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Structure of the glassy fast-ion conductor AgPS3 by neutron diffraction
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The structure of the glassy fast-ion conductorg-AgPS3 is studied by using the method of isotopic substitu-
tion in neutron diffraction. The diffraction pattern measured in a single experiment is separated into its
contributions from the partial structure factorSAgAg(k), and related difference functionsDAgm(k) andDmm(k)
comprising the Ag-m andm-m correlations, respectively, wherem denotes a matrix atom~P or S! andk the
scattering vector. It is found that the glass structure is significantly different from that of the corresponding
crystalline compoundc-AgPS3 . The P2S6

22 units of the crystal are broken up to form tetrahedral PS4 motifs
with a P-S bond distance of 2.04~2! Å which are linked to form a matrix having pronounced intermediate-range
order. The data forg-AgPS3 are consistent with a model wherein the silver ions, coordinated to an average of
2.5~2! S at a bond distance of 2.53~2! Å, move via pathways which have a large distribution of Ag-Ag sites:
in real space the Ag-Ag correlations are characterized by a broad ‘‘liquidlike’’ distribution with a nearest-
neighbor distance of 2.9~1! Å and coordination number of 1.1~2!. @S0163-1829~98!07334-2#
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I. INTRODUCTION

A prerequisite for making progress in understanding
fundamental reasons for the existence of fast-ion conduc
ity in glassy materials is definitive structural information
the microscopic level: nonphenomenological approaches
quire detailed knowledge of the atomic positions to test m
els for interatomic forces. One of the main experimen
challenges is, therefore, to measure the full set of~Faber-
Ziman! partial structure factorsSab(k) over a wide range of
values of scattering vectork such that information is pro
vided on both the short- and intermediate-range atomic
dering in real space. This task is particularly difficult owin
to the inherent structural disorder of glassy materials and
presence of at least three different chemical species. H
ever, for glasses of the typeM-A-X, whereM denotes a meta
atom such as Cu or Ag,A denotes a group IVA or VA
element, andX a chalcogen~S, Se, Te!, considerable
progress has recently been made. Specifically, when
atomic fraction ofM is sufficiently high it is possible to
separate the total structure factorF(k), which is measured in
a single diffraction experiment and comprises sixSab(k),
into the metal-metal partial structure factorSMM(k) and the
difference functionsDMm(k) andDmm(k) wherem denotes a
matrix (A or X) atom and the latter two functions have co
tributions from the remaining twoSMm(k) and threeSmm(k),
respectively.1–3

The rationale behind the study ofM-A-X glasses stems
from the fact that when a large mole fraction of a netwo
modifier such asM2X, which is a joint fast-ionic–electronic
conductor in its high-temperature crystalline phase,4–6 is
mixed with a semiconducting network former such asA2X3
or AX, the resultant glasses sometimes become fast-ion
ducting with M 1 ions as the mobile species.7 In these cir-
cumstances the glasses become candidates for solid-
electrolytes in battery and sensor applications.8,9 Results at
PRB 580163-1829/98/58~10!/6115~9!/$15.00
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the level of SMM(k) and related difference functions hav
been provided for the fast-ion conducting gla
g-(Ag2Se)0.25(AsSe)0.75 ~Ref. 1! and the semiconducting
glasses g-(Ag2Te)0.5(As2Te3)0.5 ~Ref. 2! and
g-(Cu2Se)0.25(AsSe)0.75 ~Ref. 1!. It is found that, irrespective
of the mechanism for electrical conduction, the short-ran
order of the network former is not destroyed on mixing w
a large mole fraction of network modifier and, at least for t
Ag-based glasses, that elements of the intermediate-rang
der for the network modifier are retained. Furthermore
broad ‘‘liquidlike’’ distribution of Ag-Ag nearest neighbors
is observed for the fast-ion conductor whereas the distri
tion of M-M nearest neigbors for the semiconductingM-A-X
glasses is much sharper. These observations suggest th
absence of ionic conductivity arises from a local trapping
the metal atom in the potential well of its nearest neighbo2

A broad distribution of Ag-Ag correlations was als
found from neutron diffraction experiments on the fa
ion conductors g-(Ag2Se)2(GeSe2)3Se ~Ref. 10! and
g-(Ag2S)0.5(GeS2)0.5 ~Ref. 11! and the essential features o
the short-range order for the network former are again
tained.

The question naturally arises as to the generality of th
results for otherM-A-X glasses. In this context the glas
g-AgPS3, which occurs atx50.5 on the pseudobinary tie
line (Ag2S)x(P2S5)12x (0<x<1), is an interesting candi
date for study on several accounts.

~i! The compound involves a change in pnictogen fro
As to P and, unlike the other glasses previously studied at
level of SMM(k) and related difference functions, the matr
atom compound P2S5 does not appear to form a glass12 and
cannot therefore be regarded as a network former.

~ii ! By contrast with the otherM-A-X glasses for which
SMM(k) and related difference functions have been m
sured, a crystalline compound having the same stoichiom
as the glass can be formed. The structure ofc-AgPS3 has
6115 © 1998 The American Physical Society
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been measured13 and therefore provides an excellent ba
for comparison with the neutron diffraction results for t
glass. Furthermore, several other crystalline systems exis
the (Ag2S)x(P2S5)12x pseudobinary tie line, viz., two modi
fications of c-Ag4P2S7 (x50.67) ~Refs. 14 and 15!,
c-Ag7P3S11 (x50.7) ~Ref. 16!, c-Ag3PS4 (x50.75) ~Ref.
15!, and two modifications ofc-Ag7PS6 (x50.875) ~Ref.
15! although most occur outside the glass-forming region
0.33<x<0.67.17–19 Two modifications ofc-Ag4P2S6 also
occur and their structures have been measured.20,21

~iii ! The electrical conductivity ofg-AgPS3 is reported to
be between 7.831027 V21 cm21 ~Ref. 19! and '7
31026 V21 cm21 ~Ref. 17! at 25 °C and the transpor
number is 0.99,17 which implies that conduction proceeds b
the movement of Ag1 ions. By contrastc-AgPS3 is predomi-
nantly an electronic conductor of very low total conductivit
viz., 3.231029 V21 cm21 at 25 °C.19

~iv! The short-range order of (Ag2S)x(P2S5)12x glasses
has been studied by31P magic-angle spinning nuclear ma
netic resonance~NMR! and dipolar NMR techniques b
Zhanget al.18 It was concluded that the addition of Ag2S to
P2S5 introduces nonbridging sulphur atoms, resulting in
continuous network transformation, and that phosphor
phosphorus bonds are absent for the entire glass-forming
gion. The P2S6

22 groups ofc-AgPS3 do not exist in the
glassy phase to any appreciable extent but are broken u
form PS4

2 units. Information on them-m correlations is
therefore available for comparison with the neutron diffra
tion results.

In this paper the essential theory required to underst
the diffraction results will first be given. The sample prep
ration and characterization together with the neutron diffr
tion experimental method will then be outlined. Next, t
neutron diffraction results forg-AgPS3 will be presented and
the procedure required to extractSMM(k) and related differ-
ence functions will be explained. Finally the results will b
discussed and a brief comparison made with the structure
other glassyM-A-X systems.

II. THEORETICAL BACKGROUND

A. Data correction procedure

In a reactor-based neutron diffraction experiment the to
structure factorF(k) for a glass comprisingn chemical spe-
cies labeleda or b is extracted from the measured intensiti
by using the relations22

Fo~k![F~k!1 (
a51

n

ca@ba
21binc,a

2 #@11Pa~k!#

5
1

NsAs,sc~u!H F I cs~u!

a~u!
2Mcs~u!G

2
Ac,cs~u!

Ac,c~u! F I c~u!

a~u!
2Mc~u!G J , ~1!

whereFo(k) represents the observed differential cross s
tion for coherent and incoherent scattering,F(k) is ex-
pressed by
on

f

s-
re-

to

-

d
-
-

of

l

-

F~k!5 (
a51

n

(
b51

n

cacbbabb@Sab~k!21#, ~2!

anda(u) is a normalization factor measured by reference
a vanadium standard.23 The atomic fraction, bound coheren
scattering length, and bound incoherent scattering lengt
chemical speciesa are denoted byca , ba , andbinc,a , re-
spectively, and the scattering vectork is related to the inci-
dent neutron wavelengthl and scattering angle 2u through
k54pl21 sinu. The Pa(k) arise from inelasticity effects
and are usually calculated by using a Placzek expansio24

Ns represents the number of illuminated sample atoms,
Ai , j (u) denotes a Paalman-Pings25 attenuation factor which
refers to neutrons that are scattered in mediumi and attenu-
ated, through absorption and scattering, in mediumj . The
intensitiesI cs(u) and I c(u) for the sample (s) in its con-
tainer (c) and for the empty container, respectively, are c
rected for background scattering by reference to a Cd
sorber at low 2u values.26 The Mi(u) are the multiple
scattering cross sections calculated in the quasi-isotropic
proximation using the method of Soper and Egelstaff.27 The
correction procedure given by Eq.~1! ensures that the attenu
ation corrections are applied to once-scattered neutrons.

B. Difference functions

By making diffraction experiments on threeM-A-X
glasses which are identical in every respect, except for
isotopic composition ofM , three total structure factor
F(k), 8F(k), and 9F(k) are measured corresponding
scattering lengthsbM .b8M.b9M. Those correlations not in
volving a metal atom can then be extracted by subtrac
two total structure factors to give a first-order differen
function, e.g.,

DM
~1!~k![F~k!29F~k!

5DMm
~1! ~k!1cM

2 dM
~1!§M

~1!@SMM~k!21#, ~3!

wheredM
(1)5bM2 b9M, §M

(1)5bM1 b9M, and

DMm
~1! ~k!52cMcAbAdM

~1!@SMA~k!21#12cMcXbXdM
~1!

3@SMX~k!21#. ~4!

The other first-order difference functions are defined
DM

(2)(k)[F(k)28F(k) and DM
(3)(k)[8F(k)29F(k). It is

then possible to eliminate theM -m correlations by using, for
example, the combination28,29

DF ~1!~k![F~k!2bMDM
~1!~k!/dM

~1!

59F~k!2b9MDM
~1!~k!/dM

~1!

5@bM9F~k!2b9MF~k!#/dM
~1!

5Dmm
~1! ~k!2cM

2 bMb9M@SMM~k!21#, ~5!

where

Dmm
~1! ~k!5cA

2bA
2@SAA~k!21#1cX

2bX
2@SXX~k!21#

12cAcXbAbX@SAX~k!21#. ~6!
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Similarly DF (2)(k)[F(k)2bMDM
(2)(k)/dM

(2)5 8F(k)
2b8MDM

(2)(k)/dM
(2), where dM

(2)5bM2b8M, and DF (3)(k)
[ 8F(k) 2 b8MDM

(3)(k) / dM
(3) 5 9F(k) 2 b9MDM

(3)(k)/dM
(3),

where dM
(3)5b8M2b9M. Equations~3! and ~5! are particu-

larly useful if only two structure factors are measured in
experiment.28 However, the measurement of three total stru
ture factors enablesSMM(k) to be extracted through th
second-order difference function1,29

SMM~k!215@DM
~2!~k!2gDM

~1!~k!#@cM
2 g~12g!~dM

~1!!2#21

5@~12g!F~k!28F~k!1g9F~k!#

3@cM
2 g~12g!~dM

~1!!2#21, ~7!

where g5dM
(2)/dM

(1) and (12g)5dM
(3)/dM

(1) with 0,g,1.
TheM -m correlations can then be isolated by the eliminat
of SMM(k) from Eq. ~3! to give Eq.~4! which may be writ-
ten, in terms of the total structure factors, as

DMm
~1! ~k!5@2~§M

~1!2g§M
~2!!F~k!1§M

~1!8F~k!2g§M
~2!9F~k!#

3@g~12g!dM
~1!#21, ~8!

where§M
(2)5bM1b8M. The remaining functionsDMm

(2) (k) and
DMm

(3) (k) follow from similar expressions such tha
DMm

(1) (k)/dM
(1)5DMm

(2) (k)/dM
(2)5DMm

(3) (k)/dM
(3) . Them-m corre-

lations can also be isolated by the elimination ofSMM(k)
from Eq. ~5! to give Eq.~6! which may be written, in terms
of the total structure factors, as

Dmm
~1! ~k!5@~12g!b8Mb9MF~k!2bMb9M 8F~k!

1gbMb8M 9F~k!#@g~12g!~dM
~1!!2#21. ~9!

Likewise, Dmm
(2)(k) and Dmm

(3)(k) follow from the elimination
of SMM(k) from DF (2)(k) andDF (3)(k), respectively, and,
in theory, all threeDmm

( i ) (k) ( i 51,2,3) are identical. Hence
the total structure factors can be written as, e.g.,

F~k!5Dmm
~1! ~k!1

bM

dM
~1!

DMm
~1! ~k!1cM

2 bM
2 @SMM~k!21#,

~10!

which emphasizes their separation into a linear combina
of the m-m, M -m, andM -M correlation functions.

Fourier transformation of the total structure facto
F(k), 8F(k), and 9F(k) gives the real-space function
G(r ), 8G(r ), and 9G(r ), respectively. The relevant expre
sions are obtained from Eq.~2! by replacing theSab(k) by
the partial pair distribution functionsgab(r ). The r -space
representations of the difference functionsDM

( i )(k),
DMm

( i ) (k), DF ( i )(k), andDmm
( i ) (k) ( i 51,2,3) are denoted by

DGM
( i )(r ), DGMm

( i ) (r ), DG( i )(r ), and DGmm
( i ) (r ), respec-

tively, and are obtained from the above equations for
k-space functions by again replacing theSab(k) by the
gab(r ). The mean coordination number ofb arounda is
denoted byn̄a

b .

C. Systematic errors and self-consistency checks

An important property of the difference functions repr
sented by Eqs.~3!, ~7!, and~8! is that the coefficients of the
n
-

n

e

total structure factors sum to zero. The inelasticity corr
tions Pa(k) for chemical species that are not isotopica
substituted will therefore cancel@see Eq.~1!#, and it can be
shown that the inelasticity corrections for the isotopica
substituted species are often considerably reduced.30 Further-
more, provided that the same container is used for all sam
measurements and that the total absorption and scatte
cross sections of the samples are similar, the multiple s
tering and container corrections in Eq.~1! will themselves be
similar for all samples. Hence the use of Eqs.~3!, ~7!, and~8!
will lead to a cancellation, to first order, of any systema
errors that may arise from these corrections. These a
ments do not hold for Eqs.~5! and ~9! as the coefficients of
the total structure factors do not sum to zero. However,
effect of any systematic errors on these difference functi
will often be small because theDmm

( i ) (k) ( i 51,2,3), which
dominate theDF ( i )(k) ( i 51,2,3) @Eq. ~5!#, generally make
a large contribution to the measured total structure factor
found from consideration of Eq.~10!.

The efficacy of the data correction procedure, and he
the reliability of the measuredk-space functions, can b
tested on several accounts since the functions must ten
the correct high-k limit, obey the usual sum rule relations,31

and produce well-behavedr -space functions: the back
Fourier-transform obtained after setting the unphysical lowr
oscillations to their calculated limit should be in good over
agreement with the originalk-space function.29 Furthermore,
the measuredDmm

( i ) (k) ( i 51,2,3) should be the same withi
the statistical uncertainties as should theDMm

( i ) (k)/dM
( i )

( i 51,2,3).

III. EXPERIMENTAL METHOD

A. Glass preparation and characterization

Three samples 107AgPS3, 109AgPS3, and NAgPS3,
whereN denotes the natural isotopic abundance of Ag, w
prepared under identical conditions using a procedure
signed to avoid sample contamination.32,33 Elemental NAg
~99.999% Aldrich!, 107Ag ~98.53% enrichment!, or 109Ag
~98.56% enrichment! was mixed with elemental phosphoru
~99.999% Aldrich! and sulphur~99.999% JMC Specpure!
within silica ampoules~1 mm wall thickness, 5 mm interna
diameter! held in a rocking furnace, and the glasses we
made by quenching the ampoules from 600 °C in an ic
salt-water mixture at25 °C. The isotopic compositions
were chosen to maximize the overall silver scattering len
contrast to ensure thatg'0.5 in Eq.~7!. The samples were
characterized by using a TA Instruments Thermal Anal
2000 differential scanning calorimeter at a heating rate
10 °C min21. Glass transition temperatures of 192(3) °
~onset! and 202(3) °C~midpoint! were measured for al
three samples, in excellent agreement with the results
Zhanget al.18,19An endothermic event starting at 452(3) °
and of enthalpy 104(3) J g21 was recorded and may b
identified with decomposition of the material.15 A density of
3.54 g cm23, corresponding ton050.0454 Å23, was mea-
sured forg-NAgPS3 by using a volumetric flask and solven
of various densities. This value compares with 3.35 g cm23

as measured by Kawamoto and Nishida17 and 3.68 g cm23

for c-AgPS3
13.
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TABLE I. Weighting factors for theSab(k) ~in mbarn! for g-AgPS3 .

SAgAg(k) SAgP(k) SAgS(k) SPP(k) SSS(k) SPS(k)

107F(k) 22.53~7! 30.80~8! 51.28~8! 10.53~4! 29.18~2! 35.05~7!
NF(k) 14.03~3! 24.30~6! 40.46~5! 10.53~4! 29.18~2! 35.05~7!
109F(k) 7.10~4! 17.29~6! 28.79~8! 10.53~4! 29.18~2! 35.05~7!

DAg
(1)(k) 15.43~8! 13.51~10! 22.49~11! - - -

DAg
(2)(k) 8.50~8! 6.50~10! 10.82~9! - - -

DAg
(3)(k) 6.93~5! 7.01~8! 11.67~9! - - -

DAgm
(1) (k) - 13.51~10! 22.49~11! - - -

DF (1)(k) -12.65~4! - - 10.53~4! 29.18~2! 35.05~7!

DF (2)(k) -17.78~3! - - 10.53~4! 29.18~2! 35.05~7!

DF (3)(k) -9.98~3! - - 10.53~4! 29.18~2! 35.05~7!

Dmm
(1) (k) - - - 10.53~4! 29.18~2! 35.05~7!
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B. Neutron diffraction experiments

The neutron diffraction experiments were made at ro
temperature~ca. 23 °C) using the instrument D4B at the I
stitut Laue-Langevin, Grenoble. The incident neutron wa
length of 0.7034 Å ensured measurement of the diffract
patterns over a widek-space range, 0.25<k(Å21)<16.2.
The glasses were in the form of coarsely ground lumps
were held in a cylindrical thin-walled~0.1 mm! vanadium
container of internal diameter 6.8 mm. The scattering len
values areb(107Ag)57.505(11) fm,b(NAg)55.922(7)
fm, b(109Ag)54.214(11) fm,bP55.13(1) fm, and bS
52.847(1) fm .34 The weighting factors for theSab(k) ap-
pearing in the various formulas are given in Table
and DAgm

(1) (k)52.08DAgm
(2) (k)51.93DAgm

(3) (k) while Dmm
(1)(k)

5Dmm
(2)(k)5Dmm

(3)(k).

IV. RESULTS

A. Total structure factors

It was found that the total structure factors first produc
by using Eq.~1! had small but definite slopes which we
similar in magnitude for each function~Fig. 1!. The shape of
these slopes was found to be consistent with a small de
of hydrogen contamination in keeping with the extreme
hygroscopic nature of the glassy samples18 and a need to
store them for three years prior to their use in the neut
diffraction experiments. Since theincoherentscattering cross
section of hydrogen is very much greater than the cohe
scattering cross sections of the other chemical species in
glass,34 the predominant effect of the water contaminati
will be to alter the self-scattering terms involving thebinc,a
in Eq. ~1! while making little change toF(k). The effective
differential cross section for the incoherent scattering by
drogen was calculated by using the procedure given
Salmon and Lond35 and was subtracted from the origin
total structure factors to give the fully corrected functio
illustrated in Fig. 1. The amount of hydrogen in each sam
was estimated to be small at between 1.2 and 2.2 mol
Good agreement is found betweenNF(k) and NF̃(k), the
back-Fourier-transform obtained after setting the unphys
low-r oscillations inNG(r ) to their calculated limitNG(0),
which shows that the slope caused by water contamina
has been successfully eliminated at the total structure fa
-
n

d

h

d

ee

n

nt
he

-
y

e
.

al

n
or

level. Good agreement is also found between107F(k) and
107F̃(k) and between109F(k) and 109F̃(k). A first sharp
diffraction peak ~FSDP!, which is a signature of
intermediate-range atomic ordering,36 is observed in all three
total structure factors at 1.17(3) Å21.

B. Difference functions

1. Ag-Ag correlations

SAgAg(k) was extracted by using Eq.~7! with the total
structure factors represented by the error bars in Fig. 1
was found that the resultant function had a noticeable dro
at high k which indicates that the hydrogen correction d
scribed in Sec. IV A is not sufficiently accurate at th
second-order difference function level. However, it prov
possible to refine this correction by substituting the to
structure factors for their back-Fourier-transform
107F̃(k), NF̃(k), and 109F̃(k), represented by the solid

FIG. 1. The measured total structure factors forg-AgPS3 cor-
rected for the effect of hydrogen contamination. The bars repres
the statistical error on a data point and the solid curves are

back-Fourier-transforms@~e.g., NF̃(k)] of the corresponding real-
space functions@~e.g., NG(r )] after their unphysical low-r oscilla-
tions are set to the calculated limiting value@~e.g., NG(0)]. The
dashed curve shows the effective differential cross section for
drogen which was used to correctNF(k) ~see Sec. IV A!.
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FIG. 2. SAgAg(k) for g-AgPS3 . The crosses
are obtained by using Eq.~7! with the total struc-
ture factors shown as the solid curves in Fig.
The dashed curve is the result obtained af
spline fitting the measured data to reduce the
fect of statistical noise and corresponds to t
dashed curve in Fig. 3. The solid curve is th
MIN solution and corresponds to the solid curv
in Fig. 3.
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curves in Fig. 1. No discernible droop could be observed
the resultant Ag-Ag partial structure factor which is shown
Fig. 2.

Next, gAgAg(r ) was obtained by using three method
namely,~a! by Fourier transformingSAgAg(k) represented by
the data points in Fig. 2,~b! by Fourier transforming a spline
fit to the data points in order to reduce the effect of statist
noise, and~c! by using the the minimum noise~MIN ! recon-
struction method of Soperet al.37 This method gives, essen
tially, a smoother function wherein thegab(r ) are con-
strained to take physical values, i.e.,gab(r )50 for 0<r
<r min andgab(r )>0 for r>r min . Neither of the functions
produced by Fourier transformation gave a peak at the p
tion of the first peak in eitherDGAg

( i )(r ) or DG( i )(r )( i
51,2,3) which indicates that there are no unwanted Ag-m or
m-m correlations. The robustness ofSAgAg(k) was tested by
adjusting the weighting factors on the total structure fact
in Eq. ~7! within their calculated errors. No significan
change ingAgAg(r ) was noted. Ther -space functions ob
tained by all three methods give comparable peak posit
and coordination numbers, i.e.,r 153.01(2) Å, r 2

53.82(2) Å, and n̄Ag
Ag51.1(2) from method ~a!, r 1

52.82(2) Å, r 254.16(2) Å, and n̄Ag
Ag51.1(2) from

method~b!, and r 152.96(2) Å, r 253.98(2) Å, andn̄Ag
Ag

51.0(2) from method~c!, wherer 1 and r 2 denote the first
and second peak positions, respectively. ThegAgAg(r ) ob-
tained from the latter two methods are shown in Fig. 3.

2. Ag-matrix atom correlations

The DAgm
( i ) (k)( i 51,2,3) are shown in Fig. 4 and were e

tracted from the first-order difference functions by using E
~3! with SAgAg(k) taken from the dashed curve in Fig. 2. Th
differences @DAgm

(1) (k)22.08DAgm
(2) (k)# and @DAgm

(1) (k)
21.93DAgm

(3) (k)# have no obvious structure which show
from the discussion in Sec. II C, that the data analysis
been properly undertaken. TheDAgm

( i ) (k) have a broad FSDP
at 0.92(3) Å21, indicating the presence of intermediat
range atomic ordering associated with one or both of
n

,

l

i-

s

s

.

s

e

contributing partial structure factorsSAgS(k) and SAgP(k).
The MIN method was used to produceDGAgm

(1) (r ) and the
result is shown in Fig. 5.

In c-AgPS3 silver is coordinated to four differen
hexathiodimetaphosphate P2S6

22 ions via Ag-S bonds of
length 2.66 Å.13 Each silver atom has two nearest-neighb
nonbonding phosphorus atoms within the P2S6

22 ions at
3.63 Å and another two at 3.66 Å. On the basis of this crys
structure the first peak inDGAgm

(1) (r ) at 2.53~2! Å, which
covers the range 2.33<r (Å)<2.95, can be assigned to Ag-
correlations and its integration givesn̄Ag

S 52.5(2). Similarly,
the second peak inDGAgm

(1) (r ) at 3.57~3! Å will have a con-
tribution from both Ag-P and Ag-S correlations while th
third peak at 5.52~4! Å will be dominated by Ag-S correla-
tions ~see Fig. 5!.

FIG. 3. gAgAg(r ) for g-AgPS3 . The dashed curve was obtaine
by Fourier transforming a spline fit toSAgAg(k) and corresponds to
the dashed curve in Fig. 2. The solid curve is the MIN solution a
corresponds to the solid curve in Fig. 2. The vertical bars mark
positions of the Ag-Ag correlations inc-AgPS3 ~Ref. 13! and their

heights are proportional to the coordination numbers withn̄Ag
Ag51

for the first nearest neighbors.
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3. Matrix-matrix atom correlations

The Dmm
( i ) (k)( i 51,2,3) are shown in Fig. 6 and were e

tracted from theDF ( i )(k) by using Eq.~5! with SAgAg(k)
taken from the dashed curve in Fig. 2. The differenc
@Dmm

(1)(k)2Dmm
(2)(k)# and @Dmm

(1)(k)2Dmm
(3)(k)# have no obvi-

ous structure which implies, from the discussion in Sec. II
that the functions are free from any substantial system
error. They have a strong FSDP at 1.16(2) Å21 which in-
dicates a high degree of matrix-atom intermediate-range
dering of periodicity 2p/kFSDP55.42 Å.36 The MIN
method was used to produceDGmm

(1)(r ) and the result is
shown in Fig. 7.

In c-AgPS3 the matrix atoms form hexathiodimetapho
phate P2S6

22 ions in which the two P atoms are linked b
two S bridging atoms to give a short P-P distance of 2
Å.13 Each phosphorus atom is surrounded by four sulp
atoms in a highly distorted tetrahedral arrangement wit

FIG. 4. The Ag-matrix atom difference functionsDAgm
( i ) (k)

( i 51,2,3) forg-AgPS3 . The bars represent the statistical error o
measured data point and the solid curves are the back-Fou
transforms of the correspondingDGAgm

( i ) (r ) after their unphysical
low-r oscillations are set to the calculatedDGAgm

( i ) (0) limit. The
differences between the scaledDAgm

( i ) (k) functions are also shown.
s

,
ic

r-

0
r
a

P-S bond length of 2.00–2.12 Å and only S-S correlatio
are found in the range 3.37<r (Å)<3.74 for which n̄S

S

57.3. No evidence of phosphorus-phosphorus bonds
found from the NMR experiments of Zhanget al.18 for any
of the glasses formed along the (Ag2S)x(P2S5)12x pseudo-
binary tie line. The first peak inDGmm

(1)(r ) at 2.04~2! Å is
therefore attributed to P-S bonds and, with this assignm
its integration over the range 1.84<r (Å)<2.33 gives a co-
ordination numbern̄P

S54.1(2). Thebroad but low-intensity
feature inDGmm

(1)(r ) for 2.33<r (Å)<3.07 will include non-
bonded P-P correlations and the second peak at 3.36~2! Å
will be dominated by nonbonded S-S correlations. Howev
integration of this latter feature over the range 3.07<r (Å)
<3.74 givesn̄S

S55.2(4); i.e., the P2S6
22 structural motifs of

c-AgPS3 are broken up in the glassy phase. The ratio of
first and second peak positions is 1.647 which is close to
ratio A8/351.633 expected for perfect tetrahedral coordin
tion and suggests that the coordination environment of ph
phorus is more regular than inc-AgPS3.

It is also interesting to compare the structure ofg-AgPS3
with that of c-P2S5 since the glass lies atx50.5 on the
(Ag2S)x(P2S5)12x pseudobinary tie line. Crystallinec-P2S5
comprises cagelike P4S10 molecular units in which each
phosphorus atom is tetrahedrally bonded to four sulphur
oms with one P-S double bond of length 1.91 – 1.98 Å a
three P-S single bonds of length 2.02 – 2.13 Å.38–40 In the
P4S10 molecule, coordination numbers ofn̄P

P53 and n̄S
S

54.6 are obtained for the ranges 3.37<r (Å)<3.44 and
3.24<r (Å)<3.46, respectively. However, integration of th
second peak inDGmm

(1)(r ) ~Fig. 7! over the range 3.07

<r (Å)<3.74 and assumingn̄P
P53 gives n̄S

S52.0(2); i.e.,
there is no evidence from the data to support the existenc
P4S10 molecules ing-AgPS3.

V. DISCUSSION

A. Ag-Ag correlations

The nearest-neighbor Ag-Ag distance of 2.9~1! Å in
g-AgPS3 is comparable to the values of 3.2 Å found in bo

er-
-

.
S

-

FIG. 5. @DGAgm
(1) (r )2DGAgm

(1) (0)#
522.49gAgS(r )113.51gAgP(r ) ~in mbarn! for
g-AgPS3 . The solid circles are obtained by Fou
rier transformingDAgm

(1) (k) given by the error bars
in Fig. 4 and the solid curve is the MIN solution
The vertical bars mark the positions of the Ag-
~dashed line! and Ag-P~solid line! correlations in
c-AgPS3 ~Ref. 13! and their heights are propor

tional to the coordination numbers withn̄Ag
S

5n̄Ag
P 54 for the first nearest neighbors.
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c-AgPS3
13 andc-Ag4P2S6 ~Ref. 20! and 3.1 Å found in the

fast-ion phase ofc-Ag2S.41,42 This observation of neares
neighbor Ag-Ag distances that are relatively short wh
compared with those in crystalline Ag~2.89 Å! is a charac-
teristic feature of the structural chemistry of several Ag~I!
compounds43 and is independent of whether the glass is
fast-ion conductor or semiconductor.1–3,11 The Ag-Ag dis-
tance is, however, longer than the observed Ag-S distanc
2.53~2! Å and it is unclear as to whether there exists bond
or nonbonded Ag-Ag interactions.

The first peak ingAgAg(r ) is fairly broad, in the sense tha
it does not return to thegAgAg(0) limit on its high-r side, as
are the remaining peaks shown in Fig. 3. These features
typical of the partial pair distribution functions of the mobi
species for liquids such as CuCl,44 CuBr,45,46 NiI 2 ,47 and
Ag2Se,6 which melt from a fast-ion crystalline phase. Th
second and third peaks ingAgAg(r ) for g-AgPS3 @i.e.,
g-(Ag2S)0.5(P2S5)0.5] at r 254.0(2) Å and r 356.7(2) Å

FIG. 6. The matrix-matrix atom difference functionsDmm
( i ) (k)

( i 51,2,3) forg-AgPS3 . The bars represent the statistical error o
measured data point and the solid curves are the back-Fou
transforms of the correspondingDGmm

( i ) (r ) after the unphysical low-
r oscillations are set to their calculatedDGmm

( i ) (0) limit. The differ-
ences between the measuredDmm

( i ) (k) functions are also shown.
n

a

of
d

re

do not occur at positions comparable to those found in
high-temperature fast-ion phase ofc-Ag2S by anomalous x-
ray scattering experiments@r 255.6(2) Å# ~Ref. 41! or by
molecular dynamics calculations @r 255.0(2) Å, r 3
58.0(2) Å# ~Ref. 42!. The intermediate-range atomic o
dering associated withc-Ag2S is therefore broken up when
is mixed with 50 mol % of P2S5 to form g-AgPS3. This
observation contrasts with that for the glassy fast-ion c
ductor g-(Ag2Se)0.25(AsSe)0.75 ~Ref. 1! and semiconductor
g-(Ag2Te)0.5(As2Te3)0.5 ~Ref. 2! because the first five peak
in the measuredgAgAg(r ) for these glasses occur at positio
that are comparable to those found in the high-tempera
fast-ion phases ofc-Ag2Se andc-Ag2Te, respectively.

As shown in Fig. 3, the maxima ingAgAg(r ) for g-AgPS3
occur at different positions to the Ag-Ag distances
c-AgPS3 ~Ref. 13! and the Ag-Ag correlations in the glass
phase are characterized by a much greater distribution
distances. This latter observation resembles the situa
found in the crystalline ionic conductorc-Ag7P3S11 where
the Ag1 ions are disordered amoung the interstices in
anion array formed by layers of PS4

32 groups which alter-
nate with double layers of P2S7

42 groups.16,19

B. Ag-µ correlations

The nearest-neighbor Ag-m correlations in the glass ar
significantly different to those inc-AgPS3 ~Ref. 13! where
Ag forms a distorted tetrahedron with the S atoms of fo
different P2S6

22 ions wherein the Ag-S distance is 2.66 Å
The Ag-S distance of 2.53~2! Å in the glass is much smalle
than the sum of ionic radii for Ag1 ~1.26 Å! and S22 ~1.84
Å! ~Ref. 48! which is indicative of substantial covalent cha
acter for the Ag-S interaction.49 This is consistent with the
low value ofn̄Ag

S 52.5(2) which may be interpreted in term
of the glass comprising equal numbers of twofold and thr
fold coordinated silver atoms. In crystalline fast-ion condu
tors it is argued50,51 that the potential barrier to ionic motio
between sites is lowered in the case of Ag~I! and Cu~I! com-
pounds owing to the ability of these cations to exist in
variety of low-coordination-number environments. Lown̄M

X

coordination numbers of'324 are also a feature of man

er-
r

e
nd

-

FIG. 7. @DGmm
(1) (r )2DGmm

(1) (0)#535.05gPS(r )
110.53gPP(r )129.18gSS(r ) ~in mbarn! for
g-AgPS3 . The solid circles are obtained by Fourie
transformingDmm

(1) (k) given by the error bars in
Fig. 6 and the solid curve is the MIN solution. Th
vertical bars mark the positions of the P-S, P-P a
S-S correlations inc-AgPS3 ~Ref. 13! and their
heights are proportional to the coordination num

bers withn̄P
S52, n̄P

P51, andn̄S
S50.33 for the first

nearest neighbors.
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otherM-A-X glasses but there is no clear correlation betwe
the precise value ofn̄M

X and whether the glass is a fast-io
conductor or a semiconductor.3

The results forg-AgPS3 are inconsistent with the mode
of Kastner52 which predicts that group I metal atoms will b
fourfold coordinated by the chalcogen when the coval
component to the bonding is significant and electronicd
states are not involved. It appears, therefore, thatd states are
important and the relative stability of threefold versus fo
fold coordination for Ag~I! compounds has been investigat
by Burdett and Eisenstein53 using an orbital approach. It i
argued that the lower-coordination-number conformation
be stabilized over the regular tetrahedral arrangement if th
is a distortion via a second-order Jahn-Teller effect wher
the d orbitals of the occupied outer shell are mixed with t
s orbitals of the valence shell.

C. µ-µ correlations

The diffraction data forg-AgPS3 show tetrahedral coor
dination of P by S and that the P2S6

22 structural motifs of
c-AgPS3 are broken up in the glassy phase. These obse
tions are consistent with the NMR results of Zhanget al.18

who concluded that the P2S6
22 groups ofc-AgPS3 do not

exist in the glassy phase to any significant extent but
disrupted to form PS4

2 units.
There is no evidence to support destruction of theshort-

range order of the matrix atom compoundc-P2S5 when
it is mixed with a large mole fraction ofc-Ag2S to
form g-AgPS3. Similarly, in g-(Ag2Se)0.25(AsSe)0.75,1

g-(Ag2Te)0.5(As2Te3)0.5,2 and g-(Cu2Se)0.25(AsSe)0.75,1,
the short-range order of the network-forming compound
r,

L

n

ct

ct

ct
n

t

-

n
re
in

a-

re

s

not destroyed. However,g-AgPS3 is characterized by a
larger degree of intermediate-range atomic ordering with
spect to the fact that, while a FSDP is a prominent feature
DGmm

(1)(r ) for g-AgPS3, no such feature is observed i
DGmm

(1)(r ) for these other glasses. It is interesting to specu
whether this observation arises from the ability of pho
phorus to form tetrahedral motifs.

VI. CONCLUSIONS

The structure ofg-AgPS3 is found to be significantly dif-
ferent from that of the corresponding crystalline compou
The P2S6

22 units of the crystal are broken up to form tetr
hedral PS4 structural motifs which are linked to form a ma
trix having pronounced intermediate-range order. The d
are consistent with a model wherein the silver ions mo
between sites in which they have a low mean coordinat
number of n̄Ag

S 52.5(2) via pathways which have a larg
distribution of Ag-Ag sites.
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