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Structure determination of Ag-Ge-S glasses using neutron diffraction
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The structure of the superionic glass systé®g.,S),(GeS,);_4, for three compositiong=0.3, 0.4, 0.5,
has been studied using neutron diffraction, and isotopic-substitution neutron-diffraction experiments have
been performed on three silver isotope-substitutéf’Ag,"*Ag,%%Ag) samples of the composition
(Ag»S)5(GeSy)o5- 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 systefi\g$S) o 5(GeS,)q5. From the first
and second differences in the three sets of isotopic-substitution neutron-diffraction data, the other three partial
correlationgAg-Ag, Ge-Ge, and SJSwere also identified. By examining unusually broad peaks in the Ag-Ag
correlation function, it was concluded that the Ag-Ag distribution was rather homogeneous. We were also able
to obtain further information by combining the first and second difference analyses, resulting in a structural
model of a slightly elongated GgSetrahedron with the local environment of Agions being threefold
coordination by nonbridging sulphur ions. The medium-range order of the host framework was found to be a
chainlike structure of linked corner-sharing Ge8trahedra. Substantial changes in the first and second peaks
in the distinct scattering function$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 pedl50163-182606)06230-3

[. INTRODUCTION the structure of glassy materials. However, there is a particu-
lar technique, namely isotopic-substitution neutron diffrac-
Among the so-called superionic conductors, thetion, that enables pair-correlation functions to be resolved in

(Ag,9) «(GeS,);_y system has attracted a great deal of at-2 multicomponent system. This technique relies on the fact
tention from a practical point of view mainly because of its that the static structure stays unchanged on replacing the iso-

high ionic conductivity: The composition range for which topes of atomic species but the neutron-diffraction pattern
GeS, forms a glass with AgS is appreciablex=0-0.55 differs because of the different scattering lengths of the iso-

and the conductivity increases with A§ concentration. topes. Using this characteristic, pair-correlation functions

) " o can be separated from the total structure fattor.
Accordingly, the compositiofiAg »S) g 55GeS,) g.45 €Xhibits : .
the highest room-temperature dc conductivity of all, There has been a substantial amount of work done to in-

1.35x 102 O~ 'cm~1! which makes this glass one of the vestigate the structure of théAg ZS)X(G?SZ)l—X. system.
Early Raman spectroscopy studies provided evidence of ter-

best silver cation conductors. This system, unlike its alkali _: : . .
sulphide analogs, is attractive from a practical point of viewmlnal Ge-S bonds and Ge-S-Ge bridgesxtensive stu<j|es '
as it is not hygroscopit Moreover, a substantial further in- have also been perforr_ned by extended x-ray-absorption f!ne
crease in conductivity can be achieved by the dissolution o tructure(EXAFS) and it ha}s been concluded that the basic
doping salts such as Agl and Ag&l ramework of this system is composed of Ge®trahedr&
From a theoretical point of view .the mechanism of ionic 2> found in Ge$ glass. The isotopic-subsiitution neutron-
' iffraction technique has been applied to the composition

conduction has been the subject of intense study, with 7G,9) 0 <G b ing the Ad isot i limi
number of models being proposé®espite several plausible 92905 652)0-5. y varying th€ Ag ISOlopes, a prelimi-
Dary account of this work appeared in Ref. 7.

interpretations, however, the ionic-conduction mechanism i
not ygt fully understood. Th|§ is due to difficulties encoun- Il. NEUTRON DIEERACTION

tered in using structural studies to comprehend the conduc-

tion pathway of the mobile ions. It is widely recognized that The measured distinct scattering functig®) can be di-

no single experimental technique is sufficient to determineectly transformed to several real-space functions such as the
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differential correlation functio® (r), the reduced radial dis-
tribution function G(r), and the total correlation function
T(r):

2

™

D(r)=(b)*G(r)=T(r)~To fo Qi(Q)simQrdQ, (1)
whereT,=4mp%b)? andp® is the average density. In mul-
ticomponent systemgb)=3",x;b;, wherex; andb; are
the concentration and scattering length of atomic spdgcies
respectively. In addition(r) is a sum of the weighted par-
tial radial distribution functionss;;(r);

G(r)=%: w;; G (1), (3]

where the weighting factow;; = x;x;b;b; /{b)? andT(r) is a
sum of the partial correlation function;(r):

T(r):; XinbibjTij(r). (3)

Among these real-space function®(r) is useful for
isotopic-substitution analyses afdr) 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.

Ill. EXPERIMENTAL
A. Sample preparation

Three compositions of (Ag,S),(GeS,) 1_x glasses
(x=0.3, 0.4, and 0)pwere prepared by reacting A§ and
GeS, using the same procedure as reported previously.
Isotopically substituted *f’Ag, "¥Ag, !%°Ag) samples of
(Ag,9) (5(GeS,) 5 glass were prepared by reacting elemen-

FIG. 2. The variation of the height of the first
and second peaks in(Q), i(Q4), andi(Q,),
respectively, with AgS composition x in
(Ag29)4(GeSp) 1 -
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TABLE I. Value of (b)? in each sample composition.

GeS (Ag29)04GeS) o7 (Ag29)0.4GeS) 06 (AQ2S)05GeS)os
(b)2 (barng 0.2140 0.2216 0.2242 0.2267
tal Ag and S together with GeS This stoichiometric mix- Time-of-flight neutron-diffraction experiments were per-

ture was placed in a silica tube sealed under vacuum anfbrmed at room temperature on powdered isotopically sub-
heated slowly at a rate of 6 K/h up to 900 °C in order tostituted samples dfAg,S) o 5(GeS,)q 5 glass using the liquid
avoid a buildup of pressure due to sulphur vapor. The meland amorphous diffractometértAD) at the neutron spalla-
was maintained at this temperature foh and quenched into tion source ISIS, Rutherford Appleton Laboratory, for which
water. Qmax is 30-50 A1,

B. Neutron diffraction IV. RESULTS AND DISCUSSION

Neutron-diffraction experiments were performed at room
temperature on powdere@d\g,S),(GeS,);_x (x=0.3, 0.4,
and 0.5 glasses using the D4b two-axis diffractometer at the Figure 1 shows the distinct scattering functio®), for
high-flux reactor at the Institut Laue Langevin, Grenoble,the three different compositions of Ag-Ge-S, together with

A. (Ag,9),(GeS,),_4 glasses: distinct scattering functioni (Q)

France. The maximum value of momentum trans@,.y, i(Q) for GeS; (Ref. 8 for comparison. The general features
available in this experiment was approximately 16 A  of the thred (Q) functions for the Ag-Ge-S glasses are fairly
(A=0.5A). similar but pronounced differences are observed in the first
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TABLE II. Coordination numbers and bond lengths for AGeS glasses.

Nges Nags I Ges (R) I'ags A) I AgAg A) I AgGe R)
(A9,9) 04GeS) 07 4.96 3.21 2.23 2.66 3.06 3.58
(A959) 04GeS) 06 4.97 3.38 2.24 2.63 3.07 3.63
(Ag»S)05GES) 05 5.36 2.85 2.24 2.62 3.06 3.70

and the second peaks at about 1.1 and 2.1, Aespectively. dependent o€, which decreases with increasi@j . It can

In particular, it is immediately noted that changes ingthe firstbe expected, therefore, that the more voids that are replaced
peak, the so-called first sharp diffraction p&EDP,” are  py extrinsic atoms, the lower is the FSDP intensity. How-
espec_lally Iar_ge. It is inferred from the fact that the F_S_DP ISever, theSc(Q) term itself may also alter with the modifier
associated with medium-range ordstRO) that the addition  concentration in a system such as S3GeS. Nevertheless,

of Ag,S .mOdIerS the MRO in the GeSnetwork S|_gn|f|— the dependence of the FSDP height on the,®gomposi-
cantly. It is further observed that, as the concentration of the,,, spserved experimentally seems to be linear, with a de-
modifier Ag,S increases, the intensity of the FSDP de-;ation from linearity beginning at the concentration of

creases: the degree of MRO changes is dependent on te ; . . i
concentration of the added salt. Similar features have bee%\ 0.4 (Fig. 2. This feature suggests thBe(Q) is essen

reported previously for a number of other glas¥es. tially constant(in the region of the FSDFfor Ag,S concen-

The trends in the height of the first peak i(Q) with ~ auons less than=0.4. .
composition are depicted in Fig. 2. The height of the FSDP gn the other hand, the second peak (@) at about 2.1
decreases almost linearly with A§ concentration. This be- A ™% exhibits the opposite trend of intensity changes to that
havior of the first peak can be understood by the void®f the first peak(Fig. 2): the height becomes larger as the
model? which explains the FSDP in terms of the chemicalconcentration of the modifier increases. The cluster-void
ordering between the clusters forming structural units andnodel proposes that the second peak in the structure factor is
the interstitial voids surrounding them. In this picture, thethe first peak in the number-number structure factor
FSDP is a prepeak in the concentration-concentration partighn(Q)in the Bhatia-Thornton formalisrif. Application of
structure factolS¢(Q) in the Bhatia-Thornton formalisth  this model to the AgS-GeS system leads to the suggestion

for a packing of clusters and voids: that Syn(Q) (in the vicinity of the second peaks an in-
creasing linear function of the Ag composition, with the

iBT(Q)=N[(b)2Syn(Q)+2C(b)(b;—by)Sye(Q) linearity starting to deviate at a concentrationxsf0.4 as

) does that of the first peak heigftfig. 2). Since the value of
+C1Ca(b1=b7)"Scc(Q)], 4) (b)?, the coefficient ofSy\(Q) [Eq. (4)], stays at around a

value of 0.22 barns for all modifier concentratidiigble ),

where N is the total number of specigg.g., clusters and . ) i . .
this quantity does not act as the intensity controlling factor.

voids), C,; andC, are the concentrations, ahq andb, are
the neutron-scattering lengths of specie® 4., clusterand
2 (e.g., void. Syn(Q), Sne(Q), and Sc(Q) are number-
number,  number-concentration, and  concentration-
concentration partial structure factors, respectively, &nd Each i(Q) data set was Fourier transformed to give
is the compositionally weighted average scattering lengthT(r) using aQpmay of 15.9 A~! but using no modification
(b)=Z=x;b;. This model proposes that the incorporation offunction [Fig. 3@]; hence oscillations at low resulting
modifier ions into the network former results in the occupa-from the truncation were unavoidable. Among the low-
tion of the interstitial void sites in the framework. fluctuations(before a major peak at 2.2)Avhich are sup-
Further investigation of the behavior of the FSDP hasposed to originate from the truncation effect, a peak at about
involved the simulation of a model system of stuffed siiica 1.7 A looks intense enough to contain real structural infor-
and an equation has been derived to explain the composination. In order to suppress the artifacts in the lowange
tional dependence of the FSDP intensity. This was done bjo see whether this peak may be structurally meaningful, the

B. (Ag,9),(GeS,) 1 _4 glasses: total correlation functionT (r)

separating the third term in E¢4) as follows: i(Q) functions were also Fourier transformedTr) func-
tions by applying a Lorch modification functit Fig. 3(b)].
C1Cy(b;—b5)?Scc(Q)~C1Ch(b;—b5)?Sc(Q) As expected, the two peaks at 2.2 and 2.6 A merge together

, o and form a broad peak. However, the intensity of the peak at
+C1C5(b1—b3)"Scc(Q), (5)  approximately 1.7 A still remains considerable. This test in-

. dicates that this peak may contain structural meaning and not
’ " _ ’ "
whereC; andC; are the concentration€e=C,+C5), and |, simply a termination ripple.

b, andb’ are the scattering lengths, of the voids and extrin- The peak at 1.7 A may result from Ge-O correlations.
sic atomse.g., Ag iong, respectively. The magnitude of the 1p;g possibility is based on the results from studies on
Scc(Q) term is controlled by the coefficients GeQ, glass, where the Ge-O bond length has been identified
CiCy(by—b3)* and CyCj(by—b5)? but the terms as peing 1.72 ARef. 14 or 1.74 A I We believe that
(b;—b3)? and (b, —b5)? remain constant. Therefor€,C;  oxygen contamination from water, creating Ge-O chemical
and C,Cj play the significant part. Because the value ofbonds, is not the primary cause, but that oxygen contamina-
C7 is small compared witlC,, the FSDP intensity is more tion of the starting Ge material is responsible.
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FIG. 4. The Gaussian fitting
steps taken to estimate the coordi-
nation numbers for the
(Ag2S)0.3(GeS)g7 glass. (@ A
Gaussian function was fitted to the
peak at 2.2 A.(b) The Guassian
function found was subtracted
from T(r) and another Gaussian
function fitting to the peak at 2.6
A 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 A.



3900 LEE, OWENS, PRADEL, HANNON, RIBES, AND ELLIOTT 54

The peak at about 2.2 A is assigned to Ge-S correlations It is immediately noted from Table |l that the average
in a GeS, coordination polyhedron. This conclusion is basednumber of S atoms around Ge in each sample is bigger than
on a number of experimental results. The Ge-S bond lengtk€ value of four which is generally postulated in the case of
in high- and low-temperature crystalline forms of Ge&b- net_work formers based on a tetrahedral structure. It is in fact
tained from x-ray crystallograph{’is 2.217 and 2.224 A, unlikely that Ge, a tetravalent atoms, has more than four

respectively. The Ge-S bond length has been determined f£ighboring atomscovalent bonds This means théN ges
be 2.23 A ing-GeS, from x-ray-diffraction studies® Ge values are probably overestimated in this neutron-diffraction

study. Ge K-edge EXAFS results for the system

K-edge x-ray-absorption spectrosco results fgr . .
Geszgﬁ'lg gavga Ge-% bond Fl)ength ofp2y22 A It wag ob- (Ag,9)«(GeS,);_y have in fact provided values less than 4:
' ' : Nges=3.7, 3.4, and 3.6 forx=0.3, 0.4, and 0.5,

served in th"?’ study that the Ge-S bqnd Iengt.h stgys nearlyespectivelﬁ Considering the relatively small value of
constant during the process of adding modifier idese

) f15.9 A for Fourier transf tion in this study,
Table 1l). This indicates that this length corresponds to thatl?omv?/)((a(\)/er 50?/ereusstiergag(r)nso?(glretrhéi?r(ssi(r)]::lrﬂiéogelgor)cI*SJeSaLIJ(dy
of covalent Ge-S bonds. ’

. Aisi . coordination numbers are unavoidable. The coordination
The following peak at about 2.6 A is identified as an Ag-Spy mper and bond length estimated from the first peak in

correlation. This presumptionz(i)s supported by an x-ray CryST(ry are dependent on the value @, used. Unless a
tallography study ons-Ag,S,” which gave evidence for gyfficiently large value 0fnayis Used, the areas of the first
three types of Ag-S bonds depending on whether Ag ions sifey peaks tend to be larger than those expected and their
in octahedral or tetrahedral sites surrounded by S: an octah@eak positions may shift slightly depending on e,
dral site with two types of average Ag-S bond lengths ofCoordination numbers are also subject to the way in which
2.49 and 3.8 A, and a tetrahedral site with an average Ag-Speaks are fitted by Gaussian functions, and the method that
bond length of 2.70 Athree at 2.61 A and one at 2.99.A we chose to employ for this studgee Fig. 4 tends to result
More directly, Ag K-edge x-ray-absorption studies on in overestimates for the coordination of first pedkslever-
(Ag,9),(GeS,);_ glasses measured at 35 K gave an Ag-Stheless, any trends in changes of coordination numbers or
bond length of 2.53-2.54 A for the compositions of bond lengths with the AgS concentrationTable Il) are
x=0.3, 0.4, 0.8 Unlike the observation that Ge-S bonds meaningful since the same value Qf,.« Was used in all
remain at about the same length after the addition of théhree cases. o
modifier Ag,S into the Ge$ framework, it appears that the ~ The compositional dependence of the coordination num-
Ag-S bonds in(Ag,S) (GeS,);_, glasses become slightly Pers and bond lengths for the glasfyy ,S)«(GeS,) 1« sys-
shorter with increasing AgS content(Table 1I). tem are given in _Table I. Therg seems to_ .be no _pa_rtlcular
Coordination numbers corresponding to these two astr_end in c_oordlnatlon numbers with composition. This is con-
signed correlationéGe-S and Ag-Bwere obtained by fitting ~ Sistent with EXAFS results from Ge and Ag-edge experi-
each peak to a Gaussian function for which the arednents on the same systéffi. The fact thatNges and
was integrated. The Gaussian fitting steps for theNag-s do not change linearly according to the #%concen-
(Ag,9) 4(GeS,), sample as an example are depicted intratlo_n leads to the COFIC!L!SIOF’I that the structure of the inter-
Fig. 4. First, a Gaussian function was fitted to the Ge-S peaRiediate glass compositioiiAg,S) (GeS;)oe does not
at 2.2 A[Fig. 4a@] and this function was subtracted from necessarily possess a structure intermediate between those
T(r) [Fig. 4b)]. Then, another Gaussian function fitting to Of the other two compositions(Ag,S),(GeS;)o 7 and
the Ag-S peak at 2.6 A was found, again followed by a(A929)05GeS)os.
subtraction from the function dfT(r)-first Gaussian func- _ Unlike the coordination numbers, the bond lengths do ex-
tion]. This procedure was repeated. h|b|§ some systematic trend3able I): the ﬂrst three peak
The peaks at higher are difficult to fit because they are POSsitions stay more or less the same, while the fourth peak
not well separated. The next peak after the Ag-S correlatiorPOSition grqqua]ly shifts to higher values as the concentration
for example, shows a shoulder on its left sidgg. 4c)].  ©f the modifier increases.
This broad peak, in a range of approximately43A , was
therefore fitted to a sum of two Gaussian functions. This™
assumes that there are only two correlations contributing to
this peak. The i(Q) functions for the three different isotopically
The peak at abdwB A can be assigned to Ag-Ag contri- substituted samples of the glass systeé¥g,S),£GeS,)o s
butions. This interpretation is based on a crystallographi@re shown in Fig. 6. The curves are similar to each other,
study of the low-temperature form of synthetic argyroditeparticularly at largeQ values, but major differences are
Ag gGeS; (Ref. 22 that concluded that all Ag atoms have at found in the first and second peaks, at about 1.1 and 2.1
least one near-Ag neighbor between 2.93 and 3.11 A. Thd ~*, respectively. Moreover, the changes in intensity of
following broad peak positioned at about 3.6—3.7 A is con-these first two peaks are observed to be systematically re-
sidered to be due to Ag-Ge correlations. This peak identifilated to the scattering length of the Ag isotope involved: the
cation will be discussed in more detail in Sec. IV D. height of the first peak decreases, whereas that of the second
Likewise, coordination numbers for the other two peak increases, as a linear function of the scattering length of
samples(Ag,9) 0 4GeS;) o6 and (Ag,S) o 5(GeSy) o5, Were  the Ag isotope(Fig. 7).
also estimated. The goodness of the fits for all three samples As described in Sec. IV A, such changes in the intensity
are presented in Fig. 5 and the results are summarized iof the first and the second peaks can be understood in terms
Table II. of the void model® Given the same structure but with dif-

Isotopically  substituted (Ag,S)(GeS,)os glasses:
distinct scattering function i (Q)
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ferent isotopesC; andC’ remain constant and the first term T(r) functions are not completely identical to those pre-
in Eq. (5) is unchanged with the isotopic variation. There- sented in the previous papewhere no modification func-
fore, the only term crucially controlling-(Q) is that in-  tion with a smallerQ,,, of 18.4 A~ was used. Truncation
volving the scattering length of Ag isotope@l(—b’z’)z’ effects were reduced immensely by applying the Lorch
which can be represented asst—bag)% The term control-  function, in comparison with the results from D4big. 3.

ling the intensity of the second pefite., Sy (Q)]is merely ~ Figure 9@ shows the i(Q) functions for the
(b)2. Figure 7 shows for comparison the values of thesdAd2S)os( GeS)osglass measured by the two different neu-
coefficients on which, for the void model, the first and thetron diffractometers. The D4b data extend over a range of
second peak intensities are dependent. It is manifest that tess than 16 A* whereas the LAD data extend for over 30
void model can interpret the behavior of the first and secondt ~*. Apart from this difference in the availab@ range, the

peaks ini(Q) observed experimentally for the isotopically two i(Q) functions are nearly the same.
substituted/Ag ,S) o (GeS,) o 5 glass. The total radial distribution functions obtained by Fourier

transformation of the data shown in Figia@are compared
D. Isotopically substituted (Ag,S)o«(GeS,)os glasses: in E|g. 9b). As well as differences in th.e degree .of the trun-
. : cation effects, there are a couple of discrepancies noted be-
total correlation function T(r) . .
tween these two functions. These differences are based on
T(r) functions were obtained by Fourier transforming variations in the way the Fourier transformation was carried
i(Q) functions using a Lorch modification functifrwith a  out, namely how large &,,,,Was used and whether or not a
Qmax Of 27.8 A™1 (Fig. 8). It should be mentioned that these modification function was applied. First, an appreciable dif-
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FIG. 8. T(r) functions of different isotopi-
cally substituted compounds obtained by Fourier
transformingi(Q) using a Lorch modification
function (Ref. 14 with a Q, of 27.8 A2,

FIG. 9. A comparison of(a) i(Q) and (b)
T(r) functions of the(Ag,9),5GeS)q5 glass
obtained from the two different neutron diffracto-
meters.



3904 LEE, OWENS, PRADEL, HANNON, RIBES, AND ELLIOTT 54

2.00 T T T
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] FIG. 10. The functionT(r)/b,y obtained for
each isotopically substituted compound.
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ference is noted in the second peak position3 (n): 2.62 + CGagag(r), (6)
and 2.55 A from D4b and LAD, respectively. If a too low

value of Qs is used for Fourier transformation, the short- Where A=2xsxaghs(bag—0%g), B=2xgeXaghadbag—b3g)
range correlations tend to shift slightly from the expectedandC=xz,(bx,~b%3). The asterisk is to distinguish differ-
positions™* Secondly, the magnitude @(r) at highr is not  ent isotopic species. Table IV summarizes the values,of
quite the same in each case because compositional diffeB, andC for each pair of isotopic samples. The significance
ences resulted in a slightly different value ©f for each  of the AD(r) function in this case is that it is a sum of the
function. three partial correlation functions involving Ag.

It is significant that the area of the first peak is the same in Given the threeAD(r) functions, the partial correlation
each isotopically substituted samgkeig. 8). Having identi-  function Ggag(r) can be obtained via matrix inversién.
fied that the first peak at 2.2 A is due to the Ge-S correlatiorHaving calculatedSagag(r), it is also possible to rearrange
alone(no Ag contribution to this peakT(r) in the range of the D(r) functions and obtain a weighted sum of the two
2.0-2.3 A may be rewritten a8(r)~2XgXsbadsTged ) partial correlation function&say(r) and Ggeadr):
and it is therefore seen the area of this peak will not vary
with Ag isotopic substitution. Furthermore,Aunder the as- XsPsGsag(r) +XeddeeGaead )
sumption that the second peak at about 2.6 A is due solely to W2 (p2 g2
Ag-S contributions, the functio(r)/b,y is expected to - AD(r) ~Xag(big bAg)GAgAg(r)_
have the same second peak area for all isotopic composi- 2Xpg(b ag—bag)

tions: T(r)/bag~XagX bsTagsg(r). Examination of the . . . . i

heights of the second peak for data plotted in this \(&iyg. T_hefle fur;)ctlpn@Edq. (7] flrom thrge paws(,jc_)f an_‘feni?t 'NSOK;

10) shows that this peak identification is plausible. Table Ill pically substituted samples are depicted in Fig. 11. Neglect-
: ing fluctuations arising from artifacts of the first and second

gives the scattering lengths of the three Ag isotopes used Witferences calculations in the region ofless than 2.0 A

this study. where no physically meaningful correlations are expected
As described previouslythe first and second differences h f b 4 K i b !
in D(r) functions from two different isotopically substituted there are two features to be noted: one peak lying at about
2.6 A which has already been assigned to Ag-S correlations

samples can be calculated. The first differend(r) can be and another present at about 3.7 A. The function on the

written as follows: right-hand side of Eq(7) is a weighted sum of Ag-S and
Ag-Ge correlations alone. Given the identification of the
AD(r)=D(r)—D*(r)=AGgp((r) +BG gead ) peak at 2.6 A as being explicitly due to Ag-S contributions,

()

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

Isotopic ratio Scattering length (cm~19)

107ag enriched 99%'97Ag+1% 10%Ag 0.7521
natag 51.83% 197Ag+48.17% %%Ag 0.5922
10%Ag enriched 1%'97Ag+99% 1%°Ag 0.4199
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TABLE IV. Values of A, B, and C for each pair of isotopic samplegi=2xgXagbs(b Ag—b,’;g),
B=2XgeXaghadDag—big), andC=x3,(b%,—b%3).

A (barng B (barns C (barnsg
107ag enriched vs"Ag sample 0.0153 0.0147 0.0241
nalag vs 1%%Ag-enriched sample 0.0162 0.0155 0.0191
107ag vs 10%Ag-enriched sample 0.0315 0.0302 0.0433

the peak at 3.7 A can consequently be identified as due t8.408 A in edge-sharing GgSetrahedra in the structure of

Ag-Ge correlations. A very similar result has been obtainedhe low-temperature crystalline form of Ge&

from anomalous wide angle x-ray-scattering studies on the The purpose of the calculation involving E¢) is to

glass(Ag2S) 0.5(GeS,) o5, Namely an Ag-Ge bond length of extract as much information as possible out of data obtained

3.8A% from a set of three isotopically substituted samples but suc-
A weighted sum of the three partial correlation functionscess depends absolutely on the quality of the data. It is noted

which do no_t include Ag contriputions can also be7> obt_aineqhat’ although in theory the thre®D’(r) functions should

by rearranging theAD(r) functions andGpagag(r).” This  pe the same as there is no Ag contribution to these functions,

sum is there is some discrepancy betwe®B’(r) functions calcu-
lated from different pairs of isotopically substituted samples
. D(r)—(bAg/b,’;g)D*(r) ) . (Fig. 12. The cause of this discrepancy lies almost solely in
AD'(r)= 1—b, /b + XagbaghagGagag(r) the multisubtraction process involved in calculating ).
o' A By assuming slightly different chemical compositions in the
=x2h3G o 1) + 2X X sbeeG sad T) calculation ofG agag(r), it was found that slight composi-
- tional deviations, for example Ag;ssGeo_157_So_5lo which is
+XcdceGoecd ) (8 the experimentally determined composition of the natural

sample, from the stoichiometifAg ,S) o 5(GeS;) 5 make no
and is plotted in Fig. 12. As well as the first peak at 2.2 Asignificant contribution to this discrepancy. It could be then

which is identified as being due to Ge-S correlations, therargued that the peak at 2.7 A may well be an artifact from the
are two additional major peaks in the lawegion, say less multisubtraction process. However, the Getstrahedra do
than 4 A : one agbout 2.7 A and the other at about 3.4 A . not necessarily remain regular after the addition of a modifier
Since GeK-edge EXAFS studies of the Ge$lass provide in an amount of half the molar ratio of the network former
an estimate for the corner-sharing Ge-Ge distance of 3.4dself. We suggest later in this section a slightly elongated
A 1% the peak at 3.4 A is ascribed to such Ge-Ge contributetrahedron model, involving short S-S distances, for the
tions. So far, two out of three peaks noted have been identshort-range order in this modified glass.

fied to be due to S-Ge and Ge-Ge correlations. Because the The Ag-Ag correlation functionGagag(r) is shown in
function AD’(r) is a sum of three partial correlations S-S, Fig. 13 together wittD(r) for the natural sample for com-
S-Ge, and Ge-Ge, the peak at 2.7 A is most likely due to S-Parison. Although theGgag(r) function is noisy, a very
correlations. It seems that this length is rather short as an S{48oad contribution of Ag-Ag correlations is observed in the
contribution. For example, the average S-S bond length isegion of 2.5-3.5 A, in agreement with the correlation at

150 [T T . T ;
107Ag vs patAg sample
:‘1 /1 . § I R 107Ag vs 109Ag sample | |
g 1.0o nat 109 1
R Ag vs g sample
=
= 050 ]
<
3
O] .
S FIG. 11. The function XxgbsGsag(r)
£ 0.00 *+XcdaGaead ) from each pair of different iso-
+ topically substituted samples.
=
%
im -0.50 [
><(I}
_1 00 1 i 1 1
0.0 2.0 40 6.0 8.0 10.0

r(A)
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approximatet 3 A found by Gaussian fitting of peaks in same systerl.EXAFS measurements at the Beedge at
T(r) [Fig. 5(c) and Table 1], and with the results of a pre- room temperature have provided values of 2.22 A for the
vious reverse Monte Carlo simulatidn. Ge-S bond length and 3.6 fdéges.®

Each peak ifT(r) for the isotopically substituted samples ~ From AgK-edge EXAFS results measured at 298%he
was fitted to a Gaussian function in the same way as deAg-S bond length was obtained to be 2.5 A which is sup-
scribed in Sec. IV A in order to estimate the coordinationportive of the peak identification of this study: the peak at
numbers. The goodness of the fit is shown in Fig. 14 and th&.6 A is due to Ag-S correlations. Moreover, the average of
coordination numbers and bond lengths obtained are summéhe threeN,qs values found in this study is 2.89, being
rized in Table V. It is seen that the coordination numbers anchearly the same as the value 2.9 obtained from the same
the bond lengths differ very slightly from one sample to EXAFS study?! This argument can be further assured by
another, possibly owing to compositional variations. Never<comparing it with crystallographic results from 4GeS;.?
theless, these deviations are deemed insignificant. There are three types of Ag positions in relation to S:

The number of S atoms around a Ge atdWges, was  strongly distorted tetrahedra, approximately planar threefold
determined to be approximately 3.7, which is slightly smallercoordination and almost linear coordination by two S atoms.
than the value four characteristic of tetrahedral coordinationThe corresponding Ag-S distances are 2.56—2.94, 2.49-2.76,
The structural parameters deduced from the fit to the firsand 2.42—-2.44, respectively. Having obtained the result that
peak are in good agreement with results from extendethe Ag-S bond length is 2.6 A with a coordination number
x-ray-absorption fine structur&XAFS) experiments on the 2.9, it can be inferred that the local structural environment of

0.40 T T T T

T D(): ("Ag,S), 5(GeS,), 5

XagXa gbA gbAg GAgAg(r)

FIG. 13. The weighted functioB®agay(r), to-
gether withD(r) for the natural isotope sample
("Ag,S) 0 5(GeS,) 5 for comparison.

D(r) or x A Agb Agb AeGAgag®) (barns A-2)

1(A)
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TABLE V. Bond lengths and coordination numbers of the isotopically substit®dedS),5GeS,)g 5

glass.

Nges Nags I ges(A) I'ags A) I AgAg A) I AgGe A)
(*7Ag,9) 0 5(GeSy) o 5 3.73 2.79 2.23 2.55 2.96 3.73
("Ag,9) 0 5(GeS) 05 3.72 2.87 2.23 2.55 2.99 3.71
(1°Ag,9) 0 5(GeS)) 05 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

Ag in glassy (Ag,S)5(GeS,)q5 greatly resembles the tetrahedron and a Ge atom sits in the center of it. Two of
threefold-coordinated local structure of Ag in crystalline these four S atoms surrounding a Ge, leading to a chainlike
AggGeS;. structure of linked Gegtetrahedra, are nonbridging. A sil-
Given the bond lengths of Ge-S and S-S, 2.2 and 2.7 A ver atom sits in an interstitial site where it is coordinated by
respectively, the associated average S-Ge-S angle is calciiree nonbridging S atoms from three neighboring tetrahe-
lated to be approximately 75.7°. Knowing that Ge atomsdra. Furthermore, this configuration is consistent with other
form a tetrahedral structure with S atoms, the magnitude ofPservations: the Ge-Ag bond length of 3.7 A and the Ag-Ag

this angle appears considerably smaller than the valu?Ond length of 3.0 AFig. 15. We suppose that the three S-S

109.5° for a regular tetrahedron. This observation, togethe istances greater than 2.7 A in the elongated tetrahedral unit

with the estimated coordination numbershg.s— 3.73 and AFg,'(:?(E%nnlozt) be distinguished in the difference function

Nags=2.89, leads to a model for the coordination polyhedra It is interesting to note that the picture of the static atomic

and their connection i_n this system. The model we sugges,g;truCture of glassy(Ad,S)o5(GeS,)ss that emerges from
for the local structure is a deformed tetrahedron whose facegic neutron-diffraction study is one of a chainlike structure

consist of three isosceles triangles and one equilateral tris¢ o ner-linked Ge$ tetrahedraFig. 19. It is tempting to
angle(Fig. 15. Four S atoms occupy the four corners of this speculate that the very high Agionic 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-dimensiona(1D) nature of the medium-range order of
the host framework. A§ ions are then constrained to move
along 1D channels bordered by nonbridging S anigfig.

15) for which the activation energy of ionic mobility will be
low. Although this picture of the conduction path for Ag
ions in glassyAg,9S) ¢.5(GeS,) 5 is consistent with the static
structure found in this study, the present neutron-scattering
22 A — : results cannot be used to prove that this is the actual conduc-
tion path.

75.7°,2.7 A

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
(Ag,9) o 5GeS,) o5. This study suggests a deformed GeS
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 Gegtetrahedra comprising the medium-range order.
The high Ag" ion conductivity exhibited by this system is
probably associated with the conduction path being quasi-

one dimensional, along channels bordered by nonbridging S
O ‘ O anions and defined by the chainlike medium-range order of
the host framework.
S Ag Ge Systematic changes observed in the first sharp diffraction
peak and the second peak in the measured distinct scattering

FIG. 15. The coordination polyhedra suggested for the shortfunctionsi(Q) with composition and also with Ag isotopic
range order in theAg,S),(GeS,)os glass system: a deformed substitution have been explained by the void m8d&he
GeS, tetrahedron with threefold coordination by S of Ag ions in experimental trends are in quantitative agreement with those
interstitial positions. predicted by the void model.
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