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Partial Fourier synthesis of the silver ion density in bec 8-Ag,S at several temperatures reveals cation
delocalization in bands along (100). This density may be analytically represented by use of higher-rank
tensors, with partial occupancy of both octahedral and tetrahedral interstices below 200°C, but only
tetrahedral occupancy at higher temperatures. R values range from 2.6 to 5.9%. The distribution of
mobile ions differs greatly in a-Agl and 8- Ag,S, despite similar anion arrays, reflecting the different silver
ion concentrations and characteristics of the bonding present in the respective low-temperature phases.

Introduction

Between a monoclinic to body-centered
cubic transition at 177°C, and a subsequent
transformation at 593°C to a face-centered
cubic form (1), B-Ag,S is an electronic as
well as a cation-disordered fast-ion conduc-
tor. The ionic conductivity of 8- Ag,S, due
solely to transport of silver ions, rises from
about 3 to about 6 ohm ' cm ' over the
temperature range of stability of the phase
(2-6). The activation energy for silver
migration is approximately 0.1eV. The
electronic component of the conductivity is
much higher (about 100ohm™ cm™ at
200°C). As with a-Agl, the prototype
cation-disordered superionic conductor, the
anions form a bec framework in space group
Im3m. The mobile silver ions are presum-
ably disordered among interstices in the
anion array, but at a concentration twice that
of a-Agl. A detailed comparison of the

i Presently affiliated with the Department of Energy
and Environment, Brookhaven National Laboratory.

cation distribution in the two compounds is
thus of great interest.

Rahlfs, from an X-ray powder diffraction
study (7), proposed that the four silver ions
per Ag,S cell were distributed with equal
probability over the 42 combined sites of the
octahedrally coordinated 6(b) 033, tetra-
hedrally coordinated 12(d) 403, and tri-
angularly coordinated 24 (k) Oxx positions of
Im3m. This proposal appeared from the
same laboratory and in the same journal as a
refinement of this model for a- Agl by Strock
(8). The suggestion of a similar model for
B-Ag,S was undoubtedly influenced by
Strock’s results. The occupancies of the three
sites in Ag,S were subsequently modified by
Lowenhaupt and Smith (9) on the basis of a
single-crystal X-ray refinement to R =
12.6%. The highest occupancy per site was
assigned to the octahedral 6(b) position, and
the lowest to the 3-coordinated 24(h) site.

In a recent single-crystal neutron
diffraction study of a-Agl (10), we showed
that the scattering density in the three sites of
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the Strock “random occupancy’” model was
indeed nonzero. The silver distribution could
be described to significantly greater pre-
cision, however, by large anisotropic and
anharmonic vibrations of silver ions occupy-
ing solely the tetrahedral 12(d) positions.
The formalism for such a description has
been developed only recently. The present
study was undertaken to ascertain whether
this model would be valid for 8- Ag,S as well.
The twofold increase in Ag concentration
and a more favorable ratio of cation/anion
scattering lengths (0.61/0.285 as opposed
to 0.61/0.52 for Agl) suggested that the
neutron diffraction experiments would be
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even more sensitive to the details of the Ag
distribution.

Low-Temperature Ag,S

The low-temperature form of Ag,S (acan-
thite) is monoclinic, space group P2,/c¢, with
a=42314A,b=6930A,c=9.526A, B=
125.48°, and contains four Ag,S per cell. The
structure (11), shown in projection along the
b axis in Fig. 1a, contains two independent
Ag and one S which occupy the general
position of the space group. The atomic
arrangement is a superstructure based upon
a slightly distorted body-centered cubic

FiG. 1. Relation between the monoclinic structure of low-temperature Ag,S and a pseudocubic
body-centered subcell. (a) Projection of the low-temperature structure along b. The bold and light open
circles represent S atoms located approximately at +4b and —1b, respectively. The octahedrally coor-
dinated Ag(1) and tetrahedrally coordinated Ag(2) ions are indicated by filled and shaded circles,
respectively. (b) The atomic arrangement in a subcell. A sulfur atom has been placed at the origin.
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array of sulfur atoms such that [a, b, c]=[}
—3-3/110/002][A,, A,, A;). The subcell is
pseudocubic, having A,=A,=4.887 A,
A3=4.763 A0, =89.13°, 2, =90.87°, a3 =
89.68°. Two subcells are contained within
the monoclinic supercell. The atomic
configuration in a subcell is depicted in Fig.
1b. Although not required to do so by sym-
metry, the sulfur atoms are located very close
to the nodes of the sublattice: If the origin of
the subcell is placed at an S atom, the dis-
placements of the other S atoms range from 0
t0 0.19 A (0.14 A av).

The two types of Ag atoms occupy posi-
tions close to the octahedral and tetrahedral
interstices, respectively, of an ideal bec array.
Displacements cause the bond distances to
be irregular. Two S neighbors are present
about the octahedral silver atom at 2.47 and
2.51A(2.49A av) plus four more distant at
3.03, 3.40, 3.47, and 3.83A (3.43 Aav).
Though greatly distorted from a regular
octahedron, the coordination is similar to the
[2+4] coordination about this interstice in
an ideal bcc array, for which the ratio of
bond distances would be 2"/ rather than the
1.38 observed for the averages. The tetra-
hedral silver has similar irregularities, the
neighboring S atoms occurring at 2.52, 2.60,
2.70, and 2.99 A (2.70 A av). Examples for
both linear coordination and [3 + 1] distorted
tetrahedral coordination may be found for
Ag in a number of other sulfides (12).

Experimental

Neutron diffraction experiments were
carried out at the High-Flux Beam Reactor
at Brookhaven National Laboratory on
the four-circle diffractometer H6S4 with
1.0513-A neutrons monochromated by
(002) reflection from a Be single crystal. The
sample was a crystal grown by Ohachi and
co-workers (13-15) at 550°C in the stability
field of the bcc B-form, but which had
twinned upon cooling through the cubic-
monoclinic transformation at 177°C. A

cylinder 2.5 mm in diameter and 5.5 mm
in length was cut from the upper portion
of the crystal depicted in Fig. 6b of Ref.
(15). As Ag;S tends to lose sulfur by decom-
position at temperatures above 200°C, the
stoichiometry of the crystal was determined
upon completion of its use in the diffraction
experiments as was the stoichiometry of the
adjacent portion of the crystal in its as-
received state. The emf of the cell
Ag/Agl/Ag,.sS/Pt was measured at 190°C
and provided 6 = 1.5 and 6.0x 107*, respec-
tively, for the initial and final states of the
crystal.' The silver excess is sufficiently smali
that, for present purposes, the ideal stoi-
chiometric composition may be assumed.

The twinned crystal was mounted on a
Cd-coated aluminum pin in an aluminum
furnace (16) capable of a maximum
temperature of 325°C. Upon heating toward
the monoclinic—cubic transformation, the
twinning of the crystal first increases, but
then consolidates into a single crystal above
the transformation temperature (11)
because the monoclinic low-temperature
sulfur array and its twinning relative to the
cubic phase derive from minor local atomic
displacements. Diffraction maxima from the
transformed cubic phase were rather broad,
necessitating that intensities be recorded
with an w-scan of constant length. A
sufficiently large detector window intercep-
ted all of the diffracted intensity over the
angular range (sin 6/A <0.58 A™!) within
which all reflections of significant intensity
occurred.

The transformed single crystal of 8- Ag,S
was studied at four temperatures in the
sequence 200, 260, 325, and 186°C. The
lattice constant and an orientation matrix
were determined by least-squares techniques
at each temperature under the program
ORIENT (17). Three sets of symmetry-

! The measurements were kindly performed by Pro-
fessor H. Schmalzried, Technische Universitit,
Hannover.
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equivalent data were collected at each
temperature under the program NXDAS2
(17). The agreement between equivalent
reflections was within 1.5% after correction
for absorption (u;=1.25 cm '), and struc-
ture factors for 16 to 17 independent
reflections were obtained by averaging. One
or two |Fus < o, but these were included in
the data set. In comparison, only four struc-
ture factors were available in the powder-
diffraction measurement of Rahlfs (7) and
eight in the single-crystal X-ray study of
Lowenhaupt and Smith (9).

Analysis of the structure was carried out at
the Central Scientific Computer Facility at
Brookhaven. We used Johnson’s program
ORIJFLS (18), which allows incorporation
and refinement of third- and fourth-rank
thermal tensors (19). These tensors modify
the conventional contribution to the struc-
ture factor for an atom with anisotropic
harmonic thermal motion

f expmihix; - hiluBic),

where f is the scattering length, A; the Miller
indices, x; the atomic coordinates, and Bj
the second-order thermal parameters, by a
factor accounting for anharmonic motion

[1-47°/3 Hpu(@)Cu
+27°/3 Hjiym (@) Djtam ],

where Cy; and Dy, are components of a
third- and fourth-rank tensor, respectively;
Hyy(a) and Hjym(a) are orthogonalized
Hermite polynomials; and « is a variable
which may be adjusted to minimize cor-
relations between parameters of order p and
p+2. The default value in ORJFLS, which
takes a as the smaller of the values 0.45 or
(2 l7,-,-)” 2. was found satisfactory. The
Hermite polynomials assume simple form in
the present structure because of high site
symmetry. The only third-rank Hermite
polynomial needed reduces to Hyy = hihih.
Explicit expressions for the required fourth-
rank polynomials are listed in Table I.

The higher-order terms are the Fourier
transform of a probability density which is a
Taylor-like expansion about a Gaussian
probability function. These orthogonalized
polynomials represent an improvement over
expansion of the structure factor in higher-
order cumulants,

f exp[t(21rh,x, - hihkhlqk[)
~(hiheBik — hibichihmDijxim)),

introduced by Johnson in an earlier work
(20) and previously regarded as the optimal
formalism for the description of anharmonic
motion (21). In either case one must use the
expression “thermal” tensor cautiously as
the formalism might equally well describe a
probability density which is a positional
rather than thermal disorder.

Results

Least-Squares Refinements

The experiments confirmed B-Ag,S as
cubic, space group Im3m, with the sulfur
ions in a body-centered cubic array. The
lattice constant (Table I) increased linearly
with temperature with a linear thermal
expansion coefficient of approximately 4.5 X
1073°C™".

Beginning with the data collected at
186°C, the structural model first examined
was that obtained for a-Agl (10). Use of
anisotropic harmonic temperature factors
and third- and fourth-rank thermal
parameters to describe the probability
density of silver ions placed solely in the
tetrahedral sites 12(d)303 resulted in a dis-
agreement index’ R(F)=4.2%. This was
considered unsatisfactory relative to the

2 The structure was refined on F2p, minimizing the
quantity Y w(F2 — F2 )2, where the weights, w, are [0 +
(0.01F§)z]_1, o being the standard deviation due to
counting statistics. R(F) = Y||F,| - |Fll/Y|Fo), R(F}) =
[(S(F2-F)*/Y(F2)*1Y? and the “weighted R,”
R, (FY)=[Zw(F3—F2)*/Lw(F3)*1/%
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TABLE I
LATTICE CONSTANTS AND THERMAL PARAMETERS FOR 8-Ag,S*®

Temperature (°C) 186 200 260 325
Lattice, constant a (A) 4.860(12) 4.862(4) 4.873(5) 4.889(9)
Scale factor 2.57(7) 2.50(13) 2.75(19) 2.91(22)
Extinction parameter, g, X 104 5(3) 6(3) 15(7) 32(13)
Parameters® for sulfur in 2(a) 000

B (A% 4.27(16) 4.58(29) 5.91(47) 7.22(52)

D122 %108 4.6(11) 7.4(15) 6(3) 10(3)
Parameters® for tetrahedral Ag in 12(d) § 0%

Total occupancy per cell 3.19(14) 3.34(19) 4.0 4.0

Ui 0.322(25) 0.326(30) 0.463(36) 0.451(31)

Uss 0.117(4) 0.116(5) 0.127(7) 0.138(7)

Ci22%10* —4.54(38) —3.72(43) —2.8(8) -2.3(7)

Dy x10* — — -10.5(37) ~12.6(29)

Dy % 10* — —_ -0.21(12) -0.32(12)
Parameters® for octahedral Agin 6(b) oi

Total occupancy per cell 0.81 0.66 0 0

Un 0.146(17) 0.13527) — —
R(F) (%) 2.6 3.5 5.7 59
R(F?) (%) 1.7 2.5 2.9 3.0
R.(F?) (%) 3.4 4.5 5.7 6.1

“ Estimated standard deviations in parentheses. The temperature factor used is

exp—27°(a*) (A Up)[1 - 47°/3 ihjhihCpy +21%/3 Higgon (@) D)

The fourth-order Hermite polynomials required are

4 6(1 a
=
I-Iiiii—hi

2 4
3a” a

— +__’
Qm’U; Qw)'U;

2 4
a

2
aa
Hijw = hih —mhi/uﬁ+h,?/Ukk]+——..1/U,~,~Ukk.

For S, a =0.3705; for tetrahedral Ag, a =0.45.

a
2n)

b For sulfur the temperature factor T = exp— B Sil’l2 0//\, qkl =0; D1111 = D2322 = D333z, D1122 = D133 = D3333;
all other Dy, =0. The term Dy,,, was not significant and was omitted.

© For tetrahedral Ag, T =exp—2w[h*U;; + (k*+ ) Up}@*)?; Cra2 = —Ci33, all other Gy =0; D392 = D3333,
D1122 = D1133. Except for Duu and D2233 other Diklm =0,

4 For Octahedral Ag, T =exp—2#°[(h*+k>+*) Uy, la*).

1.5%  internal agreement between
equivalent structure factors. Difference
Fourier synthesis showed residual density in
the octahedral interstice, 6(b)0%5. The model
was modified to include a fractional silver ion
in this position, but the presence of fourth-
order parameters for the tetrahedral silver
caused the refinement to diverge. The best
and final disagreement index, R(F) =2.6%,
was attained for a model which employed
both tetrahedral and octahedral occupancy,

employing only one third-order parameter
for the tetrahedral Ag ions. Although
involving the same number of parameters as
the «-Agl-like model, the disagreement
indices were improved by a factor of almost 2
(R, =3.4vs5 6.6%). Of the 4 Agions per cell,
3.19(14) occupy tetrahedral interstices and
0.81(14) occupy octahedral sites. On the
average, each tetrahedral site is occupied by
0.266(12) silver ion and each octahedral site
by 0.135(23) ion.
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For the data obtained at higher tempera-
tures, occupation of the octahedral site lost
statistical significance, the total occupancy of
these positions being 0.4(6) at 325°C, for
example, with correspondingly poor dis-
agreement index of 8.3%. We attempted to
describe the elongation of density along
[100] at 325°C with the model proposed for
a-Agl by Bihrer and Hilg (22) in which the
tetrahedral site is split to two locations
%iAO%. This resulted in an even poorer
disagreement index of 9.3% although the
number of parameters required remained
the same. The model proposing occupancy of
only tetrahedral 12(d) positions with higher-
order thermal parameters produced
significantly better refinements at 325 and
260°C of 5.9 and 5.7%, respectively. At
temperatures below 200°C, therefore, both
the tetrahedral and octahedral interstices are
populated, but the occupancy of the latter
site decreases with increasing temperature.
Above 200°C placement of Ag ions solely in
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the tetrahedral sites provides an adequate
description of the structure. The final
parameters for the most satisfactory model at
each of the four temperatures are presented
in Table I. The squares of calculated and
observed structure factors and their standard
deviations, o (F2), are provided in Table II.

Fourier Syntheses

Figure 2a presents a partial Fourier
synthesis of the Ag ion density p(xy0) in one
face of the Ag,S cell (contribution of S
subtracted). This section contains the 6(b),
12(d), and 24(h) sités in the bec S array. The
Ag scattering density is confined to surpris-
ingly uniform, continuous bands which
connect tetrahedral and octahedral sites
along [100]. Weak local maxima occur in the
density at the tetrahedral and octahedral
interstices. These maxima are significant
features as their separation, %a, is twice the
resolution of the Fourier map, 0.715 dnin =
3a (23). The maximum density of Fig. 2a is

TABLE II

COMPARISON OF SQUARES OF CALCULATED STRUCTURE FACTORS WITH SQUARES OF OBSERVED
STRUCTURE FACTORS (CORRECTED FOR EXTINCTION) AND THEIR STANDARD DEVIATIONS

186°C 200°C 260°C 325°C

hkl F? F? o(F?) F? F: o} F* F. o(F>» F? F? o(F?)
110 1529 1397 102 1347 1217 059 802 770 048 581 5.19 041
200 1208.80 1199.96 49.74 118571 1181.07 12.81 941.79 93927 9.87 806.00 802.24 8.75
211 24098 24252 3.06 237.84 24033 2.92 194.96 19622 242 167.93 169.95 2.17
220 193.89 19334 219 173.89 182.85 7.40 138.19 141.80 4.89 106.47 114.09 3.67
222 1144 1522 170 636 564 130 774 646 148 577 191 098
310 099 115 0.77 194 014 059 129 000 049 164 074 043
321 4886 4934 260 4805 4235 235 3425 2757 160 2442 18.64 1.30
330 2042 1612 325 1391 1163 135 399 704 153 220 571 1.76
332 4362 4364 174 4103 4020 195 1855 2496 156 1214 1573 1.15
400 199.22 201.59 548 18648 19642 S5.81 117.67 127.04 3.15 7564 77.18 2.24
411 7412 7717 4.01 56.16 64.11 3.42 4454 4183 281 2760 27.11 1.09
420 5384 5428 295 47.62 4533 3.62 2857 2679 093 17.65 1899 134
422 1481 1088 180 1243 1238 139 715 811 149 480 460 1.18
431 14.4 1193 138 1321 1111 117 1051 764 141 710 553 0.88
440 2047 2107 2.16 — - — — — — 426 498 164
510 012 000 161 009 000 155 001 088 121 013 000 139
521 695 928 123 549 566 1.17 255 235 0.88 119 183 0.86
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FIG. 2. Sections p(xy0) of the scattering density in 8-Ag,S. (a) Partial Fourier synthesis of Ag
scattering density at 186°C (contribution of S subtracted). Contour interval 0.0057 x 1072 em A3,
negative contours broken. (b) Partial Fourier synthesis of Ag scattering density at 325°C. Contour interval
0.0048 x10'2 cm A3, (¢) Distribution about the tetrahedral site of the portion of the Ag density which is
accounted for by the third-rank thermal tensor at 186°C (subtracted are the contribution of S and also the
contribution of the second-order harmonic thermal tensor for Ag). Contour interval 0.002 X
1072 cm A 3. (d) Difference Fourier synthesis, pops— pPear, fOr the final structural model for Ag,S at
186°C. Contour interval 0.00031 x 107*? em A™> (note order-of magnitude increase in scale relative to

preceding maps).

only 14.6% the maximum density (at the S
atom) in a standard synthesis employing Fo,s’
as coeflicients. Figure 2b represents the
partial silver density, p(xy0), at 325°C. (The
maximum density is 18.6% of the maximum
density, at S, in a normal synthesis based

upon F,,s'.) The map reveals further delo-
calization of the Ag density, the weak
maxima at the tetrahedral and octahedral
sites at 186°C having disappeared in
agreement with the results of the
refinements.
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The role of the third-rank tensor in
describing the probability density of the
mobile ions is illustrated in Fig. 2c. The
maximum occurs at %% 0, a position which is
equidistant from all three S atoms in the
triangular face shared between adjoining
tetrahedra, and on the line connecting
neighboring tetrahedral interstices. The
density is 35% of that at the tetrahedral
site—indicating, as in a- Agl, the importance
of the higher-order terms in the description
of the observed Ag probability distribution.

Figure 2d presents, at contour intervals an
order of magnitude finer, a difference
Fourier synthesis, pobs— pea, for the struc-
tural model obtained for 8- Ag.S at 186°C.
The maximum positive anomaly is located at
the tetrahedral site and amounts to 5.4% of
the maximum density of the partial Fourier
synthesis (Fig. 2c; about half a contour
interval). The maximum anomaly associated
with the sulfur ion is 0.6% of the maximum
sulfur density obtained in the F,¢ synthesis.
A difference map for the model at 325°C is
not presented. The silver probability densi-
ties at the octahedral and tetrahedral sites
are described by the model to within 1.5%.
The largest anomaly at 325°C is an overes-
timate, by about 5.6%, of the density
between neighboring tetrahedral and octa-
hedral sites. We find it remarkable that the
higher-rank tensor formalism is able to
describe, within 5%, a probability dis-
tribution which is as diffuse and continuous
as that displayed in Fig. 2b.

Discussion

The Fourier syntheses and analytical
structural models for B-Ag,S indicate that
the probability density of the mobile Ag ion
is radically different from that in a-Agl,
despite the same anion array. The silver in
a-Agl between 147 and 300°C is localized at
the tetrahedrally coordinated site with
significant bridging density along (110). In
B-Ag,S, however, the silver is delocalized in
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bands along (100) and two different models
are necessary to describe its distribution at
temperatures between 186 and 325°C. The
thermal vibration of S in Ag,S is only about
half that of I in a-Agl (B;=8.5 A at 200°C
(10)), which is most likely a reflection of the
increased interaction of Ag" with the
divalent S$*” ions. Larger amplitudes would
be anticipated if only the smaller mass of
sulfur (M;/Ms~4) and the increased dis-
order of Ag were considered.

Above 200°C the Ag density in 8- Ag,S
may be satisfactorily described by a tetra-
hedral Ag ion with strongly anisotropic
second-order parameters (U;;/U,;=3.6)
and large higher-order parameters. As
temperature decreases toward the phase
transition at 177°C, the density at the octa-
hedral site is most satisfactorily described by
a partial atom. The ratio of the total occu-
pancy of tetrahedral to octahedral sitesis 5: 1
at 200°C, 4:1 at 186°C, and is likely to
approach 3:1 at the phase transition. It
should be noted that, despite the change of
models, the densities at the tetrahedral and
octahedral sites remain equal. The ratio
Ui1/ Usa, however, decreases to 2.6 at 186°C
but remains significantly larger than the
value of 1.9 found for Agin a-Agl. (A value
of 2.0 is expected for a particle which inter-
acts via central forces with the surrounding
atoms of the tetrahedral interstices in a bcc
framework (24).) The third-order parameter
C'12; of Ag which describes the density near %
2 0 also behaves abnormally: It increases by
about 50% as temperature changes from 325
to 186°C, while the corresponding term
decreases by 25% for a-Agl for a similar
decrease in temperature. The decreasing
significance of the partial atom model for the
description of the octahedral density, the
decrease of the third-order parameter, and
the increase of the ratio U,;/Us, all de-
scribe the increasing delocalization of Ag
along (100) with increasing temperature.

It is noteworthy that the activation energy
E measured for silver transport in «- Agl and
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the ratio of the observed probability density
at the saddle point, ps, and at the equili-
brium site, po, are precisely related by the
Boltzmann factor ps,=poexp—E/kT. The
results accordingly suggest a dynamic dis-
order involving severely anharmonic thermal
motion. In contrast, while the activation
energy for cation self-diffusion is about two
times larger in B- Ag,S than in a-Agl, the
probability density is much more delocalized
in the former, and is much larger at possible
saddle points. The delocalization, therefore,
cannot be completely due to the dynamics of
the silver ion motion, but must include a
large portion of positional disorder as well.

The significant difference between the
probability densities of Ag in the fast-ion
conducting phases of Agl and Ag,S may be
explained by two factors. The first is the
difference in preferred coordination and
bonding which is revealed in the respective
low-temperature phases. Wurtzite-type 8-
Agl has silver ions which are tetrahedrally
coordinated by I at equal distances (though
this is not required by symmetry) of
2.82 A (10). A tetrahedral interstice remains
the equilibrium site in the cubic fast-ion
conducting phase of a-Agl. The coordina-
tion and bond distances, 2.83 A, remain
basically unchanged through the phase tran-
sition, the only difference being distortion of
the bond angles in the tetrahedron. The low-
temperature form of Ag,S contains both a
[2+4] octahedrally coordinated cation with
average bond distances of 2.49 and 3.43 A,
and a tetrahedrally coordinated cation with
average bond length of 2.70 A. These coor-
dinations are also preserved through the
phase transformation, as distances of 2.43 +
3.44 A and 2.72 A are observed about the
ideal octahedral and tetrahedral interstices
in the bee S ion array. The presence of dis-
torted bonding in the low-temperature Ag,S
structure, however, suggests that displace-
ment of an individual ion within an interstice
may be energetically favored. The observed
distribution of density about each sort of

interstice may thus contain positional dis-
order. The stable bonding in the low-
temperature phases is thus reflected in the
probability density of the mobile cations in
the high-temperature phases. The dis-
tribution is not determined purely by the
geometry of the anion array.

The second factor which distinguishes 8-
Ag,S from a-Agl is the doubled concen-
tration of the mobile cations. For a detailed
description of this influence the local
arrangements of Agions must be known, but
the diffuse scattering experiments which can
supply such insight have not yet been per-
formed on Ag,S. Interpretation of such
measurements is difficult in any case, even
for structures with but two-dimensional dis-
order (e.g., the B-aluminas). All that may
presently be proposed, therefore, is a model
which conforms to steric limitations.

Rickert (25) and Yokota (26) used the
ionic radius of Ag and simple geometric
arguments to construct ‘“‘elementary
regions” which could be occupied by one Ag
ion only. Let us instead consider possible
configurations of occupied interstices which
take into account repulsive interactions
between cations. The tetrahedral sites which
surround each anion in a bcc array occupy
the nodes of a cubo-octahedron (Fig. 3).
Each node is shared by four cubo-octahedra
which share square faces along (100) and
hexagonal faces along {(111). Nearest-
neighbor tetrahedrai sites are too close
(a2'?/4=1.71 A for Ag,S) for any possi-
bility of simultaneous occupancy, 2R for
(Ag"™)" being 2.28 A (27). Second-nearest
tetrahedral sites are separated by 3a (2.43 A
in Ag,S), barely twice the radius of an Ag
ion, and occur along the diagonal of the
square face of the cubo-octahedron. The
third-nearest separations, 3a 3)/% (2.98 A)
occur between alternate vertices of the
hexagonal face.

As nearest-neighbor sites cannot be
simultaneously occupied, the maximum
possible filling of tetrahedral sites occurs
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® OCCUPIED SITE
X NEAREST NEIGHBOR
O SECOND NEAREST

FIG. 3. The cubo-octahedron formed by the tetrahedral sites about each anion in a bec array. The
arrangement of occupied sites is one example of a disordered configuration in which both nearest and
second-nearest sites are vacant, and which has the composition Ag; sX.

when alternate tetrahedral sites are occupied
by Ag ions. This configuration is fully
ordered, and has cell content AgsX,. Ions
occupy three of the six vertices of the
hexagonal face and are separated by the
third-nearest neighbor separation; the two
occupied vertices of the square are separated
by the second-nearest neighbor distance
along its diagonal. A compound with this
cation concentration cannot conduct by
uncorrelated jumps as no vacancies are
accessible.

Next consider a configuration in which
both nearest and second-nearest sites are
vacant. Relative to the preceding filled
structure, this requires removal of one of the
two ions from the square face of the cubo-
octahedron, leaving only 6 of the 24 nodes
occupied. The structure can be highly dis-
ordered as one, two, or three vertices of the
hexagonal faces may be filled. The cell
content of this configuration is Ag; X, which,
interestingly, is the concentration in Ag;SI, a
fast-ion conducting compound in the system
Agl-Ag,S (28). One possible disordered
configuration is shown in Fig. 3. Isolated
jumps are possible for every ion in this

configuration as every ion is adjoined by at
least one vacancy which is only a third-
nearest neighbor to another occupied site.
However, for the majority of jumps,
cogperative motion will occur if simul-
taneous occupancy of second-nearest sites is
to be avoided.

Let us now compare Ag,S and Agl with
the Ag;sX composition described above.
The cation concentration of Agl may be
derived by removing one further Ag ion per
cell (two per cubo-octahedron) thus creating
additional accessible vacancies. Independent
jumps appear favored for this composition.
This view is confirmed by the molecular
dynamics calculation of Vashishta and
Rahman (29), who further show that jumps
into second- and third-nearest sites are of
significance.

To derive the structure of Ag,S, two addi-
tional Ag jons must, on average, be added to
each cubo-octadedron. If these are added to
tetrahedral sites two square faces acquire
second-nearest neighbors along the square
diagonal regardless of the particular
configuration assumed for Ag; sX. Another
possibility would be placement of the addi-
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tional ions in octahedral sites (the center of
the square faces). As every square face
already contains one ion in the Ag;sX
composition, occupation of an octahedral
site must require displacement of thisionto a
new tetrahedral location which will always
have a second-nearest neighbor. Therefore
two second-nearest  neighbor (100) dimers
must also be created per cubo-octahedron if
octahedral sites are occupied.

The latter possibility leads to an occupancy
ratio between tetrahedral and octahedral
sites of 3:1, which is essentially that esti-
mated by extrapolation of the present results
to the temperature of the phase trans-
formation. The Ag-S interaction evident in
the bonding characteristics of the low-
temperature phase apparently favors this
arrangement, but only by a slight margin,
because with increasing temperature the
octahedral site loses its character as an equil-
ibrium site and it is mainly the Ag-Ag inter-
action which determines the Ag probability
density.

These considerations favor the caterpillar
mechanism proposed by Yokota (26) and
Okazaki (4) as a conduction mechamism.
The collinear arrangements may, however,
be frequently restricted to two ions, thus
approaching an interstitialcy mechanism.
Unlike a-Agl, the cation concentration of
B- Ag,S requires that at least one such (100)
dimer be present per cell; regardless of
whether only tetrahedral or a combination of
tetrahedral and octahedral sites are occu-
pied. A vacancy mechanism, as proposed by
Rickert (3), seems unlikely, mainly because
the repulsive Ag—Ag interaction restricts the
accessibility and therefore the mobility of a
vacancy.

Conclusions

The first single-crystal neutron diffraction
study of the fast-ion conducting phase of
Ag,S shows that although the anion frame-
works in a-Agl and 8- Ag,S are the same,

the distribution of the mobile ions differs
markedly because of different cation
concentrations and bonding characteristics
with the anions. Unlike a-Agl, where a
jump-like diffusion between well-defined
sites is suggested by the structural study, the
fast-ion conducting phase of Ag,S exhibits
significant positional disorder of the silver
ions and manifestations of significant cation—
cation interactions.
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