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The structure of the superionic glass system~Ag2S! x~GeS2)12x , for three compositionsx50.3, 0.4, 0.5,
has been studied using neutron diffraction, and isotopic-substitution neutron-diffraction experiments have
been performed on three silver isotope-substituted (107Ag,natAg,109Ag! samples of the composition
~Ag2S)0.5~GeS2)0.5. The average short-range orderings of Ge-S, Ag-S, and Ge-Ag correlations were identified
in the radial distribution functions for the isotopically substituted system of~Ag2S!0.5~GeS2)0.5. From the first
and second differences in the three sets of isotopic-substitution neutron-diffraction data, the other three partial
correlations~Ag-Ag, Ge-Ge, and S-S!, were also identified. By examining unusually broad peaks in the Ag-Ag
correlation function, it was concluded that the Ag-Ag distribution was rather homogeneous. We were also able
to obtain further information by combining the first and second difference analyses, resulting in a structural
model of a slightly elongated GeS4 tetrahedron with the local environment of Ag1 ions being threefold
coordination by nonbridging sulphur ions. The medium-range order of the host framework was found to be a
chainlike structure of linked corner-sharing GeS4 tetrahedra. Substantial changes in the first and second peaks
in the distinct scattering functionsi (Q) were found with composition and also with isotopic substitution. It was
possible to explain the trends in the changes of the heights of these peaks in the structure factor by applying the
void model for the first sharp diffraction peak.@S0163-1829~96!06230-3#

I. INTRODUCTION

Among the so-called superionic conductors, the
~Ag2S! x~GeS2)12x system has attracted a great deal of at-
tention from a practical point of view mainly because of its
high ionic conductivity.1 The composition range for which
GeS2 forms a glass with Ag2S is appreciable (x50–0.55!
and the conductivity increases with Ag2S concentration.1

Accordingly, the composition~Ag2S! 0.55~GeS2)0.45 exhibits
the highest room-temperature dc conductivity of all,
1.3531023 V21cm21,1 which makes this glass one of the
best silver cation conductors. This system, unlike its alkali
sulphide analogs, is attractive from a practical point of view
as it is not hygroscopic.2 Moreover, a substantial further in-
crease in conductivity can be achieved by the dissolution of
doping salts such as AgI and AgCl.1,3

From a theoretical point of view, the mechanism of ionic
conduction has been the subject of intense study, with a
number of models being proposed.4 Despite several plausible
interpretations, however, the ionic-conduction mechanism is
not yet fully understood. This is due to difficulties encoun-
tered in using structural studies to comprehend the conduc-
tion pathway of the mobile ions. It is widely recognized that
no single experimental technique is sufficient to determine

the structure of glassy materials. However, there is a particu-
lar technique, namely isotopic-substitution neutron diffrac-
tion, that enables pair-correlation functions to be resolved in
a multicomponent system. This technique relies on the fact
that the static structure stays unchanged on replacing the iso-
topes of atomic species but the neutron-diffraction pattern
differs because of the different scattering lengths of the iso-
topes. Using this characteristic, pair-correlation functions
can be separated from the total structure factor.5

There has been a substantial amount of work done to in-
vestigate the structure of the~Ag2S! x~GeS2)12x system.
Early Raman spectroscopy studies provided evidence of ter-
minal Ge-S bonds and Ge-S-Ge bridges.1 Extensive studies
have also been performed by extended x-ray-absorption fine
structure~EXAFS! and it has been concluded that the basic
framework of this system is composed of GeS4 tetrahedra

6

as found in GeS2 glass. The isotopic-substitution neutron-
diffraction technique has been applied to the composition
~Ag2S! 0.5~GeS2)0.5 by varying the Ag isotopes; a prelimi-
nary account of this work appeared in Ref. 7.

II. NEUTRON DIFFRACTION

The measured distinct scattering functioni (Q) can be di-
rectly transformed to several real-space functions such as the

PHYSICAL REVIEW B 1 AUGUST 1996-IIVOLUME 54, NUMBER 6

540163-1829/96/54~6!/3895~15!/$10.00 3895 © 1996 The American Physical Society



differential correlation functionD(r ), the reduced radial dis-
tribution functionG(r ), and the total correlation function
T(r ):

D~r !5^b&2G~r !5T~r !2T05
2

pE0
`

Qi~Q!sinQr dQ, ~1!

whereT054pr0^b&2 andr0 is the average density. In mul-
ticomponent systems,̂b&5( i51

n xibi , wherexi and bi are
the concentration and scattering length of atomic speciesi ,
respectively. In addition,G(r ) is a sum of the weighted par-
tial radial distribution functionsGi j (r );

G~r !5(
i j

wi jGi j ~r !, ~2!

where the weighting factorwi j5xixjbibj /^b&2 andT(r ) is a
sum of the partial correlation functionsTi j (r ):

T~r !5(
i j

xixjbibjTi j ~r !. ~3!

Among these real-space functions,D(r ) is useful for
isotopic-substitution analyses andT(r ) has the advantage of
being convenient for observing symmetries and broadenings
of peaks. Moreover, integration of the area under peaks in
rT(r ) gives the coordination number.

III. EXPERIMENTAL

A. Sample preparation

Three compositions of ~Ag2S! x~GeS2) 12x glasses
(x50.3, 0.4, and 0.5! were prepared by reacting Ag2S and
GeS2 using the same procedure as reported previously.1

Isotopically substituted (107Ag, natAg, 109Ag! samples of
~Ag2S! 0.5~GeS2)0.5 glass were prepared by reacting elemen-

FIG. 1. The distinct scattering functions,
i (Q), for the three different compositions of Ag-
Ge-S glasses, together withi (Q) for GeS2 ~Ref.
8!. The functioni (Q) for GeS2 is displaced by
0.2 barns atom21 Sr21.

FIG. 2. The variation of the height of the first
and second peaks ini (Q), i (Q1), and i (Q2),
respectively, with Ag2S composition x in
~Ag2S! x~GeS2)12x .
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tal Ag and S together with GeS2. This stoichiometric mix-
ture was placed in a silica tube sealed under vacuum and
heated slowly at a rate of 6 K/h up to 900 °C in order to
avoid a buildup of pressure due to sulphur vapor. The melt
was maintained at this temperature for 2 h and quenched into
water.

B. Neutron diffraction

Neutron-diffraction experiments were performed at room
temperature on powdered~Ag2S)x~GeS2)12x (x50.3, 0.4,
and 0.5! glasses using the D4b two-axis diffractometer at the
high-flux reactor at the Institut Laue Langevin, Grenoble,
France. The maximum value of momentum transfer,Qmax,
available in this experiment was approximately 16 Å21

(l50.5 Å!.

Time-of-flight neutron-diffraction experiments were per-
formed at room temperature on powdered isotopically sub-
stituted samples of~Ag2S! 0.5~GeS2)0.5 glass using the liquid
and amorphous diffractometer~LAD ! at the neutron spalla-
tion source ISIS, Rutherford Appleton Laboratory, for which
Qmax is 30–50 Å21.

IV. RESULTS AND DISCUSSION

A. „Ag2S… x„GeS2…12x glasses: distinct scattering functioni „Q…

Figure 1 shows the distinct scattering functions,i (Q), for
the three different compositions of Ag-Ge-S, together with
i (Q) for GeS2 ~Ref. 8! for comparison. The general features
of the threei (Q) functions for the Ag-Ge-S glasses are fairly
similar but pronounced differences are observed in the first

FIG. 3. The total correlation functionsT(r )
for the glasses of~Ag2S! x~GeS2)12x obtained by
Fourier transforming i (Q) functions using a
Qmax of 15.9 Å21. ~a! No modification function
applied;~b! the Lorch function~Ref. 14! applied.

TABLE I. Value of ^b&2 in each sample composition.

GeS2 ~Ag2S!0.3~GeS2)0.7 ~Ag2S!0.4~GeS2)0.6 ~Ag2S)0.5~GeS2)0.5
^b&2 ~barns! 0.2140 0.2216 0.2242 0.2267
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and the second peaks at about 1.1 and 2.1 Å21, respectively.
In particular, it is immediately noted that changes in the first
peak, the so-called first sharp diffraction peak~FSDP!,9 are
especially large. It is inferred from the fact that the FSDP is
associated with medium-range order~MRO! that the addition
of Ag2S modifies the MRO in the GeS2 network signifi-
cantly. It is further observed that, as the concentration of the
modifier Ag2S increases, the intensity of the FSDP de-
creases: the degree of MRO changes is dependent on the
concentration of the added salt. Similar features have been
reported previously for a number of other glasses.10,11

The trends in the height of the first peak ini (Q) with
composition are depicted in Fig. 2. The height of the FSDP
decreases almost linearly with Ag2S concentration. This be-
havior of the first peak can be understood by the void
model,9 which explains the FSDP in terms of the chemical
ordering between the clusters forming structural units and
the interstitial voids surrounding them. In this picture, the
FSDP is a prepeak in the concentration-concentration partial
structure factorSCC(Q) in the Bhatia-Thornton formalism12

for a packing of clusters and voids:

iBT~Q!5N@^b&2SNN~Q!12C1^b&~b12b2!SNC~Q!

1C1C2~b12b2!
2SCC~Q!#, ~4!

whereN is the total number of species~e.g., clusters and
voids!, C1 andC2 are the concentrations, andb1 andb2 are
the neutron-scattering lengths of species 1~e.g., cluster! and
2 ~e.g., void!. SNN(Q), SNC(Q), and SCC(Q) are number-
number, number-concentration, and concentration-
concentration partial structure factors, respectively, and^b&
is the compositionally weighted average scattering length,
^b&5(xibi . This model proposes that the incorporation of
modifier ions into the network former results in the occupa-
tion of the interstitial void sites in the framework.

Further investigation of the behavior of the FSDP has
involved the simulation of a model system of stuffed silica13

and an equation has been derived to explain the composi-
tional dependence of the FSDP intensity. This was done by
separating the third term in Eq.~4! as follows:

C1C2~b12b2!
2SCC~Q!'C1C28~b12b28!2SCC~Q!

1C1C29~b12b29!2SCC~Q!, ~5!

whereC28 andC29 are the concentrations (C25C281C29), and
b28 andb29 are the scattering lengths, of the voids and extrin-
sic atoms~e.g., Ag ions!, respectively. The magnitude of the
SCC(Q) term is controlled by the coefficients
C1C28(b12b28)

2 and C1C29(b12b29)
2, but the terms

(b12b28)
2 and (b12b29)

2 remain constant. Therefore,C1C28
and C1C29 play the significant part. Because the value of
C29 is small compared withC28 , the FSDP intensity is more

dependent onC28 which decreases with increasingC29 . It can
be expected, therefore, that the more voids that are replaced
by extrinsic atoms, the lower is the FSDP intensity. How-
ever, theSCC(Q) term itself may also alter with the modifier
concentration in a system such as Ag2S-GeS2. Nevertheless,
the dependence of the FSDP height on the Ag2S composi-
tion observed experimentally seems to be linear, with a de-
viation from linearity beginning at the concentration of
x50.4 ~Fig. 2!. This feature suggests thatSCC(Q) is essen-
tially constant~in the region of the FSDP! for Ag2S concen-
trations less thanx50.4.

On the other hand, the second peak ini (Q) at about 2.1
Å 21 exhibits the opposite trend of intensity changes to that
of the first peak~Fig. 2!: the height becomes larger as the
concentration of the modifier increases. The cluster-void
model proposes that the second peak in the structure factor is
the first peak in the number-number structure factor
SNN(Q)in the Bhatia-Thornton formalism.12 Application of
this model to the Ag2S-GeS2 system leads to the suggestion
that SNN(Q) ~in the vicinity of the second peak! is an in-
creasing linear function of the Ag2S composition, with the
linearity starting to deviate at a concentration ofx50.4 as
does that of the first peak height~Fig. 2!. Since the value of
^b&2, the coefficient ofSNN(Q) @Eq. ~4!#, stays at around a
value of 0.22 barns for all modifier concentrations~Table I!,
this quantity does not act as the intensity controlling factor.

B. „Ag2S… x„GeS2…12x glasses: total correlation functionT„r …

Each i (Q) data set was Fourier transformed to give
T(r ) using aQmax of 15.9 Å21 but using no modification
function @Fig. 3~a!#; hence oscillations at lowr resulting
from the truncation were unavoidable. Among the low-r
fluctuations~before a major peak at 2.2 Å! which are sup-
posed to originate from the truncation effect, a peak at about
1.7 Å looks intense enough to contain real structural infor-
mation. In order to suppress the artifacts in the low-r range
to see whether this peak may be structurally meaningful, the
i (Q) functions were also Fourier transformed toT(r ) func-
tions by applying a Lorch modification function14 @Fig. 3~b!#.
As expected, the two peaks at 2.2 and 2.6 Å merge together
and form a broad peak. However, the intensity of the peak at
approximately 1.7 Å still remains considerable. This test in-
dicates that this peak may contain structural meaning and not
be simply a termination ripple.

The peak at 1.7 Å may result from Ge-O correlations.
This possibility is based on the results from studies on
GeO2 glass, where the Ge-O bond length has been identified
as being 1.72 Å~Ref. 14! or 1.74 Å .15 We believe that
oxygen contamination from water, creating Ge-O chemical
bonds, is not the primary cause, but that oxygen contamina-
tion of the starting Ge material is responsible.

TABLE II. Coordination numbers and bond lengths for Ag2S-GeS2 glasses.

NGeS NAgS r GeS ~Å! rAgS ~Å! rAgAg ~Å! rAgGe ~Å!

~Ag2S!0.3~GeS2)0.7 4.96 3.21 2.23 2.66 3.06 3.58
~Ag2S!0.4~GeS2)0.6 4.97 3.38 2.24 2.63 3.07 3.63
~Ag2S)0.5~GeS2)0.5 5.36 2.85 2.24 2.62 3.06 3.70
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FIG. 4. The Gaussian fitting
steps taken to estimate the coordi-
nation numbers for the
~Ag2S!0.3~GeS2!0.7 glass. ~a! A
Gaussian function was fitted to the
peak at 2.2 Å.~b! The Guassian
function found was subtracted
from T(r ) and another Gaussian
function fitting to the peak at 2.6
Å was found. ~c! This Gaussian
function was also subtracted from
the function of@T(r )-first Gauss-
ian function# and a sum of two
Gaussian functions were found to
fit the broad peak at 3–4 Å.
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The peak at about 2.2 Å is assigned to Ge-S correlations
in a GeS4 coordination polyhedron. This conclusion is based
on a number of experimental results. The Ge-S bond length
in high- and low-temperature crystalline forms of GeS2 ob-
tained from x-ray crystallography16,17 is 2.217 and 2.224 Å,
respectively. The Ge-S bond length has been determined to
be 2.23 Å ing-GeS2 from x-ray-diffraction studies.18 Ge
K-edge x-ray-absorption spectroscopy results forg-
GeS2,

6,19 gave a Ge-S bond length of 2.22 Å. It was ob-
served in this study that the Ge-S bond length stays nearly
constant during the process of adding modifier ions~see
Table II!. This indicates that this length corresponds to that
of covalent Ge-S bonds.

The following peak at about 2.6 Å is identified as an Ag-S
correlation. This presumption is supported by an x-ray crys-
tallography study onb-Ag2S,

20 which gave evidence for
three types of Ag-S bonds depending on whether Ag ions sit
in octahedral or tetrahedral sites surrounded by S: an octahe-
dral site with two types of average Ag-S bond lengths of
2.49 and 3.43 Å , and a tetrahedral site with an average Ag-S
bond length of 2.70 Å~three at 2.61 Å and one at 2.99 Å!.
More directly, Ag K-edge x-ray-absorption studies on
~Ag2S! x~GeS2)12x glasses measured at 35 K gave an Ag-S
bond length of 2.53–2.54 Å for the compositions of
x50.3, 0.4, 0.5.21 Unlike the observation that Ge-S bonds
remain at about the same length after the addition of the
modifier Ag2S into the GeS2 framework, it appears that the
Ag-S bonds in~Ag2S! x~GeS2)12x glasses become slightly
shorter with increasing Ag2S content~Table II!.

Coordination numbers corresponding to these two as-
signed correlations~Ge-S and Ag-S! were obtained by fitting
each peak to a Gaussian function for which the area
was integrated. The Gaussian fitting steps for the
~Ag2S! 0.3~GeS2)0.7 sample as an example are depicted in
Fig. 4. First, a Gaussian function was fitted to the Ge-S peak
at 2.2 Å @Fig. 4~a!# and this function was subtracted from
T(r ) @Fig. 4~b!#. Then, another Gaussian function fitting to
the Ag-S peak at 2.6 Å was found, again followed by a
subtraction from the function of@T(r )-first Gaussian func-
tion#. This procedure was repeated.

The peaks at higherr are difficult to fit because they are
not well separated. The next peak after the Ag-S correlation,
for example, shows a shoulder on its left side@Fig. 4~c!#.
This broad peak, in a range of approximately 3–4 Å , was
therefore fitted to a sum of two Gaussian functions. This
assumes that there are only two correlations contributing to
this peak.

The peak at about 3 Å can be assigned to Ag-Ag contri-
butions. This interpretation is based on a crystallographic
study of the low-temperature form of synthetic argyrodite
Ag8GeS6 ~Ref. 22! that concluded that all Ag atoms have at
least one near-Ag neighbor between 2.93 and 3.11 Å. The
following broad peak positioned at about 3.6–3.7 Å is con-
sidered to be due to Ag-Ge correlations. This peak identifi-
cation will be discussed in more detail in Sec. IV D.

Likewise, coordination numbers for the other two
samples,~Ag2S! 0.4~GeS2)0.6 and ~Ag2S! 0.5~GeS2)0.5, were
also estimated. The goodness of the fits for all three samples
are presented in Fig. 5 and the results are summarized in
Table II.

It is immediately noted from Table II that the average
number of S atoms around Ge in each sample is bigger than
the value of four which is generally postulated in the case of
network formers based on a tetrahedral structure. It is in fact
unlikely that Ge, a tetravalent atoms, has more than four
neighboring atoms~covalent bonds!. This means theN GeS
values are probably overestimated in this neutron-diffraction
study. Ge K-edge EXAFS results for the system
~Ag2S! x~GeS2)12x have in fact provided values less than 4:
NGeS53.7, 3.4, and 3.6 for x50.3, 0.4, and 0.5,
respectively.6 Considering the relatively small value of
Qmax of 15.9 Å used for Fourier transformation in this study,
however, overestimations for the first~and the second! peak
coordination numbers are unavoidable. The coordination
number and bond length estimated from the first peak in
T(r ) are dependent on the value ofQmax used. Unless a
sufficiently large value ofQmax is used, the areas of the first
few peaks tend to be larger than those expected and their
peak positions may shift slightly depending on theQmax.

23

Coordination numbers are also subject to the way in which
peaks are fitted by Gaussian functions, and the method that
we chose to employ for this study~see Fig. 4! tends to result
in overestimates for the coordination of first peaks.24 Never-
theless, any trends in changes of coordination numbers or
bond lengths with the Ag2S concentration~Table II! are
meaningful since the same value ofQmax was used in all
three cases.

The compositional dependence of the coordination num-
bers and bond lengths for the glassy~Ag2S! x~GeS2)12x sys-
tem are given in Table II. There seems to be no particular
trend in coordination numbers with composition. This is con-
sistent with EXAFS results from Ge and AgK-edge experi-
ments on the same system.6,21 The fact thatNGe-S and
NAg-S do not change linearly according to the Ag2S concen-
tration leads to the conclusion that the structure of the inter-
mediate glass composition~Ag2S! 0.4~GeS2)0.6 does not
necessarily possess a structure intermediate between those
of the other two compositions,~Ag2S! 0.3~GeS2)0.7 and
~Ag2S! 0.5~GeS2)0.5.

Unlike the coordination numbers, the bond lengths do ex-
hibit some systematic trends~Table II!: the first three peak
positions stay more or less the same, while the fourth peak
position gradually shifts to higher values as the concentration
of the modifier increases.

C. Isotopically substituted „Ag2S…0.5„GeS2…0.5 glasses:
distinct scattering function i „Q…

The i (Q) functions for the three different isotopically
substituted samples of the glass system~Ag2S! 0.5~GeS2)0.5
are shown in Fig. 6. The curves are similar to each other,
particularly at largeQ values, but major differences are
found in the first and second peaks, at about 1.1 and 2.1
Å 21, respectively. Moreover, the changes in intensity of
these first two peaks are observed to be systematically re-
lated to the scattering length of the Ag isotope involved: the
height of the first peak decreases, whereas that of the second
peak increases, as a linear function of the scattering length of
the Ag isotope~Fig. 7!.

As described in Sec. IV A, such changes in the intensity
of the first and the second peaks can be understood in terms
of the void model.13 Given the same structure but with dif-
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FIG. 5. The Gaussian fitting
results for the three samples.
~a! ~Ag2S!0.3~GeS2)0.7, ~b!
~Ag2S!0.4~GeS2)0.6, and ~c!
~Ag2S!0.5~GeS2)0.5.
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ferent isotopes,C28 andC29 remain constant and the first term
in Eq. ~5! is unchanged with the isotopic variation. There-
fore, the only term crucially controllingSCC(Q) is that in-
volving the scattering length of Ag isotopes (b12b29)

2,
which can be represented as (bGe2bAg)

2. The term control-
ling the intensity of the second peak@i.e.,SNN(Q)# is merely
^b&2. Figure 7 shows for comparison the values of these
coefficients on which, for the void model, the first and the
second peak intensities are dependent. It is manifest that the
void model can interpret the behavior of the first and second
peaks ini (Q) observed experimentally for the isotopically
substituted~Ag2S! 0.5~GeS2)0.5 glass.

D. Isotopically substituted „Ag2S…0.5„GeS2…0.5 glasses:
total correlation function T„r …

T(r ) functions were obtained by Fourier transforming
i (Q) functions using a Lorch modification function14 with a
Qmax of 27.8 Å

21 ~Fig. 8!. It should be mentioned that these

T(r ) functions are not completely identical to those pre-
sented in the previous paper,7 where no modification func-
tion with a smallerQmax of 18.4 Å21 was used. Truncation
effects were reduced immensely by applying the Lorch
function, in comparison with the results from D4b~Fig. 3!.
Figure 9~a! shows the i (Q) functions for the
~Ag2S! 0.5( GeS2)0.5 glass measured by the two different neu-
tron diffractometers. The D4b data extend over a range of
less than 16 Å21 whereas the LAD data extend for over 30
Å 21. Apart from this difference in the availableQ range, the
two i (Q) functions are nearly the same.

The total radial distribution functions obtained by Fourier
transformation of the data shown in Fig. 9~a! are compared
in Fig. 9~b!. As well as differences in the degree of the trun-
cation effects, there are a couple of discrepancies noted be-
tween these two functions. These differences are based on
variations in the way the Fourier transformation was carried
out, namely how large aQmaxwas used and whether or not a
modification function was applied. First, an appreciable dif-

FIG. 6. Thei (Q) functions for the three dif-
ferent isotopically substituted samples of the
glass system~Ag2S!0.5~GeS2)0.5.

FIG. 7. The variation of the height of the first
and second peaks ini (Q), i (Q1), and i (Q2), re-
spectively, together with values of̂b&2 and
(bGe2bAg)

2, with the scattering length of silver.
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FIG. 8. T(r ) functions of different isotopi-
cally substituted compounds obtained by Fourier
transforming i (Q) using a Lorch modification
function ~Ref. 14! with aQmax of 27.8 Å21.

FIG. 9. A comparison of~a! i (Q) and ~b!
T(r ) functions of the~Ag2S!0.5~GeS2)0.5 glass
obtained from the two different neutron diffracto-
meters.
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ference is noted in the second peak positions inT(r ): 2.62
and 2.55 Å from D4b and LAD, respectively. If a too low
value ofQmax is used for Fourier transformation, the short-
range correlations tend to shift slightly from the expected
positions.14 Secondly, the magnitude ofT(r ) at highr is not
quite the same in each case because compositional differ-
ences resulted in a slightly different value ofT0 for each
function.

It is significant that the area of the first peak is the same in
each isotopically substituted sample~Fig. 8!. Having identi-
fied that the first peak at 2.2 Å is due to the Ge-S correlation
alone~no Ag contribution to this peak!, T(r ) in the range of
2.0–2.3 Å may be rewritten asT(r )'2xGexSbGebSTGeS(r )
and it is therefore seen the area of this peak will not vary
with Ag isotopic substitution. Furthermore, under the as-
sumption that the second peak at about 2.6 Å is due solely to
Ag-S contributions, the functionT(r )/bAg is expected to
have the same second peak area for all isotopic composi-
tions: T(r )/bAg'xAgx SbSTAgS(r ). Examination of the
heights of the second peak for data plotted in this way~Fig.
10! shows that this peak identification is plausible. Table III
gives the scattering lengths of the three Ag isotopes used in
this study.

As described previously,7 the first and second differences
in D(r ) functions from two different isotopically substituted
samples can be calculated. The first differenceDD(r ) can be
written as follows:

DD~r !5D~r !2D* ~r !5AGSAg~r !1BGGeAg~r !

1CGAgAg~r !, ~6!

whereA52xSxAgbS(bAg2b Ag* ), B52xGexAgbGe(bAg2bAg* )
andC5xAg

2 (bAg
2 2b Ag*

2). The asterisk is to distinguish differ-
ent isotopic species. Table IV summarizes the values ofA,
B, andC for each pair of isotopic samples. The significance
of theDD(r ) function in this case is that it is a sum of the
three partial correlation functions involving Ag.

Given the threeDD(r ) functions, the partial correlation
function GAgAg(r ) can be obtained via matrix inversion.7

Having calculatedGAgAg(r ), it is also possible to rearrange
the D(r ) functions and obtain a weighted sum of the two
partial correlation functionsGSAg(r ) andGGeAg(r ):

xSbSGSAg~r !1xGebGeGGeAg~r !

5
DD~r !2xAg

2 ~bAg
2 2bAg*

2!GAgAg~r !

2xAg~b Ag2bAg* !
. ~7!

These functions@Eq. ~7!# from three pairs of different isoto-
pically substituted samples are depicted in Fig. 11. Neglect-
ing fluctuations arising from artifacts of the first and second
differences calculations in the region ofr less than 2.0 Å ,
where no physically meaningful correlations are expected,
there are two features to be noted: one peak lying at about
2.6 Å which has already been assigned to Ag-S correlations
and another present at about 3.7 Å. The function on the
right-hand side of Eq.~7! is a weighted sum of Ag-S and
Ag-Ge correlations alone. Given the identification of the
peak at 2.6 Å as being explicitly due to Ag-S contributions,

FIG. 10. The functionT(r )/bAg obtained for
each isotopically substituted compound.

TABLE III. Scattering lengths and isotopic enrichments of the three different Ag isotopes used in this
study.

Isotopic ratio Scattering lengthb ~cm212)

107Ag enriched 99%107Ag11% 109Ag 0.7521
natAg 51.83%107Ag148.17%109Ag 0.5922
109Ag enriched 1%107Ag199% 109Ag 0.4199
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the peak at 3.7 Å can consequently be identified as due to
Ag-Ge correlations. A very similar result has been obtained
from anomalous wide angle x-ray-scattering studies on the
glass~Ag2S! 0.5~GeS2)0.5, namely an Ag-Ge bond length of
3.8 Å.25

A weighted sum of the three partial correlation functions
which do not include Ag contributions can also be obtained
by rearranging theDD(r ) functions andGAgAg(r ).

7 This
sum is

DD8~r !5
D~r !2~bAg /bAg* !D* ~r !

12bAg /bAg*
1xAg

2 bAgbAg* GAgAg~r !

5xS
2bS

2G SS~r !12xSxGebSbGeG SGe~r !

1xGe
2 bGe

2 GGeGe~r ! ~8!

and is plotted in Fig. 12. As well as the first peak at 2.2 Å
which is identified as being due to Ge-S correlations, there
are two additional major peaks in the low-r region, say less
than 4 Å : one atabout 2.7 Å and the other at about 3.4 Å .
Since GeK-edge EXAFS studies of the GeS2 glass provide
an estimate for the corner-sharing Ge-Ge distance of 3.44
Å ,19 the peak at 3.4 Å is ascribed to such Ge-Ge contribu-
tions. So far, two out of three peaks noted have been identi-
fied to be due to S-Ge and Ge-Ge correlations. Because the
function DD8(r ) is a sum of three partial correlations S-S,
S-Ge, and Ge-Ge, the peak at 2.7 Å is most likely due to S-S
correlations. It seems that this length is rather short as an S-S
contribution. For example, the average S-S bond length is

3.408 Å in edge-sharing GeS4 tetrahedra in the structure of
the low-temperature crystalline form of GeS2.

17

The purpose of the calculation involving Eq.~8! is to
extract as much information as possible out of data obtained
from a set of three isotopically substituted samples but suc-
cess depends absolutely on the quality of the data. It is noted
that, although in theory the threeDD8(r ) functions should
be the same as there is no Ag contribution to these functions,
there is some discrepancy betweenDD8(r ) functions calcu-
lated from different pairs of isotopically substituted samples
~Fig. 12!. The cause of this discrepancy lies almost solely in
the multisubtraction process involved in calculating Eq.~8!.
By assuming slightly different chemical compositions in the
calculation ofG AgAg(r ), it was found that slight composi-
tional deviations, for example Ag0.333Ge0.157S0.510 which is
the experimentally determined composition of the natural
sample, from the stoichiometry~Ag2S! 0.5~GeS2)0.5 make no
significant contribution to this discrepancy. It could be then
argued that the peak at 2.7 Å may well be an artifact from the
multisubtraction process. However, the GeS4 tetrahedra do
not necessarily remain regular after the addition of a modifier
in an amount of half the molar ratio of the network former
itself. We suggest later in this section a slightly elongated
tetrahedron model, involving short S-S distances, for the
short-range order in this modified glass.

The Ag-Ag correlation functionGAgAg(r ) is shown in
Fig. 13 together withD(r ) for the natural sample for com-
parison. Although theGAgAg(r ) function is noisy, a very
broad contribution of Ag-Ag correlations is observed in the
region of 2.5–3.5 Å, in agreement with the correlation at

FIG. 11. The function xSbSGSAg(r )
1xGebGeGGeAg(r ) from each pair of different iso-
topically substituted samples.

TABLE IV. Values of A, B, and C for each pair of isotopic samples:A52xSxAgbS(b Ag2bAg* ),
B52xGexAgbGe(bAg2bAg* ), andC5xAg

2 (b Ag
2 2b Ag*

2).

A ~barns! B ~barns! C ~barns!

107Ag enriched vsnatAg sample 0.0153 0.0147 0.0241
natAg vs 109Ag-enriched sample 0.0162 0.0155 0.0191
107Ag vs 109Ag-enriched sample 0.0315 0.0302 0.0433
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approximately 3 Å found by Gaussian fitting of peaks in
T(r ) @Fig. 5~c! and Table II#, and with the results of a pre-
vious reverse Monte Carlo simulation.7

Each peak inT(r ) for the isotopically substituted samples
was fitted to a Gaussian function in the same way as de-
scribed in Sec. IV A in order to estimate the coordination
numbers. The goodness of the fit is shown in Fig. 14 and the
coordination numbers and bond lengths obtained are summa-
rized in Table V. It is seen that the coordination numbers and
the bond lengths differ very slightly from one sample to
another, possibly owing to compositional variations. Never-
theless, these deviations are deemed insignificant.

The number of S atoms around a Ge atom,NGeS, was
determined to be approximately 3.7, which is slightly smaller
than the value four characteristic of tetrahedral coordination.
The structural parameters deduced from the fit to the first
peak are in good agreement with results from extended
x-ray-absorption fine structure~EXAFS! experiments on the

same system.6 EXAFS measurements at the GeK edge at
room temperature have provided values of 2.22 Å for the
Ge-S bond length and 3.6 forNGeS.

6

From AgK-edge EXAFS results measured at 290 K,21 the
Ag-S bond length was obtained to be 2.5 Å which is sup-
portive of the peak identification of this study: the peak at
2.6 Å is due to Ag-S correlations. Moreover, the average of
the threeNAgS values found in this study is 2.89, being
nearly the same as the value 2.9 obtained from the same
EXAFS study.21 This argument can be further assured by
comparing it with crystallographic results from Ag8GeS6.

22

There are three types of Ag positions in relation to S:
strongly distorted tetrahedra, approximately planar threefold
coordination and almost linear coordination by two S atoms.
The corresponding Ag-S distances are 2.56–2.94, 2.49–2.76,
and 2.42–2.44, respectively. Having obtained the result that
the Ag-S bond length is 2.6 Å with a coordination number
2.9, it can be inferred that the local structural environment of

FIG. 12. The functionDD8(r ) from each pair
of different isotopically substituted samples.

FIG. 13. The weighted functionGAgAg(r ), to-
gether withD(r ) for the natural isotope sample
(natAg2S!0.5~GeS2)0.5 for comparison.
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FIG. 14. The Gaussian fitting
results for the three isotopi-
cally substituted samples.~a!
(107Ag2S!0.5~GeS2)0.5, ~b!
(natAg2S0.5~GeS2)0.5, and
~c! (109Ag2S!0.5~GeS2)0.5.
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Ag in glassy ~Ag2S! 0.5~GeS2)0.5 greatly resembles the
threefold-coordinated local structure of Ag in crystalline
Ag8GeS6.

Given the bond lengths of Ge-S and S-S, 2.2 and 2.7 Å ,
respectively, the associated average S-Ge-S angle is calcu-
lated to be approximately 75.7°. Knowing that Ge atoms
form a tetrahedral structure with S atoms, the magnitude of
this angle appears considerably smaller than the value
109.5° for a regular tetrahedron. This observation, together
with the estimated coordination numbers ofN GeS53.73 and
NAgS52.89, leads to a model for the coordination polyhedra
and their connection in this system. The model we suggest
for the local structure is a deformed tetrahedron whose faces
consist of three isosceles triangles and one equilateral tri-
angle~Fig. 15!. Four S atoms occupy the four corners of this

tetrahedron and a Ge atom sits in the center of it. Two of
these four S atoms surrounding a Ge, leading to a chainlike
structure of linked GeS4 tetrahedra, are nonbridging. A sil-
ver atom sits in an interstitial site where it is coordinated by
three nonbridging S atoms from three neighboring tetrahe-
dra. Furthermore, this configuration is consistent with other
observations: the Ge-Ag bond length of 3.7 Å and the Ag-Ag
bond length of 3.0 Å~Fig. 15!. We suppose that the three S-S
distances greater than 2.7 Å in the elongated tetrahedral unit
~Fig. 15! cannot be distinguished in the difference function
DD8(r ) ~Fig. 12!.

It is interesting to note that the picture of the static atomic
structure of glassy~Ag2S! 0.5~GeS2)0.5 that emerges from
this neutron-diffraction study is one of a chainlike structure
of corner-linked GeS4 tetrahedra~Fig. 15!. It is tempting to
speculate that the very high Ag1 ionic conductivity exhib-
ited by this material, associated with a low value of the ac-
tivation barrier for ionic transport, is the result of the locally
one-dimensional~1D! nature of the medium-range order of
the host framework. Ag1 ions are then constrained to move
along 1D channels bordered by nonbridging S anions~Fig.
15! for which the activation energy of ionic mobility will be
low. Although this picture of the conduction path for Ag1

ions in glassy~Ag2S! 0.5~GeS2)0.5 is consistent with the static
structure found in this study, the present neutron-scattering
results cannot be used to prove that this is the actual conduc-
tion path.

V. CONCLUSIONS

It has been demonstrated that isotopic-substitution neu-
tron diffraction is a technique enabling the investigation of
the short-range ordering involving mobile ions in superionic
glasses. By studying three samples of isotopically substituted
Ag, it was possible to determine the local environment
around Ge atoms and Ag ions in the superionic glass
~Ag2S! 0.5~GeS2) 0.5. This study suggests a deformed GeS4
tetrahedron, with threefold coordination by S of Ag in inter-
stitial positions, as a model for the short-range order in this
system, with a chainlike configuration of linked corner-
sharing GeS4 tetrahedra comprising the medium-range order.
The high Ag1 ion conductivity exhibited by this system is
probably associated with the conduction path being quasi-
one dimensional, along channels bordered by nonbridging S
anions and defined by the chainlike medium-range order of
the host framework.

Systematic changes observed in the first sharp diffraction
peak and the second peak in the measured distinct scattering
functions i (Q) with composition and also with Ag isotopic
substitution have been explained by the void model.9 The
experimental trends are in quantitative agreement with those
predicted by the void model.

FIG. 15. The coordination polyhedra suggested for the short-
range order in the~Ag2S)0.5~GeS2)0.5 glass system: a deformed
GeS4 tetrahedron with threefold coordination by S of Ag ions in
interstitial positions.

TABLE V. Bond lengths and coordination numbers of the isotopically substituted~Ag2S!0.5~GeS2)0.5
glass.

NGeS NAgS r GeS ~Å! rAgS ~Å! rAgAg ~Å! rAgGe ~Å!

(107Ag2S!0.5~GeS2)0.5 3.73 2.79 2.23 2.55 2.96 3.73
(natAg2S!0.5~GeS2)0.5 3.72 2.87 2.23 2.55 2.99 3.71
(109Ag2S!0.5~GeS2)0.5 3.75 3.01 2.22 2.56 2.97 3.69
Average 3.73 2.89 2.23 2.55 2.97 3.71
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