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Structure of the glassy fast-ion conductor AgP$ by neutron diffraction
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The structure of the glassy fast-ion conduajeAgPS; 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 fact8ggaq(k), and related difference functioms,g,(k) andA , (k)
comprising the Age and w-u correlations, respectively, whege denotes a matrix atorfP or § andk the
scattering vector. It is found that the glass structure is significantly different from that of the corresponding
crystalline compound-AgPS;. The BS;2™ units of the crystal are broken up to form tetrahedral R®tifs
with a P-S bond distance of 2.@ A which are linked to form a matrix having pronounced intermediate-range
order. The data fog-AgPS; are consistent with a model wherein the silver ions, coordinated to an average of
2.52) S at a bond distance of 2.83 A, 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(8) A and coordination number of 1(2). [S0163-18208)07334-7

[. INTRODUCTION the level of Sy (k) and related difference functions have
been provided for the fast-ion conducting glass

A prerequisite for making progress in understanding they-(Ag,Se) . AsSe) ;s (Ref. 1) and the semiconducting
fundamental reasons for the existence of fast-ion conductivglasses g-(Ag,Te),s(As,Te;)os  (Ref. 2 and
ity in glassy materials is definitive structural information at g-(Cu,Se), ,§(AsSe), 75 (Ref. 1). It is found that, irrespective
the microscopic level: nonphenomenological approaches rexf the mechanism for electrical conduction, the short-range
quire detailed knowledge of the atomic positions to test modorder of the network former is not destroyed on mixing with
els for interatomic forces. One of the main experimentala large mole fraction of network modifier and, at least for the
challenges is, therefore, to measure the full setFafber-  Ag-based glasses, that elements of the intermediate-range or-
Ziman) partial structure factorS, 5(k) over a wide range of der for the network modifier are retained. Furthermore, a
values of scattering vectdt such that information is pro- broad “liquidlike” distribution of Ag-Ag nearest neighbors
vided on both the short- and intermediate-range atomic oris observed for the fast-ion conductor whereas the distribu-
dering in real space. This task is particularly difficult owing tion of M-M nearest neigbors for the semiconductMeA-X
to the inherent structural disorder of glassy materials and thglasses is much sharper. These observations suggest that the
presence of at least three different chemical species. Howabsence of ionic conductivity arises from a local trapping of
ever, for glasses of the typéd-A-X, whereM denotes a metal the metal atom in the potential well of its nearest neighBors.
atom such as Cu or AgA denotes a group IVA or VA A broad distribution of Ag-Ag correlations was also
element, andX a chalcogen(S, Se, Tg considerable found from neutron diffraction experiments on the fast-
progress has recently been made. Specifically, when then conductors g-(Ag,Se),(GeSg);Se (Ref. 10 and
atomic fraction ofM is sufficiently high it is possible to g-(Ag,S)y5(GeS)os (Ref. 1) and the essential features of
separate the total structure factfk), which is measured in the short-range order for the network former are again re-
a single diffraction experiment and comprises Sixz(k), tained.
into the metal-metal partial structure factgyy (k) and the The question naturally arises as to the generality of these
difference functiong\, ,(k) andA , ,(k) whereu denotes a  results for otherM-A-X glasses. In this context the glass
matrix (A or X) atom and the latter two functions have con- g-AgPS;, which occurs atx=0.5 on the pseudobinary tie
tributions from the remaining tw8y ,(k) and threeS,, ,(k), line (AgS)(P>Ss)1-x (0=x=<1), is an interesting candi-
respectively: date for study on several accounts.

The rationale behind the study ®-A-X glasses stems (i) The compound involves a change in pnictogen from
from the fact that when a large mole fraction of a networkAs to P and, unlike the other glasses previously studied at the
modifier such a#,X, which is a joint fast-ionic—electronic level of Sy (k) and related difference functions, the matrix
conductor in its high-temperature crystalline phdgejs  atom compound 5 does not appear to form a gld$and
mixed with a semiconducting network former such/gx;  cannot therefore be regarded as a network former.
or AX, the resultant glasses sometimes become fast-ion con- (ii) By contrast with the otheM-A-X glasses for which
ducting withM ™ ions as the mobile speciédn these cir- Syw(k) and related difference functions have been mea-
cumstances the glasses become candidates for solid-statared, a crystalline compound having the same stoichiometry
electrolytes in battery and sensor applicatidfisResults at  as the glass can be formed. The structure-@#gPS; has

0163-1829/98/5@.0)/61159)/$15.00 PRB 58 6115 © 1998 The American Physical Society



6116 PHILIP S. SALMON, SHUQIN XIN, AND HENRY E. FISCHER PRB 58

been measuréd and therefore provides an excellent basis v
for comparison with the neutron diffraction results for the Flk=> > CaCpbo bl Syp(k)—1], 2
glass. Furthermore, several other crystalline systems exist on a=1p=1

the (AgS)«(P,Ss)1-x pseudobinary tie line, viz., two modi- 5145 9) is a normalization factor measured by reference to
fications of c-Ag,P,S; (x=0.67) (Refs. 14 and 16 ,\anadium standafd.The atomic fraction, bound coherent
C-Ag7PsSyy (x=0.7) (Ref. 18, c-AgsPS, (x=0.75) (Ref.  geattering length, and bound incoherent scattering length of
15), and two modifications ot-Ag;PS (x=0.875) (Ref.  -hemical species are denoted by, , b,,, andb;,c ., re-

15) although most occur outside the glass-forming region ofpectively, and the scattering vectois related to the inci-

17-19 s .
0.33<x<0.67:""" Two modifications OfC"%grééZZSﬁ also  gent neutron wavelength and scattering angle®through
oceur and their s.tructures hayg been meas ' k=4m\ "1 sin6. The P(k) arise from inelasticity effects
(iif) The electrical conductivity 0§-AgPS; is reported 10 a4nq are usually calculated by using a Placzek expariéion,
be between 7810 ° Q" cm ° (Ref. 19 and ~7 N _represents the number of illuminated sample atoms, and

— 6 -1 -1 o
X10™ 07" cm (Ref. 17 at 25°C and the transport A j(6) denotes a Paalman-Pifgsttenuation factor which
number is 0.99," which implies that conduction proceeds by ygters to neutrons that are scattered in meditand attenu-

the movement of Ag ions. By contrast-AgPS; is predomi- 40 through absorption and scattering, in medijunThe
nantly an electronic conductor of very low total conductivity, intensities!| .«(#) and 1.(6) for the sample ) in its con-
cSs (o4

7 —9 -1 —1 o~19
viz,, 3.2¢10°° Q7" cm " at 25 °C. tainer (c) and for the empty container, respectively, are cor-

(iv) The short-range order of (A§)(P,Ss)1-x 9lasses  octeq for background scattering by reference to a Cd ab-
has been studied b§'P magic-angle spinning nuclear mag- sorber at low 2 values®® The M(§) are the multiple

netic resonancéNMR) and dipolar NMR  techniques by scattering cross sections calculated in the quasi-isotropic ap-

18 "
Zhanget al.® It was concluded that the addition of 4§ to proximation using the method of Soper and Egeltaffhe

P,Ss introduces nonbridging sulphur atoms, resulting in acqrrection procedure given by E) ensures that the attenu-
continuous network  transformation, and that phosphorusaiion corrections are applied to once-scattered neutrons.
phosphorus bonds are absent for the entire glass-forming re-

gion. The BSs?~ groups ofc-AgPS; do not exist in the

glassy phase to any appreciable extent but are broken up to B. Difference functions

form PS™ units. Information on theu-u correlations is By making diffraction experiments on thre#-A-X
therefore available for comparison with the neutron diffrac-glasses which are identical in every respect, except for the
tion results. isotopic composition ofM, three total structure factors

In this paper the essential theory required to understang(k), 'F(k), and "F(k) are measured corresponding to
the diffraction results will first be given. The sample prepa-scattering lengthby, >b/y,>b~,. Those correlations not in-
ration and characterization together with the neutron diffracvolving a metal atom can then be extracted by subtracting
tion experimental method will then be outlined. Next, thetwo total structure factors to give a first-order difference
neutron diffraction results fog-AgPS; will be presented and  function, e.g.,
the procedure required to extre®j (k) and related differ-

ence functions will be explained. Finally the results will be AP (k)=F(k)—"F(k)
discussed and a brief comparison made with the structures of w 2«1 (1)
other glassyM-A-X systems. =Ay (K +eyon'sw'[Sum(k) =1, ()

where&{P'=by— by, s\P=by+ by, and
Il. THEORETICAL BACKGROUND L L L
A. Data correction procedure ARAL(k) = 2CMCAbA5§v| [Swa(k)—1]+2cy CXb)(é(M)

In a reactor-based neutron diffraction experiment the total X[ Sux(k)—1]. (4)
sf[ructure factoF(k) for a glass comprising chemigal SP€" " The other first-order difference functions are defined by
cies labeledy or B is extracted from the measured |nten3|t|esA§wz)(k)EF(k)_ "E(k) and Aﬁ”(k)z’F(k)—”F(k). It is

by using the relatiorfs then possible to eliminate thd-w correlations by using, for

example, the combinatiéh?®

Fo(K)=F(Kk)+ 2, c[b+bf J[1+Pa(k)] AFM () =F (k) —buAiy (k)/ 8y
L ([l } ="F(K)— by A (K)/ 83y’
T NAss(O)[ | a(e) el 0) =[by"F(k)— by F(k)]/8¥
Accs(0)[1c(0) =AY (k)—cZbyb[Sum(k)—1], (5
T A0 W‘MMH’ @ e
' where
whereF (k) represents the observed differential cross sec- ALI,)L(k)ZCibi[SAA(k)—1]+C>2<b>2<[5xx(k)—l]

tion for coherent and incoherent scatterirfg(k) is ex-
pressed by +2caCxbaby[ Sax(k)—1]. (6)
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Similarly AF(Z)(k)EF(k)_bMAf\AZ)(k)m(,\f): "F(K) total structure factors sum to zero. The inelasticity correc-
—brMAﬁﬂz)(k)mfwz), where 5§\A2)sz_b,M and AF®)(k) tions P,(k) for chemical species that are not isotopically
="F(k) — buAP(K) 1 83 = "F(k) — bimAP(K)/ 68, substituted will therefore cancgtee Eq.(1)], and it can be

here @ =b, . — br,. Equati 3 d (5 ticu- shown that the inelasticity corrections for the isotopically
WNEre O v by Equations(3) and (5) are particu substituted species are often considerably reddtEdrther-

larly useful if only two structure factors are measured in an ided that th tainer i d for all |
experiment® However, the measurement of three total struc-TOr€, provided that the same container IS used tor all sample
measurements and that the total absorption and scattering

ture factors enable$y (k) to be extracted through the . e ;
mm (k) 9 cross sections of the samples are similar, the multiple scat-

second-order difference functibf? . . . . ;
tering and container corrections in E@) will themselves be

Sum(K)—1=[AR(K) — yA P (k) [ y(1— y)(8F)2] 2 similar for all samples. Hence the use of E(®, (7), and(8)
will lead to a cancellation, to first order, of any systematic

=[(1-y)F(k) —"F(k)+y"F(k)] errors that may arise from these corrections. These argu-
’ s1y21-1 ments do not hold for Eq$5) and(9) as the coefficients of
X[emy(I=7)(ou)] 7, () the total structure factors do not sum to zero. However, the

where y= 5'(w2)/ 5§v|1) and (1-y)= 5(N3|)/ 5(Ml) with 0<y<1. effect of any systematic errors on these difference functions

TheM-p correlations can then be isolated by the eliminationill often be small because thi,) (k) (i=1,23), which
of Sy (k) from Eq.(3) to give Eq.(4) which may be writ- dominate theAF(k) (i=1,2,3)[Eq. (5], generally make

ten, in terms of the total structure factors, as a large contribution to the measured total structure factors as
found from consideration of Eq10).
Al (K =[ = (sit' = ¥siF(K) + s F (k) = ¥si"F(K)] The efficacy of the data correction procedure, and hence
D1 the reliability of the measuredt-space functions, can be
X[y(1=vy)on'] (8)  tested on several accounts since the functions must tend to

the correct highk limit, obey the usual sum rule relatiof,
and produce well-behaved-space functions: the back-
Fourier-transform obtained after setting the unphysical tow-
oscillations to their calculated limit should be in good overall
agreement with the origind-space functio? Furthermore,
the measuread (), (k) (i=1,2,3) should be the same within
the statistical uncertainties as should tlztév'l)ﬂ(k)/ DY,

AL (K)=[(1=y)b/mbryF (k)= bybry "F(k) (i=1,2,3).

+ybybiy "F(OI¥(1—y) (8217 (9)

ikewi (2 (3) iminati
Likewise, A,/ (k) and A 7/ (k) follow from the elimination

wheres{)=by +b.y. The remaining functiona{;),(k) and
AP (k) follow from similar expressions such that
A,(\,llg(k)/éfvllEA,(\AZL(k)lé(,\,zl)=A§v|3L(k)/5(,v3l). The u-u corre-
lations can also be isolated by the elimination Sfy (k)
from Eq. (5) to give Eq.(6) which may be written, in terms
of the total structure factors, as

Ill. EXPERIMENTAL METHOD

of Sym (k) from AF(Z)(k) andAF(?’)(k), respectively, and, A. Glass preparation and characterization
in theory, all threeA(),(k) (i=1,2,3) are identical. Hence ~ Three samples'AgPS;, 'AgPS;, and “AgPS;,
the total structure factors can be written as, e.g., whereN denotes the natural isotopic abundance of Ag, were

prepared under identical conditions using a procedure de-
N bw (1, - signed to avoid sample contaminatith?: Elemental NAg
FR)= 40,00+ 75 A (k) + Ciubi[ Sum (k) = 1], (99.999% Aldrich, ©’Ag (98.53% enrichmej or 1%%Ag
M (10) (98.56% enrichmentwas mixed with elemental phosphorus
(99.999% Aldrich and sulphur(99.999% JMC Specpure
which emphasizes their separation into a linear combinatiogithin silica ampouleg1 mm wall thickness, 5 mm internal
of the u-u, M-u, andM-M correlation functions. diametey held in a rocking furnace, and the glasses were
Fourier transformation of the total structure factorsmade by quenching the ampoules from 600 °C in an ice—
F(k), 'F(k), and "F(k) gives the real-space functions salt-water mixture at—5°C. The isotopic compositions
G(r), 'G(r), and"G(r), respectively. The relevant expres- were chosen to maximize the overall silver scattering length
sions are obtained from E) by replacing theS,(k) by  contrast to ensure that~0.5 in Eq.(7). The samples were
the partial pair distribution functiong,g(r). The r-space characterized by using a TA Instruments Thermal Analyst
representations of the difference functionA(h},)(k), 2000 differential scanning calorimeter at a heating rate of
A%}Rﬂ(k), AFO(k), andAﬂ)(k) (i=1,2,3) are denoted by 10°C min 1. Glass transition temperatures of 192(3) °C
AGH (), AG(&),L(V)’ AGO(r), and AGSL(”’ respec- (onse} and 202(3) °C(midpoiny were measured for all
tively, and are obtained from the above equations for thdree samples, in excellent agreement with the results of
k-space functions by again replacing ti(k) by the Zhanget al.™>~* An endothermic event starting at 452(3) °C

Gap(r). The mean coordination number @f arounde is ~ @nd of enthalpy 104(3) Jd was recorded and may be
denoted berg identified with decomposition of the materialA density of

3.54 gcm 3, corresponding tmy=0.0454 A 3, was mea-
sured forg-NAgPS; by using a volumetric flask and solvents
of various densities. This value compares with 3.35 g&tm

An important property of the difference functions repre-as measured by Kawamoto and NisHidand 3.68 g cm?®
sented by Eq¥3), (7), and(8) is that the coefficients of the for c-AgPS,™.

C. Systematic errors and self-consistency checks
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TABLE |. Weighting factors for theS, (k) (in mbarr for g-AgPS;.

Sagag(K) Sagr(K) Sags(K) SpH(K) Ssk) Spdk)
107F (k) 22.537) 30.808) 51.288) 10.534) 29.182) 35.057)
NE (k) 14.033) 24.306) 40.465) 10.534) 29.182) 35.057)
109 (k) 7.104) 17.296) 28.798) 10.534) 29.182) 35.057)
AL (k) 15.438) 13.5110) 22.4911) - - -
AQ (k) 8.508) 6.5010) 10.829) - - -
AQ (k) 6.935) 7.04(8) 11.679) - - -
ALY (k) - 13.5110) 22.4911) - - -
AFM (k) -12.654) - - 10.534) 29.182) 35.057)
AF®(k) -17.783) - - 10.534) 29.182) 35.057)
AF® (k) -9.9413) - - 10.534) 29.182) 35.057)
AD (k) - - - 10.534) 29.182) 35.097)
B. Neutron diffraction experiments level. Good agreement is also found betwe@fF (k) and

The neutron diffraction experiments were made at room™F(k) and between'®F(k) and '°F (k). A first sharp
temperaturéca. 23 °C) using the instrument D4B at the In- diffraction peak (FSDP, which is a signature of
stitut Laue-Langevin, Grenoble. The incident neutron waveintermediate-range atomic orderifijs observed in all three
length of 0.7034 A ensured measurement of the diffractiorfotal structure factors at 1.17(3) “A.
patterns over a wid-space range, 0.25k(A~1)<16.2.
The glasses were in the form of coarsely ground lumps and
were held in a cylindrical thin-walled0.1 mm) vanadium
container of internal diameter 6.8 mm. The scattering length 1. Ag-Ag correlations
values areb(*°’Ag)=7.505(11) fm,b(NAg)=5.922(7)
fm, b(}°°Ag)=4.214(11) fm,bp=5.13(1) fm, and bg
=2.847(1) fm 3 The weighting factors for th,4(k) ap-
pearing in the various formulas are given in Table |

B. Difference functions

Sagag(K) was extracted by using Eq7) with the total
structure factors represented by the error bars in Fig. 1. It
was found that the resultant function had a noticeable droop

1 2 3 : 1 at high k which indicates that the hydrogen correction de-
and(zegg)ﬂ(k)(=3)2.08A§\g)ﬂ(k)=1.9%29)H(k) while Aﬁuz(k) scribed in Sec. IV A is not sufficiently accurate at the
= A =4.5(K). second-order difference function level. However, it proved

possible to refine this correction by substituting the total
IV. RESULTS structure  factors for their back-Fourier-transforms

107 N 10 H
A Total structure factors F(k), NF(k), and °F(k), represented by the solid
It was found that the total structure factors first produced 0.30
by using Eq.(1) had small but definite slopes which were
similar in magnitude for each functidifrig. 1). The shape of
these slopes was found to be consistent with a small degree  o20
of hydrogen contamination in keeping with the extremely
hygroscopic nature of the glassy sampfeand a need to
store them for three years prior to their use in the neutron
diffraction experiments. Since thiecoherentscattering cross
section of hydrogen is very much greater than the coherentg
scattering cross sections of the other chemical species in theg
glass®* the predominant effect of the water contamination 2
will be to alter the self-scattering terms involving thg, ,
in Eq. (1) while making little change té& (k). The effective
differential cross section for the incoherent scattering by hy-
drogen was calculated by using the procedure given by 0% e "o
Salmon and Lontt and was subtracted from the original kA
total structure factors to give the fully corrected functions

. I . FIG. 1. The measured total structure factors PS; cor-
illustrated in Fig. 1. The amount of hydrogen in each sample,. GoAgPS;

. 0 ted for the effect of hydrogen contamination. The bars represent
was estimated to be small at between 1.2 and 2.2 mol. /‘ihe statistical error on a data point and the solid curves are the

Good agreement is found betweéiF (k) and "F(k), the  pack-Fourier-transformBe.g., "E(K)] of the corresponding real-
back-Fourier-transform obtained after setting the unphysicadpace function§(e.g., N\G(r)] after their unphysical low- oscilla-
low-r oscillations inNG(r) to their calculated limit"G(0),  tions are set to the calculated limiting vali@.g., \G(0)]. The
which shows that the slope caused by water contaminatioashed curve shows the effective differential cross section for hy-
has been successfully eliminated at the total structure factatrogen which was used to corrd®E (k) (see Sec. IV A

R + 0.2

gk + 0.1

ture factor (barn)
(=]
=

stru
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FIG. 2. Spgag(K) for g-AgPS;. The crosses
are obtained by using E¢7) with the total struc-
ture factors shown as the solid curves in Fig. 1.
The dashed curve is the result obtained after
spline fitting the measured data to reduce the ef-
fect of statistical noise and corresponds to the
dashed curve in Fig. 3. The solid curve is the
MIN solution and corresponds to the solid curve
in Fig. 3.
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curves in Fig. 1. No discernible droop could be observed omontributing partial structure factorSagg(k) and Spgp(K).

the resultant Ag-Ag partial structure factor which is shown in
Fig. 2.

Next, gagag(r) was obtained by using three methods,
namely,(@) by Fourier transformingagag(K) represented by
the data points in Fig. Zb) by Fourier transforming a spline
fit to the data points in order to reduce the effect of statistical
noise, andc) by using the the minimum noig#IN) recon-
struction method of Sopest al3” This method gives, essen-
tially, a smoother function wherein thg,g(r) are con-
strained to take physical values, i.@,4(r)=0 for Osr
<Tmin andg,gz(r)=0 for r=r;,. Neither of the functions
produced by Fourier transformation gave a peak at the pos
tion of the first peak in eitheMGY)(r) or AGM(r)(i
=1,2,3) which indicates that there are no unwantediAgr
u-p correlations. The robustness $fgaq(k) was tested by

The MIN method was used to
result is shown in Fig. 5.

In c-AgPS silver is coordinated to four different
hexathiodimetaphosphate,®>~ ions via Ag-S bonds of
|ength 2.66 AL Each silver atom has two nearest-neighbor
nonbonding phosphorus atoms within theSE~ ions at
3.63 A and another two at 3.66 A. On the basis of this crystal
structure the first peak iMGSy,(r) at 2.532) A, which
covers the range 2.33r(A) <2.95, can be assigned to Ag-S
correlations and its integration givaigzz.S(Z). Similarly,
the second peak iAG(Alg)M(r) at 3.573) A will have a con-
tribution from both Ag-P and Ag-S correlations while the
third peak at 5.5@) A will be dominated by Ag-S correla-
tions (see Fig. 5.

produdeG{y,(r) and the

adjusting the weighting factors on the total structure factors

in Eqg. (7) within their calculated errors. No significant
change ingagag(r) was noted. The -space functions ob-
tained by all three methods give comparable peak position
and coordination numbers, i.e.r;=3.01(2) A, r,
=3.82(2) A, and njd=1.1(2) from method (a), ry
=2.82(2) A r,=4.16(2) A, and njd=1.1(2) from
method (b), andr;=2.96(2) A, r,=3.98(2) A, andn}?
=1.0(2) from methodc), wherer,; andr, denote the first
and second peak positions, respectively. Tagag(r) ob-
tained from the latter two methods are shown in Fig. 3.

2. Ag-matrix atom correlations

The AR),(K)(i=1,2,3) are shown in Fig. 4 and were ex-
tracted from the first-order difference functions by using Eg.
(3) with Spgag(k) taken from the dashed curve in Fig. 2. The
differences [A&),(k)—2.08A%) (k)] and [AL),(K)
—1.93A§) (k)] have no obvious structure which shows,

S

gAgAg(r)

1.00

0.00
0.0

FIG. 3. gagag(r) for g-AgPS;. The dashed curve was obtained
by Fourier transforming a spline fit t855,4(k) and corresponds to

the dashed curve in Fig. 2. The solid curve is the MIN solution and

from the discussion in Sec. Il C, that the data analysis hagorresponds to the solid curve in Fig. 2. The vertical bars mark the

been properly undertaken. The,) (k) have a broad FSDP
at 0.92(3) A%, indicating the presence of intermediate-

positions of the Ag-Ag correlations irAgPS; (Ref. 13 and their
heights are proportional to the coordination numbers \Eﬁgﬁl

range atomic ordering associated with one or both of théor the first nearest neighbors.
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T P-S bond length of 2.00-2.12 A and only S-S correlations

are found in the range 3.8%(A)<3.74 for Whichﬁg
=7.3. No evidence of phosphorus-phosphorus bonds was
found from the NMR experiments of Zhareg al® for any
of the glasses formed along the (MA),(P,S5)1_x pseudo-
binary tie line. The first peak iMG{")(r) at 2.042) A is
therefore attributed to P-S bonds and, with this assignment,

i its integration over the range 1.84(A)<2.33 gives a co-

ordination numbeﬁ§= 4.1(2). Thebroad but low-intensity

(ALK - 2085801 005 | feature inAG()(r) for 2.33<r(A)=<3.07 will include non-
’ bonded P-P correlations and the second peak at(3.36
will be dominated by nonbonded S-S correlations. However,

R integration of this latter feature over the range 307A)
120 180 <3.74 given3=5.2(4);i.e., the BSs?~ structural motifs of
_ c-AgPS; are broken up in the glassy phase. The ratio of the
FIG. 4. The Ag-matrix atom difference functions%),(k)  first and second peak positions is 1.647 which is close to the
(1=1,2,3) forg-AgPS;. The bars represent the statistical error on ayatig \/8/3=1.633 expected for perfect tetrahedral coordina-
measured data point and the solid curves are the back-Fouriefiyy ang suggests that the coordination environment of phos-
transforms of the correspondlrmGg';M(r) after their unphysical phorus is more regular than ;AgPS;.
low-r oscillations are set to thie calculatg(ﬁﬁ\%#(O) limit. The It is also interesting to compare the structuregoAgPS,
differences between the scalerigm(k) functions are also shown. with that of c-P,S; since the glass lies at=0.5 on the
(Ag29)«(P>Ss)1—« pseudobinary tie line. Crystalline-P,Sg
3. Matrix-matrix atom correlations comprises cagelike /8, molecular units in which each
TheA%(k)(i —1,2,3) are shown in Fig. 6 and were ex- Phosphorus atom is tetrahedrally bonded to four sulphur at-
tracted from theAFM(k) by using Eq.(5) with Sagag(K) oms with one P-S double bond of length 1.918—401.98 A and
taken from the dashed curve in Fig. 2. The differencedh’ée P-S single bonds of length 2.02 — %'Plé APl tﬁg
[Aﬁfﬁ(k)_ﬁﬁ(k)] and[A%(k)—Aﬁfg(k)] have no obvi- PsSi0 moIecuIe., coordination numbers of;=3 and ng
ous structure which implies, from the discussion in Sec. Il C,=4.6 are obtained for the ranges 387A)=<3.44 and
that the functions are free from any substantial systemati8-24<r(A)=<3.46, respectively. However, integration of the
error. They have a strong FSDP at 1.16(2) YAwhich in-  second peak inAG()(r) (Fig. 7) over the range 3.07
dicates a high degree of matrix-atom intermediate-range or<r(A)<3.74 and assuming_E=3 givesﬁ§=2.0(2); ie.,
dering of periodicity 2r/kespp=5.42 A3 The MIN there is no evidence from the data to support the existence of
method was used to produczleGE}}L(r) and the result is P,S;, molecules ing-AgPS;.
shown in Fig. 7.
In c-AgPS; the matrix atoms form hexathiodimetaphos- V. DISCUSSION
phate BS;?~ ions in which the two P atoms are linked by
two S bridging atoms to give a short P-P distance of 2.90
A3 Each phosphorus atom is surrounded by four sulphur The nearest-neighbor Ag-Ag distance of @9 A in
atoms in a highly distorted tetrahedral arrangement with aj-AgPS; is comparable to the values of 3.2 A found in both

AR +0.1

2.08A2,(K) + 0.05
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0.00 -
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FIG. 5. [AGK,(r)—AGK,(0)]
= 0.06 =22.49pg5(r)+13.51gagp(r) (in mbarn for
g g-AgPS;. The solid circles are obtained by Fou-
g rier transformingA§y) (k) given by the error bars
= o in Fig. 4 and the solid curve is the MIN solution.
o2 The vertical bars mark the positions of the Ag-S
<|‘ (dashed linpand Ag-P(solid line) correlations in
- 002 c-AgPS; (Ref. 13 and their heights are propor-
€3 tional to the coordination numbers withy,
3 0.00 =nj,=4 for the first nearest neighbors.
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] do not occur at positions comparable to those found in the

i high-temperature fast-ion phase @#Ag,S by anomalous x-

] ray scattering experimenis,=5.6(2) A] (Ref. 41 or by

i molecular dynamics calculations[r,=5.0(2) A, r;

] =8.0(2) A] (Ref. 42. The intermediate-range atomic or-

g dering associated witt-Ag,S is therefore broken up when it

. is mixed with 50 mol % of PS; to form g-AgPS;. This

g observation contrasts with that for the glassy fast-ion con-
- ] ductor g-(Ag,Se)y »5(AsSe), 75 (Ref. 1) and semiconductor

—0.04 . 0-(Ag,Te)g 5(As, Tes) o5 (Ref. 2 because the first five peaks

. 8000 - AD®] - 008 | in the measuredagag(r) for these glas_ses occur at positions

-0.08 A ™ . that are comparable to those found in the high-temperature

1850 - A2 011 fast-ion phases of-Ag,Se andc-Ag,Te, respectively.

e A s AN b N A B I,

e As shown in Fig. 3, the maxima igagag(r) for g-AgPS

8.0 12.0 16.0
) occur at different positions to the Ag-Ag distances in

_ ) ) o c-AgPS; (Ref. 13 and the Ag-Ag correlations in the glassy
FIG. 6. The matrix-matrix atom difference functiods,, (k)  phase are characterized by a much greater distribution of

(i=1.2.3) forg-AgPS;. The bars represent the statistical error on ayigiances  This latter observation resembles the situation
measured data point and the solid curves are the back-Fourief- . . .

" nd in the cr lline ioni n ~-Ag-P wher
transforms of the correspondigG ) () after the unphysical low- ound in the crystalline ionic conductarAg;PsS,, where

Lo . ! . -
r oscillations are set to their calculatads(}),(0) limit. The differ- :neioﬁgarrlgnsfo?rr:egIior?aerg?s irp;u%ng rtgj Isnt,?,[]sigﬁe;tg_the
ences between the measumgL(k) functions are also shown. y y lay group

nate with double layers of 8, groups:®!®

ADGK) +0.1
0.08
A®(K) +0.05

0.04

0.00

A (%) (barn)

'

-0.12
0.0

c-AgPS*® andc-Ag,P,S; (Ref. 20 and 3.1 A found in the B. Ag-i correlations
fast-ion phase ot-Ag,S.*42 This observation of nearest- h tneiahb lations in the al
neighbor Ag-Ag distances that are relatively short when e nearest-neighbor Ag-correlations in the glass are

: : . . ignificantly different to those it-AgPS; (Ref. 13 where
compared with those in crystalline Ag.89 A) is a charac- signi . i
teristic feature of the structural chemistry of several(lhg A9 forms a distorted tetrahedron with the S atoms of four

- 27 . . . .
compound® and is independent of whether the glass is adifferent BSs™" ions wherein the Ag-S distance is 2.66 A.

fast-ion conductor or semiconducfoP! The Ag-Ag dis- The Ag-S distance of 2.%3) A in the glass is much smaller

tance is, however, longer than the observed Ag-S distance &fan the sum of ionic radii for Ag (1.26 A and S~ (1.84
2.532) A and it is unclear as to whether there exists bonde ) (Ref. 48 which is indicative of substantial covalent char-
or nonbonded Ag-Ag interactions. acter for the Ag-S interactiof?. This is consistent with the
The first peak irgagaq(r) is fairly broad, in the sense that low value ofﬁigzz._S.(Z) which may be interpreted in terms
it does not return to thgagag(0) limit on its hight side, as of the glass comprising equal numbers of twofold and three-
are the remaining peaks shown in Fig. 3. These features afeld coordinated silver atoms. In crystalline fast-ion conduc-
typical of the partial pair distribution functions of the mobile tors it is arguet** that the potential barrier to ionic motion
species for liquids such as Cuf#,CuBr?*®* Nil,,*” and  between sites is lowered in the case of(hgnd Cul) com-
Ag,Se® which melt from a fast-ion crystalline phase. The pounds owing to the ability of these cations to exist in a
second and third peaks igagag(r) for g-AgPS [i.e.,  variety of low-coordination-number environments. Lcﬁﬁ
9-(Ag,S)os(P>Ss)od at r,=4.0(2) A andr;=6.7(2) A  coordination numbers oc£3—4 are also a feature of many

. . , . . , .
0.35 |- i —
FIG. 7. [AG()(r)—AG(1)(0)]=35.05p4r)
= 035 7 +10.53)pHr) +29.18s{r) (in mbarn for
g g-AgPS;. The solid circles are obtained by Fourier
- i S-S 1 transforming A{))(k) given by the error bars in
< .. | || Ny || | Fig. 6 and the solid curve is the MIN solution. The
= 0 r : ) 1 vertical bars mark the positions of the P-S, P-P and
‘f E . P_P S-S correlations inc-AgPS; (Ref. 13 and their
= ’E,_\ii i heights are proportional to the coordination hum-
%% 005 - | bers withn3=2, nb=1, andn3=0.33 for the first
= . nearest neighbors.
i es ]
~005 e . ! . ! . ! .
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otherM-A-X glasses but there is no clear correlation betweemot destroyed. Howeverg-AgPS; is characterized by a
the precise value or_hi(,, and whether the glass is a fast-ion larger degree of intermediate-range atomic ordering with re-
conductor or a semiconductor. spect to the fact that, while a FSDP is a prominent feature in
The results forg-AgPS; are inconsistent with the model AGE}&(r) for g-AgPS;, no such feature is observed in
of KastneP? which predicts that group | metal atoms will be AG™)(r) for these other glasses. It is interesting to speculate
fourfold coordinated by the chalcogen when the covalenivhether this observation arises from the ability of phos-
component to the bonding is significant and electrotic phorus to form tetrahedral motifs.
states are not involved. It appears, therefore, dhstiates are
important and the relative stability of threefold versus four-
fold coordination for Agl) compounds has been investigated
by Burdett and Eisenstethusing an orbital approach. Itis  The structure ofj-AgPS; is found to be significantly dif-
argued that the lower-coordination-number conformation caferent from that of the corresponding crystalline compound.
be stabilized over the regular tetrahedral arrangement if thergne RS2~ units of the crystal are broken up to form tetra-
is a distortion via a second-order Jahn-Teller effect whereimegral P$ structural motifs which are linked to form a ma-
thed orbitals of the occupied outer shell are mixed with theix having pronounced intermediate-range order. The data

VI. CONCLUSIONS

s orbitals of the valence shell. are consistent with a model wherein the silver ions move
between sites in which they have a low mean coordination
C. u- correlations number ofﬁigzz.S(Z) via pathways which have a large

The diffraction data foig-AgPS; show tetrahedral coor- distribution of Ag-Ag sites.
dination of P by S and that the,8?~ structural motifs of
c-AgPS; are broken up in the glassy phase. These observa-

tions are consistent with the NMR results of Zhaetgal 18 ACKNOWLEDGMENTS
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