through the faces of the polyhedra will consist of
alternating tetrahedral and octahedral sites.?
Since the near-neighbor environment is different
for Cu ions in these two sites, their relative
occupation will be determined by interactions in
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addition to the softened hard-sphere repulsion.
These can be treated phenomenologically by
superimposing on V() a square-well potential
which is zero in the tetrahedral location and
greater than zero in the octahedral location,
This square-well potential gives the correct low-
temperature structure. Its temperature variation
determines how the relative occupation of the two
sites changes as one approaches the superionic
phase. Accordingly, a third parameter is intro-
duced in fitting the cuprous halide data, the frac-
tion of Cu ions found in the octahedral sites Cy.
The near-neighbor p,_,(r) for these materials
will consist of the sum of two parts: a tetra-
hedral contribution with four halide ions around
a Cu ion, weighted by c,, =(1 - ¢,;) and an
octahedral contribution with six halide ions
around a Cu ion, weighted by ¢,;. The three
parameters, 7exuded » €, and C,,, are adjusted
to fit the data. We now consider the experimental
results on these superionic conductors, and the
ability of the various models to explain the data.
These various structural models have been
tested against EXAFS data using the procedures
discussed in Sec. III. Wherever possible, we have
compared our results directly with the results of
diffraction studies. As is to be expected on the
basis of the discussion in the Introduction, the
near-neighbor distribution inferred from mea-
surements of Bragg scattering is always much too
broad to explain the EXAFS data. This is properly
ascribed to fundamental differences in the struc-
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tural information probed in the two measurements.
Bragg scattering is dominated by long-range cor-
relations. As a consequence, charge-density
distributions determined from it will have vibra-
tional components which are too large to properly
represent a nearest-neighbor distribution. In
contrast, the EXAFS data bears directly on the
nearest-neighbor distribution. We now consider
each of the materials separately.

V. EXPERIMENTAL RESULTS AND DISCUSSION FOR Agl

The EXAFS on the Ag K edge in Agl was mea-
sured as a function of temperature from 77 K
in the low-temperature 8 phase up into the
superionic « phase.®*® The 77-K data on B-Agl
served as the structural standard. At this tem-
perature the Ag ions are at the center of an iodine
tetrahedron in the wurtzite structure, so that
the near-neighbor Ag-I pair-correlation func-
tion py,4(7) is 2 narrow Gaussian centered at
2.81 A with N =4 neighbors. The width is some-
what uncertain but is typically =~0.06 A, Various
structural models for the superionic a phase
were tested. We summarize the results using
the data on a-Agl at 198 °C.

(1) For a single Gaussian harmonic model,
the number of iodine neighbors N, the Ag-I
nearest-neighbor spacing 7,, and the Gaussian
width € were adjusted to fit the data by minimizing
R. This model did not fit very well, yielding
R =4.5% with 7,=2.81 & and N =2,72 neighbors
(see Table II). Although the value of 7, is very

TABLE II. Parameters obtained for several structural models when adjusted to fit the data

on superionic Agl and Cul. The uncertainty in the determined distances is 0.01

other parameters is ~10%.

A and in the

R 7 €
Material Model ) N A) A
a-Agl Tet. site 4 2.83
198 °C Harmonic 4.5 2.7 2.81 0.13
Strock 11.9 (see text)
Displaced site: 4.2 1.28 2.74 0.09
(100) 1.28 2.88 0.09
Displaced site: 3.1 1.95 2.77 0.10
(110) 0.65 2.93 0.10
Anharmonic 3.6 (see text)
Excluded volume 2.0 (Yexcluded =2 -69)
a-Cul Tet. site 4 2.67
470 °C Oct. site 6 3.08
Harmonic 6.9 4 2.59 0.20
3.5 2.2 2.57 0.14
Displaced site: 7.9 3 2.54 0.17
(111) 1 3.21 0.27
4.2 3 2.59 0.17
1 3.15 0.29
Anharmonic 4.6 (see text)
Excluded volume 1.8 (Yexcluded =244, Coct =30%)
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close to the value of 2.83 A for the center of the
tetrahedral site, the amplitude is reduced from
the 4 expected for that site.

(2) The Strock model? distributes the two Ag
ions uniformly over the 42 crystallographic sites
in the unit cell formed by the bcc iodine ions.
These 42 sites consist of 12 tetrahedral, 6
octahedral, and 24 trigonal locations. p, ,(¥) in
this case is a sum of Gaussians corresponding
to each of the three types of sites: 7,=2.83 A
and N =4 for the tetrahedral site, v,=2.69 2\,

N =3 for the trigonal site, and »,=3.57 ;\, N=4
plus 7,=2.53 A, N =2 for the distorted octahedral
site, These Gaussians were weighted by the de-
generacy of the sites, The widths were assumed
to be equal, and adjusted for a best fit to the data.
This model did not fit well, yielding R =11,9%.

(3) For the displaced-site model, displacements
in two different directions from the tetrahedral
site have been considered: (100) and {110).

(a) For a (100) displacement, the Ag ions are
moved from the tetrahedral center toward octa-
hedral sites. p,,,(r) is the sum of two Gaussians,
centered at v, and 7, and each having the same
amplitude (N =2) and the same width, Buhrer and
Halg® proposed such a model with a displacement
of 0.29 A at 195 °C corresponding to », =2.72 &
and 7, =2.97A. This particular displacement did
not fit the EXAFS data (R =13.1%). By allowing
7, and 7, to vary, the fit improved somewhat but
still did not reproduce the data well. If the amp-
litude is allowed to vary in addition, the fit im-
proves substantially to R =4.2% for the parame-
ters shown in Table II, Note that the EXAFS data
leads to a displacement of 0.14 A, one-half the
result of the diffraction study.® This corresponds
to a substantially more narrow nearest-neighbor
distribution, as expected on the basis of previous
discussion. The reduced amplitude (2.56 neigh-
bors in all instead of 4) and the rather high R
indicate that this model does not yield a good ap-
proximation to p, ().

(o) For a (110) displacement, the Ag ions are
moved from the center of the tetrahedral sites
toward the faces of the tetrahedra, the trigonal
sites. This is a likely displacement for Ag ion
conduction between tetrahedral locations, through
the shared faces.*® In this case, p,,, (v) is the
sum of two Gaussians with amplitudes in the
ratio® of 3 to 1 (since this displacement moves
an Ag ion closer to the three iodine ions of the
tetrahedral face and further from the one iodine
ion at the tetrahedral corner). If the amplitudes
were fixed at N; =3 and N, =1, then the fit was
not good. If the amplitudes were allowed to vary
with the ratio fixed at 3:1, then the fit improved
substantially to R =3.1% with the parameters

shown in Table II. This fit corresponds to a re-
duced amplitude of 2,60 neighbors instead of 4.

(4) For the anharmonic model, the proper form
for the potential acting on an Ag ion vibrating
about a distorted tetrahedral site in the bec iodine
lattice of a-Agl is given by Eq. (15). It has been
used by Hoshino et al ' to describe their diffrac-
tion data, resulting in the following values for the
parameters at 2L °C: @, =0,26 X102 erg A 2,
a,=0.92x107"% erg A2, b=3,47X10"'2 erg A3,
These parameters did not fit the EXAFS data
(R =34%) because the potential is too soft, yield-
ing a nearest-neighbor distribution which is too
broad. If the potential parameters are allowed to
vary to minimize R, they increase by a factor of
4 and R improves to 3.6%. This halves the width
of the nearest-uc.gubor distribution, consistent
with the earlier ?iecussion. Even this stiffer
anharmonic model, however, does not explain the
EXAFS data adequately. The cubic terms are
just not a sufiiciently strong departure from the
harmonic model, The model could be improved
by adding still higher-order terms, as did Cava
et al.,’ or a more radically anharmonic model
could be used—the excluded-volume model.

(5) In the excluded-volume model, the Ag ions
are distributed uniformly over all the allowed
space in the iodine bcc lattice, being excluded
only from a region about the iodine ions described
by the softened hard-sphere interaction.*® The
largest such allowed void is the tetrahedral loca-
tion. The amplitude of p,, (r) is completely de-
termined in this model since one includes all
four iodine nearest neighbors in Eq. (21). Specify-
ing that the iodine ions form a bcc lattice with
a,=5.068 A at 200 °C,® the two parameters ¥,,qugeq
and € were adjusted for a best fit to the EXAFS
data at 198 °C. This model yielded a good fit
With 7, uged =2.69 A and € =0.08 A (R =2.0%),
substantially better than the results of the other
models considered (R >3.1%). An example of this
fit is shown in Fig, 6. The data is shown in Fig.
6(a) with the excluded-volume model simulation
in Fig. 6(b) over the » space range of the fit.

The difference between the data and simulation

is presented in Fig, 6(c) and corresponds to a
deviation of R =2.0%. Similarly good fits were
obtained for the data at all the other temperatures
studied.

No reduction in the amplitude of p,,, (r) is re-
quired for this model, It yields the correct amp-
litude, a total of four neighbors for the tetra-
hedral sites. It should be noted that only the
tetrahedral and trigonal locations have substantial
occupation in the superionic « phase since their
Ag-I near-neighbor spacing is greater than

Vexcluded + ' The octahedral location, on the other
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hand, has its near-neighbor spacing less than

7 exciudea aNd SO has substantially less occupation
than the other sites. It should be noted that an
additional constraint was added in applying this
model to the wurtzite 8 phase: that the ions do
not occupy the octahedral sites. This is un-
doubtedly a valid assumption due to the small
conductivity and low disorder in this phase. No
such constraint was applied to the superionic
phase, where the Ag ions are permitted to occupy
all the voids in the bce iodine lattice allowed by
the hard-core repulsion.

These structural results can yield some insight
into the conduction process and the transition to
the superionic phase. Fig. 7(a) shows the tem-
perature variation of both 7 .. and %,. , that
value of 7 excudea  Which corresponds to the allowed
volume just touching the face of the tetrahedral
cage, as determined from the lattice constant.
For example, 7, =0.530q, in the bce « phase.

It is seen that 7 ggugeq > ¥pce iNt the normal 8
phase, so that the Ag ions are confined to the
central region of the tetrahedral site. Further-
more, the tetrahedra share faces only in pairs
in this wurtzite structure, and so an Ag ion would
have to move into an octahedral site to move any
distance through the hexagonal iodine lattice,
Cation conductivity requires an activated hop be-
tween allowed volumes, As a result, the ionic
conductivity is expected to be small and highly
activated, as observed (U =0,96 eV).'®''" In the a
phase, however, 7%,.u.q i less than %, . Fur-
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FIG. 6. Data (a) and simulation (b) for the EXAFS in
real space on superionic a-Agl at 198°C. The simula-
tion was obtained as described in the text using the soft-
ened hard-sphere model. The difference (c) between the
data and the model corresponds to R =2.0%.
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fit of the excluded-volume model to the EXAFS data on
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comes less than #4,,, when the ionic conductivity be-
comes large. Also note the differences in the variation
of the parameters for Agl and the cuprous halides. The
sharp change for AglI is reflected in the sharp discontin-
uity in the ionic conductivity, whereas the smoother var-
iation for the cuprous halide parameters is reflected in
the smoother variation observed in their conductivity.
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thermore, each tetrahedral void shares faces
with four other tetrahedra in this bce structure.
The Ag ions are allowed to flow easily through
these multiply-connected tetrahedral regions.
This is expected to yield a high conductivity with
little activation energy, as observed (U=0.05
eV =k,T).!®17 1t is interesting to note that the
sharp transition from normal to superionic be-
havior is driven by the increase in 7, re-
sulting from the hcp to bee structural change in
the iodine lattice, rather than by an unusual
decrease in the 7 guiea - These rather qualitative
conclusions regarding the conduction process have
been borne out in a detailed calculation of the dc
ionic conductivity in Agl and the copper halides.®®
The resulting pair-correlation function is
asymmetric, as demanded by the data. The
trends in p,,, (r) are shown in Fig. 8.0 AtTT K
it is a narrow Gaussian with €=0,06 A, At room
temperature in the 8 phase it has broadened and
become somewhat asymmetric. At 198 °C in the
superionic « phase, the width and asymmetry are
more pronounced, with a long tail extending to
large near-neighbor spacing. This corresponds
to the Ag ion density flowing out of one tetrahedral
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FIG. 8. First-neighbor pair-correlation function for
Agl at (a) 77 K, (b) 22°C, and (c) 198°C. The narrow
Gaussian of width 0.06 A at 77 K becomes broad and
asymmetric at elevated temperatures. This trend is de-
scribed by the excluded-volume model.

location into another, and becoming large in the
region in between, namely, the trigonal sites.

As expected, the nearest-neighbor distributions
deduced from measurements of Bragg scattering
have been shown to be uniformly too broad to ex-
plain the EXAFS data, which measure this dis-
tribution directly. This broadening includes ef-
fects which do not broaden the EXAFS, such as
long-wavelength acoustic phonons and certain
types of static disorder. To the extent that the
nearest-neighbor distribution in particular is de-
sired, an EXAFS measurement is the more direct
approach.

VI. EXPERIMENTAL RESULTS AND DISCUSSION
FOR THE CUPROUS HALIDES

EXAFS measurements were performed on the
Cu K edge of CuCl, CuBr, and Cul as a function
of temperature from 77 K up into the superionic
phases.2®%4% The 77 K data served as the struc-
tural standard. At this temperature, all three
materials have the cubic zinc-blende structure
in which the Cu ions reside at the center of a
halogen tetrahedron. In this case, the nearest-
neighbor pair-correlation function p., (r)is a
narrow Gaussian with 4 halogen nearest neighbors
centered at 7y, (2.34 A for CuCl, 2.46 A for
CuBr, and 2.61 A for Cul). The width is esti-
mated to be approximately 0,06 A from our fit
to the 77 K data on CuCl using calculated phase
shifts and backscattering amplitude.* A width
of 0.06 A has also been obtained for CuBr at
77 K.%* Four structural models were tested on
the data at higher temperatures: the harmonic
model or a single Gaussian peak, the displaced-
site model or two-Gaussian peak, the anharmonic
model, and the excluded-volume model.

A. Cul

We detail the results for these structural
models using the EXAFS data on Cul at 470 °C
in the superionic a phase as an example. Similar
results were obtained for the data at all other
temperatures studied.

(1) The single Gaussian peak did not fit well.
This is to be expected since the Cu ion vibrations
cannot be described by a harmonic oscillator in
this superionic phase. If the number of near neigh-
bors N is fixed at 4 corresponding to Cu occupy-
ing the tetrahedral site in the fcc iodine lattice,
then a fit to the data yields R =6.9% for the pa-
rameters shown in Table II., The near-neighbor
spacing of 2.59 Ais considerably less than that
for the center of the tetrahedron (7, =2.67A
from the known lattice constant a,=6.16 A). If
N is allowed to vary to minimize R, the fit im-



proves only to R =3,5% for N =2,22, The har-
monic model does not yield consistent values of
N and 7,, and is therefore not appropriate for
superionic a-Cul.

(2) In the displaced-site model, Peus (7) is de-
scribed by the sum of two Gaussians. Such an
approach, proposed by Miyake et ¢l.*® and Buhrer
and Halg,® has the Cu ions in a-Cul statistically
distributed over the four metastable sites that
are displaced from the center of a tetrahedron
at (3, 1,¢) in the four {111) directions toward
tetrahedral faces. Buhrer and Halg,*® for ex-
ample, find a fit to their diffraction data in the
o phase at 445 °C with the Cu displaced to
(0.3,0.3,0.3) and a lattice constant of 6,16 A,
The corresponding near neighbor p,; (v) consists
of the superposition of two Gaussian peaks, one
centered at #, =2.54 A with an amplitude of three
iodine ions and the other at 7, =3.21'A with an
amplitude of one iodine neighbor, The Gaussian
widths were allowed to differ, corresponding to
asymmetric vibrations about this displaced site,
and were adjusted to minimize R. This particular
model yielded R =7.9% for the EXAFS data, A
generalization of this model in which the displace-
ment of the Cu ions in the (111) direction is ad-
justed as well as the Gaussian widths yielded
an improvement in R to 4.2% by narrowing the
distribution (see Table II). This class of models
did not fit the data well, as seen from the re-
sulting parameters in Table II.

(3) The anharmonic-oscillator model was pro-
posed for a-Cul by Matsubara.*® The potential
in the Y and « phases where the iodine forms an
fce cage is taken to be of the form of Eq. (16),
where a and b are temperature-dependent pa-
rameters. Matsubara obtained expressions for
a and b from the diffraction and specific-heat
data of Miyake et al.*® With these specific pa-
rameters (ao, =1.8x107'2 erg A~? and b, =1.5
%1072 erg A3 at 470 °C), a good fit to the
EXAFS data could not be obtained (R =13.5%). A
generalization of this anharmonic-oscillator
model, in which 4 and b are adjusted for a best
fit, yielded R =4.6%. The resulting spring con-
stants @ and b are approximately twice those
determined from the diffraction results.® This
corresponds to a substantially more narrow dis-
tribution, as expected. This anharmonic model
with terms up to third order still does not fit
the data, however, because it is not sufficiently
anharmonic., It does not provide a good approxi-
mation to the hard-sphere repulsion, the first
term of Eq. (14). This term is important for the
superionic conductors since the ions closely
approach one another as the mobile ions move
through the immobile-ion lattice, The excluded-
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volume model treats this term as the dominant
interaction and therefore yields a good fit to the
data.

(4) For applications of the excluded-volume
model to fce structures such as a-Cul, three
parameters are needed: 7 queq and €, as for bee
structures, and the concentration of Cu ions in the
octahedral site, ¢, . The Cu ion distributions
within the tetrahedral and octahedral volumes are
determined by the softened hard-sphere inter-
action, For a-Cul at 470 °C, this yields R =1.8%
£Or 7 yeuged =2-44 A, Co =30%, and €=0.084, as
shown in Table II. This R is significantly better
than the values of R >3.5% obtained for the other
models tested (as is the case at all temperatures
studied). The parameters #.qugq and ¢, deter-
mined from the EXAFS data are shown in Figs,
7(b) and 9(a), respectively. Also included in Fig.
7(b) is ¥4 , the near-neighbor Cu-I spacing for
a Cu ion at the center of the face shared by a
tetrahedron and octahedron, obtained from the
lattice constant. From these figures, it is seen
that the concentration of the Cu ions in the octa-
hedral sites begins to increase when 7 4qugea  b€-
comes less than 7. , allowing easy passage
through that face. This is also the temperature
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FIG. 9. Concentration of Cu ions in the octahedral
sites versus temperature obtained from a fit of the ex-
cluded-volume model to the EXAFS data of (a) Cul, (b)
CuBr, and (c) CuCl. Note that ¢ o4 becomes significant
when the ionic conductivity becomes large. Also note
the similarity in the variation of c . for all three ma-
terials. Since the structure is bcc for a-CuBr, ¢,y is
not needed as a third parameter.
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region where the ionic conductivity (see Fig. 1)
becomes significant [i.e., #107% (2cm)™]. These
results are in agreement with the conduction path
consisting of alternating tetrahedral and octahedral
locations, passing through the shared faces.®?

An example of the pair-correlation functions
is shown above in Fig. 5. The narrow, symme-
tric Gaussian peak at 77 K |Fig. 5(a)] changes
substantially on heating the sample to 300 °C
[Fig. 5(b)] and even further on going into the
superionic phase [Fig. 5(c)]. The peak broadens
and the maximum actually shifts inward despite
the expansion of the lattice. A long tail at high »
develops, due in part to the substantial octahedral
occupation, giving rise toa broad and asymmetric
peak at 470 °C, The excluded-volume model
accounts for all these features. From Fig, 5 it
is seen that there is substantial Cu ion density
at the bridging trigonal site, which further sup-
ports the conclusion that the conduction path con-
sists of alternating tetrahedral and octahedral
sites, passing through the shared faces, It should
be mentioned further than the increase in po,; ()
in this region could not be fully accounted for by
placing the Cu ions in the tetrahedral sites only.
Octahedral occupation is required to obtain a good
fit to the data. For example, for Cul at 470 °C,
the R of 2.5% with ¢, =0 improved to 1.8% for
Coet =30%. In addition, ¢, determined in the
least-squares fit to the data varied in a syste-
matic way with temperature, being zero at low
temperatures and increasing monotonically to 30%
in the superionic phase as shown in Fig. 9(a).

The substantial octahedral occupation in the
superionic phase results, in part, from the large
allowed volume in the octahedron. For the deter-
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mined parameters, one has at 470 °C that the
allowed volume of an octahedron 7,y is approxi-
mately ten times larger than the allowed volume
of a tetrahedron 7,,,. There are, however, twice
as many tetrahedral locations (8 per unit cube)
as there are octahedral locations (4 per unit cube)
in the fcc iodine lattice. The density of the Cu
ions is not uniform throughout the voids of the fcc
iodine lattice, but is different in the tetrahedral
and octahedral locations according to the Boltz-
mann relation and the energy difference between
sites, AV =V, - V. Using p =N,c/n, where N,
is the total number of Cu ions, one has
coct/ctetzcoct /(1 - Coct) = (4170:! /Sntet)exD(_ AV/kBT) .
(22)
At 470 °C we obtain c,¢ 0.3 and n,,/1,,, =10, so
that Eq. (22) yields AV =0,16 eV, This is the
energy barrier for Cu motion through the lattice
and compares favorably with the 0.2-eV activation
energy determined from NMR relaxation mea-
surements®® and ionic conductivity.®

B. CuBr

The results on CuBr (Ref. 43) parallel those
on Cul and Agl, 7- and B-CuBr being similar to
y- and B-Cul, and a-CuBr similar to a-Agl,
The details for the four structural models con-
sidered will be sketched using as an example
the data on fce ¥-CuBr at 370 °C, the high-tem-
perature end of the y phase where the ionic con-
ductivity is substantial [i.e., 0.1 (R cm)™|.

(1) The harmonic model with the Cu ions in the
tetrahedral site (4 neighbors) gave R =4.2% for
the parameters shown in Table III, The near-
neighbor spacing of 2.40 A is less than that for
the tetrahedral center (2.48 A obtained from the

TABLE III. Parameters obtained for several structural models when adjusted to fit the

data on CuBr and CuCl. The uncertainty in the determined distances is 0.01

other parameters is ~10%.

A and in the

R 7 €
Material Model (%) N (&) (&)
y-CuBr Tet. site 4 2.48
370 °C Oct. site 6 2.87
Harmonic 4.2 4 2.40 0.15
3.4 2.7 2.39 0.13
Displaced site: 3.7 3 2.39 0.13
(111) 1 3.13 0.31
Anharmonic 3.0 (see text)
Excluded volume 1.1 (Zexcluded =2.31, Coct =9%)
y-CuCl Tet. site 4 2.36
393°C Oct. site 6 2.73
Harmonic 6.3 4 2.32 0.17
5.6 2.88 2.31 0.14
Displaced site: 3.7 3 2.30 0.14
(111) 1 2.68 0.21
Anharmonic 3.8 (see text)
Excluded volume 0.6 (Zexcluded =2.16, Coct =14%)
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lattice constant at 370°C, a,=5.7144). If N is
allowed to vary, the fit improved to R =3.4% for
2.70 neighbors. Neither of these single Gaussian
fits are particularly good, indicating that the har-
monic approximation is inapplicable.

(2) The displaced-site model has been discussed
by Hoshino*? and by Buhrer and Halg*® for the ¥
phase. We have tried a displacement from the
tetrahedral center in the (111) direction toward
the tetrahedral face along the expected conduction
path in this fcc Br lattice. This displacement
results in a pc,p (v) that is the sum of two
Gaussians whose amplitudes are in the ratio 3:1.
A fit to the EXAFS data gave R =3.7% for the pa-
rameters shown in Table III, This rather poor
fit indicates that such a displaced-site model is
not appropriate for y-CuBr, Buhrer and Halg*°
also found that the displaced-site model yielded
little improvement in a fit to their neutron-
diffraction results on - and B-CuBr.

(3) The anharmonic oscillator model has been
applied to ¥-CuBr by Harada ef ¢l.5° A potential
for the Cu ions of the form of Eq. (16) was used
and the values of the parameters obtained are
e, =0.94%107'2 erg A2 and b, =0.5 %1072
erg A-%, This potential gave R =26% for the
EXAFS data. If the potential parameters are
allowed to vary, a best fit is obtained for a and
increased by a factor of 4 (R =3.0%). The cor-
responding nearest-neighbor distribution is only
one-half as broad, as expected. This substantial
improvement is still not a good fit, indicating that
the anharmonic-oscillator model with up to cubic
terms does not describe the structure of CuBr
at elevated temperatures.

(4) The excluded-volume model did fit well.*
The values obtained at 370 °C are R =1,1% with
Yexctudea=2.314, €=0,104, and ¢, =9%. This
value of R is substantially better than the values
of R >3% for the other models discussed above.
This situation was repeated for the data at the
other temperatures studied. The parameters
¥ excluded ANd €,y determined from these fits are
shown in Figs. 7(c)and 9(b), respectively. The
same trends seen in ¥- and B-Cul are observed
in - and B-CuBr with a similar relationship be-
tween the parameters and the ionic conductivity.
a-CuBr, having a bce Br lattice, differs from
a-Cul in that ¢, is not included as one of the
parameters since the hard-core repulsion alone
accounts for the occupation of the various voids
in the bee lattice. This is not the case for the fce
lattice of a-Cul where ¢,y must be introduced as
discussed above,

C. CuCl

For v- and B-CuCl,*® the results are similar

to those on the Y and B phases of CuBr and Cul.

We sketch the results for the four structural
models using Y-CuCl at 393 °C where the dis-
crepancies between the models are dramatic.

(1) For the harmonic-oscillator model with Cu
in a tetrahedral site, we obtain R =6.3% with
N =4, The near-neighbor spacing of 2.32 A is less
than the value of 7., =2.36 A obtained from lattice
constant (a,=5.46 A at 393°C). If N is allowed
to vary, this fit improves slightly to R =5.6%
for N =2,88 (see Table III). The harmonic model
can be ruled out for CuCl at elevated tempera-
tures,

(2) A displaced-site model has been applied to
y-CuCl by Sakata et al.** and Schreurs et al.*®
They use a (111) displacement of the Cu ions from
the tetrahedral site. Our best fit for such a dis-
placement to CuCl EXAFS data yields R =3.7%
(see Table III). This model does not fit well,

(3) The anharmonic model has been applied to
y-CuC1 by Sakata et al.,* by Schreurs ef al.,*®
and by Valvoda and Jecny.’* The first group finds
that the anharmonic model and the displaced-site
model are indistinguishable, but favors the an-
harmonic approach since it fits their neutron-
diffraction data at all temperatures up to 300 °C
with no additional parameters. They obtain for
the Cu ion potential parameters of Eq. (16) the
values a,=0.74x1072 erg A -2 and b, =0.6
x10-12 erg A-3, This potential does not fit the
EXAFS data, giving R =25%. If the parameters
of the anharmonic model are allowed to vary, a
least-squares fit gives R =3.8% with spring con-
stants that are 4 times stiffer than those deduced
from diffraction, as expected. This is an im-
provement but still not a good fit.

(4) The excluded-volume model did fit the
data,*’ yielding R =0.6% for 7exauea=2.16 A,
€=0,07A, and ¢,y =14%. This fit is substantially
better than those for the other models, with
R>3.7%. The same was true at the other tem-
peratures studied., The temperature variation of
the excluded-volume model parameters for CuCl
are shown in Figs, 7(d) and 9(c). The same re-
lationships between the parameters and the ionic
conductivity that were observed for Cul and CuBr
apply as well to CuCl,

VII. MOBILE ION DENSITY

The excluded-volume model can also be used
to obtain charge contour plots according to Eq.
(21). The parameters that specify the cation
density p.(F) (i.€., Vexcudods €, and C,,) Were de-
termined in fits to the data as discussed above
and are shown in Figs, 7 and 9. Various cross
sections of p,(¥) can then be obtained to vividly
illustrate the spreading of the mobile-ion density
with increasing temperature and to indicate the
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conduction path taken from one site to another,
For the bcc materials a-Agl and a¢-CuBr, the
appropriate section is a (100) plane and for the
fcc materials, y-phase cuprous halides and
a-Cul, the (110) plane. First consider the bce
materials.

®

(a) o - Agl
302°C

(b) a - CuBr

480°C

FIG. 10. A contour plot of the cation density in the su-
perionic a phase of (a) Agl at 302 °C and (b) CuBr at
480°C. The plot is for a (100) plane which includes the
conduction path in the (110) directions from one tetrahe-
dron through a trigonal face into another tetrahedron.
The various Strock sites are labeled as follows: 0O,
tetrahedral; O, octahedral; and A, bridging face site.
Moving away from the tetrahedral centers, the contours
correspond to p/py=0.95, 0.9, 0.7,0.5,0.3, 0.1, and ~0.
Note that the cation density peaks at the tetrahedral
sites but also spreads substantially through the tetra-
hedral faces.
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Figure 10 displays the cation density on the face
of the bece unit cell of superionic a-AglI at 302 °C
and a-CuBr at 480 “C, While the contours are
similar, they differ in that the Cu density in CuBr
is more spread out than that for Ag in Agl,
possibly due to the higher temperature of the
CuBr. The plot is of the (100) plane where the
anions occupy the corners of the square and the
positions above and below the center of the square.
The Strock sites? are labeled by the symbols as
noted. It is seen that the cation density peaks at
the tetrahedral sites but is also substantial at the
bridging trigonal sites., The easy conduction path
is along the (110) directions from one tetrahedron
to another through the shared faces., The charge
density at the octahedral site is lower than that
for the trigonal site, indicating that the (100)
direction is a less probable path for conduction.

Using this determined density and the Boltz-
mann relation, Eq. (13), one can estimate the
potential-energy barrier heights for conduction
in different directions. Consider a-Agl. The
distorted tetrahedral site is the lowest-energy
site for Ag ions in this iodine bce cage. From
Eq. (13), the trigonal site is higher in energy
by about 0.04 eV while the octahedral site is
higher by about 0.18 eV, The 0.04-eV barrier
for conduction along the {110) direction is close
to the 0.05-eV conductivity activation energy."”
For conduction along the {100) direction, as sug-
gested by Flygare and Huggins,*® the barrier is
approximately 0.18 eV, This is nearly 5 times
larger than the barrier along the (110) direction,
indicating that conduction in the (100) direction
is substantially less favorable,

It is interesting to compare the Ag charge dis-
tribution shown in Fig. 10(a) with the qualitatively
similar distribution which has been extracted
from neutron-diffraction measurements on single-
crystal a-Agl at 300 °C by Cava ef al.’ [see Fig.
1(c) in that work]. The ratio of p at a trigonal
site to that at a tetrahedral site p, is in agreement
for the two studies, being about 0.5. On the
other hand, our results show a generally narrower
distribution of the Ag ion density, and a more
abrupt decrease in it as an iodine ion is ap-
proached, This is reflected in the different densi-
ties at the octahedral site: p/p,=0.05 from the
EXAFS and about 0,3 from the neutron data. We
expect that our independent particle model will
tend to underestimate p at those points where
cooperative Ag—I motions are likely to be im-
portant, such as the octahedral site, Thus our
value of 0.05 might be best viewed as a lower
bound. Another measure of p comes from mole-
cular dynamics (MD) calculations, which do in-
clude cooperative effects. Vashishta and Rahman®’
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find p/p,=0.17 at the octahedral site in their MD
calculation of a-Agl. We have reasoned else-
where®® that the MD calculation tends to over-
estimate p in the region near an anion, Accord-
ingly, we expect that the actual p/p, lies some-
where between 0.05 and 0,17 at the octahedral
site, significantly below the neutron result of 0.3.
Next we consider the cation density in the fcc
materials, In Fig,. 11 is displayed the Cu ion
density in the (110) plane of the iodine fcc lattice
of Cul at 470 °C. The entire unit cube is shown
with iodine ions occupying six positions around
the edge of the rectangle and four positions above
and below the interior of the rectangle. The
various sites are labeled. Figure 12 shows the
bottom half of this unit cube at four increasing
temperatures for Cul. The dramatic spreading
of the Cu density with increasing temperature is
clearly evident in Fig, 12, At room temperature
|Fig. 12(a)] only the tetrahedral sites are occu-
pied. At this temperature Cul has the zinc-
blende structure, so only alternate tetrahedral
sites are occupied (T'2). As a result only that
half of the unit cube with the occupied sites is
shown in Fig, 12(a). Since our EXAFS analysis
considered only nearest neighbors, the difference
between alternate tetrahedral sites being occu-
pied (T'2) and all the tetrahedral sites being oc-
cupied (03%) could not be distinguished. For this
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we rely on the results of diffraction studies.*®
At 350 °C [Fig. 12(c)], lobes of Cu ion density
have entered the octahedral site (c. =9%) and
are even more substantial in the superionic a
phase at 470 °C [Fig. 12(d)] where coq =30%. In
the o phase the tetrahedral sites are equally
occupied (03),%° and we use this fact to display
the contours of Fig. 11,

Using this determined density of Figs, 11 and
12 and the Boltzmann relation, we can estimate
the barrier heights for conduction along various
directions, Consider a-Cul at 470 °C (Fig. 11),
The tetrahedral site is the lowest-energy site.
Along the (111) direction from one tetrahedron
to another through an octahedron, the octahedral
site is a local minimum in density. This differ-
ence in density yields a barrier height for con-
duction in the (111) direction of approximately
0.16 eV, which compares favorably with the
0.2-eV activation energy from NMR (Ref, 55)
and conductivity.’® It should be noted that the
density is very small at (3, %,0), the edge of the
tetrahedron shared with an octahedron. The
activation barrier for this site is approximately
0.7 eV, substantially larger than the barrier at
the tetrahedral face. This implies that the viable
conduction path is in a (111) direction through a
face into an octahedron, not in a (100) direction
through a tetrahedral edge.

O 1 1 1

VAR

® A B a

N\

O

A B a ®

FIG. 11. Contour plot of the Cu ion density in the superionic o phase of Cul at 470°C. The plot is for the (110) plane
which includes a conduction path in a (111) direction from one tetrahedron through an octahedron, into another tetra-
hedron. The various sites are labeled along the boundaries as follows: o , tetrahedral; o, octahedral; and A, bridging
face site. Moving away from the tetrahedral centers, the contours correspond to p/py=0.95, 0.5, 0.2, 0.1, 0.05, and
~0. Note that the Cu ion density peaks at the tetrahedral sites but also spreads through the tetrahedral faces into the

octahedral regions.
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(a) 22°C
(b) 300°C

N N

e
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FIG. 12. Contour plot of the Cu ion density in the (110)
plane of Cul in the v phase at (a) 22°C, (b) 300°C, and
(c) 350°C, and in the superionic « phase at (d) 470°C.
The plot is for the (110) plane which includes a conduc-
tion path in a (111) direction from one tetrahedron
through an octahedron, into another tetrahedron. Moving
away from the tetrahedral sites, the contours corres-
pond to p/py=0.95,0.5,0.2,0.05, and ~0. Note that the
Cu ion density peaks at the tetrahedral sites but also
spreads through the tetrahedral faces into the octahedral
regions,

VIII. SUMMARY

The EXAFS data on AgI and the cuprous halides
from low temperatures up into the superionic
phases have been analyzed using four structural
models: harmonic oscillator, displaced site,
anharmonic oscillator, and excluded volume. The
most satisfactory description of the EXAFS
structural information is obtained with the ex-
cluded-volume model, In this model the actual
ionic pair potential is approximated by a softened
hard-sphere interaction which, in turn, deter-
mines the near-neighbor pair-correlation function.
The results indicate that the tetrahedral locations
in the halogen lattice are preferred by the mo-
bile cations but that substantial density occurs
at the trigonal sites at elevated temperatures,
For the bcc materials, a-Agl and a-CuBr, this
indicates that the mobile ions move in {110) di-
rections through the face-shared tetrahedra,

For the fcc materials, a-Cul and v-cuprous

halides, significant octahedral occupation was
also found at elevated temperatures. The indi-
cated conduction path in these cases is in the
(111) directions through the faces shared by the
tetrahedra and octahedra in the fcc halogen lat-
tice.

The structural results also yield some insight
into the transition to the superionic phase. For
Agl where the ionic conductivity increases
sharply by 4 orders of magnitude at the 8 to «
transition, there is an abrupt opening of the
tetrahedral face allowing the Ag ions to move
into neighboring locations. For the cuprous
halides, on the other hand, where the conductivity
increases more gradually, there is a more grad-
ual change in the structural parameters.

In addition to determining the conduction direc-
tion from the structural results, one can also
estimate the potential-energy barrier heights
from the ion density using the Boltzmann rela-
tion, For example, in a-Agl the trigonal site
presents a barrier of about 0.04 eV while the
octahedral site a barrier of about 0,18 eV, Con-
duction through the trigonal site in (110) direc-
tions is preferred, with an activation energy of
approximately 0.04 eV, in good agreement with
the 0.05 eV from conductivity studies. In a-Cul
the octahedral site presents a barrier of about
0.16 eV while the tetrahedral edge a barrier of
0.7 eV. Conduction through the octahedra in the
(111) directions is preferred, with an activation
energy of 0.16 eV in agreement with the 0.2 eV
from conductivity and NMR,

We have also pointed out the differences in the
nature of the structural information probed using
the two techriques: diffraction and EXAFS. The
charge-density distributions obtained from Bragg
scattering are dominated by long-range correla-
tions. Consequently, they are broadened by
thermal vibrations which do not affect nearest-
neighbor atoms, such as long-wavelength acoustic
modes. A nearest-neighbor distribution inferred
from Bragg scattering will reflect this broaden-
ing. EXAFS data, on the other hand, is domi-
nated by the near-neighbor correlations. This
yields substantially narrower distributions which
reflect the details of the short-range pairwise
interactions. The information on superionic
conduction which has been gained in this work
can be attributed to the ability of EXAFS to probe
these interactions.
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