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The new superionic conductors Ag,Zr;S; and Ag; Sn,S; crystal-
lize both in cubic space groups with lattice parameters a =
10.9427(3) A (P4;32, Z = 4, and p = 487 g e~ and @ =
10.8013(4) A (P4,32, Z = 4, and p = 5.39 g cm™?), respectively.
These compounds have similar sulfur packing consisting of sulfur
octahedra sharing common edges. In both cases the M cations,
either Zr or Sn, are located inside the sulfur octahedra (124 sites).
The main crystallographic difference between the two structures
is the silver packing. In Ag,7Zr8; the silver ions are located in
three different tetrahedral sites, two of them being partially occu-
pied. For Ag;Sn,5; the silver ions are exclusively situated in
statistically occupied octahedral sites (12d and 4 sites) giving a
rock-salt-type lattice. From the properties point of view, they are
both mixed conductors exhibiting a relatively high ionic conductiv-
ity. The ionic o,,+ and total conductivities were measured from
room temperature to 205°C.  © 1995 Academic Press, lnc.

INTRODUCTION

In a previous paper we described the c¢rystal structure
and the conduction properties of Ag,Hf;S; (1). This com-
pound crystallizes in the cubic system (space group P4,32)
with a lattice constant @ = 10.90512) A(Z =4andp =
6.27 g cm™?). The sulfur atoms produce octahedra, each
one connected three-dimensionally with 12 other octahe-
dra through a sharing of edges. The Hf atoms are located
inside the sulfur octahedra and the Ag atoms distributed
over three different sites, two of them being only partially
occupied. As a consequence of this low occupancy rate
(1/6), this compound exhibits a relatively high ionic con-
ductivity.

Continuing our general survey of ternary systems in-
cluding M cations belonging to the IVB transition ele-
ments, we have studied the Ag-Zr-S systemand prepared
the new superionic conductor Ag,Zr,Sg. At the same time,
we found in the literature the existence of a similar com-
pound, Ag,Sn,Sg, first prepared by Moh (2), then by Su-
guki er al. (3). As none of these researchers succeeded

' To whom correspondence should be addressed.

in determining the structure of Ag,Sn;S;, it appeared chal-
lenging to determine it with the aid of the Ag,Hf;S; and
Ag,Zr,5; crystallographic data.

This paper deals with the preparation, crystallographic
study, and conduction properties of the new superionic
conductors Ag M;S; (M = Zr, Sn). The structural differ-
ences induced by the type of M cation used, either IVB
(Ag,Zr,Sy) or IVA (Ag; 3Sn,;S;), are also discussed. A
correlation between the discrepancies in ionic conductiv-
ity of these two compounds and their stouctural features
is also proposed.

EXPERIMENTAL

Synthesis

The Ag,Zr,S; compound has been obtained from a stoi-
chiometric mixture of Ag,S (99.9%, Rare Metallic}, Zr
(99%, Rare Metallic), and S (99.9999%, Rare Metallic).
The starting materials were mixed under a nitrogen atmo-
sphere inside a dry box, in order to avoid oxidation, and
ground in an agate mortar. This mixture was pressed into
pellets, introduced into a silica tube, and sealed at a pres-
sure of less than 107° Torr. The homogeneous Ag,Zr,S,
phase was obtained after | week at 650°C. Resumption
of the heat treatment and even increasing the temperature
to 800°C (above this temperature the cubic phase is unsta-
ble) did not produce single crystals inside the silica tube.
Crystal growth was achieved using a closed chemical
transport system with bromine as the transport agent. The
experimental conditions for the chemical transport were
as follows: the silica tube had a length of 21 ¢m and an
inner diameter of 12 mm; the transport agent was bromine
(3.2 107® mole cm™7); the high temperature side was 800°C
and the low temperature side was 650°C.

The starting material for the chemical transport reaction
was an Ag,Zr,Sg powder (500 mg) obtained after 10 days
at 800°C. The transported crystals had a tablet-like shape
and were deposited on the silica tube’s low tempera-
ture side,
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The Ag; gSn,S; was prepared from a stoichiometric mix-
ture of Ag,S (99.9%, Rare Metallic), Sn (99.99%, Rare
Metallic), and S (99.9999%, Rare Metallic), in a mannet
similar to that described above. In the case of Ag; ¢5n;S;,
the tube was placed in a furnace and held at 600°C for 1
week. After this thermal treatment, the mixture was
ground and heated again at 600°C for 1 week. The homoge-
neous phase was only obtained after the second heating
stage. First attempts to prepare single crystals by resum-
ing the heat treatment for 1 month at 600°C were not
successful because Ag,SnS; single crystals, which are
more stable at this temperature, appeared on the surface
of the pellet together with SnS, single crystals. Different
starting materials and experimental conditions (such as
higher pressure, different temperatures of preparation,
and varying reaction times) did not lead to better results.
Finally, Ag,sSn,S; single crystals grew from a starting
mixture with an atomic ratic Ag:Sn: S equal to 2:3:7.
As no defined compound exists between Ag, ;Sn,;S; and
SnS, (on the Ag,S-SnS, line in the phase diagram), the
product of composition 2:3:7 gave, after 2 weeks at
600°C, a mixture of Ag;Sn,Sy and SnS, single crystals.
The SnS, single crystals are easily recognizable as orange
hexagonal piatelets.

Analyses

X-ray powder diffraction intensity data were collected
with a step-scan procedure using the graphite-monochro-
mated CuKe radiation of a Rigaku diffractometer (Gei-
gerflex, RAD-2B system). In order to examine the crystal
symmetry, single crystals were characterized using a
Buerger precession camera from Rigaku instruments
(Model 4012 K 2). The crystallographic studies were per-
formed on an Enraf-Nonius CAD-4 diffractometer. The
unit cell parameters were obtained by a least-squares anal-
ysis of the setting angles of 21 and 22 reflections automati-
cally centered in the range of 27° = 286(MoKgq,) = 32°
for Ag; ¢Sn;S; and Ag,Zr;S;, respectively. In both cases,
intensity data were collected by the (@ — 8) scan tech-
nique. A coefficient accounting for primary and secondary
isotropic extinction was refined and applied to the calcu-
lated structure factors. Absorption by integration from
crystal shape in the case of Ag,Zr,8; and empirical absorp-
tion for Ag,Sn,8;, as well as Lorentz—polarization correc-
tions, were also applied to the data. Four standard reflec-
tions measured every 240 min throughout the data
collection decayed by 0.5% and 0.9% on average by the
end of the data collection for Ag,Zr,S; and Ag; 4Sn,S,
respectively. No correction was applied for this decay.
Some additional conditions for data collection are summa-
rized in Table 1.

Chemical composition of the single crystals was deter-
mined by means of a Jeol JXA-8600MX electron micro-
probe, using metallic silver, ZrO,, Sn0,, and FeS§ as stan-
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dards for Ag, Zr, Sn, and S, respectively. In order to
optimize the results, the same single crystal used for struc-
ture determination was then examined by electron probe
microanalysis (EPMA). Density measurements were car-
ried out by the immersion method described by Barker,
using CCl, as solvent (4).

Both the ionic conductivity of silver and the total con-
ductivity of Ag,Zr,S; and Ag;¢Sn,S; were measured by
a dc method using a Solartron 1286 electrical interface.
The measurements were made on polycrystalline samples
pressed (applied pressure of 7 ton) into pellets (diameter
of 7 mm). The experimental cell was introduced into a
glass tube under argon atmosphere to avoid oxidation
of the sample during experiments at higher temperature.
Experiments were performed using a constant current
(less than 1073 A) and measuring the resulting voltage
drop across the sample. Preliminary experiments con-
firmed that interfacial polarization of the interfaces was
negligible under these experimental conditions.

RESULTS AND DISCUSSION
Structure Determination

Before the four-circle X-ray experiments, the X-ray
powder diffraction pattern of Ag,Zr;S; was first refined
in the cubic system, giving a preliminary lattice parameter
a = 10.9371(5) A and cell volume V = 1308.3(1) A%. Crystal
symmetry and suitability for intensity data collection were
then checked by means of a Buerger precession camera,
The photographs indicated that Ag,Zr,S; crystallizes in
P4,32 or P4,32 space group, both of which are character-
ized by the same systematic reflection condition (0 0 /;
{ = 4n). On the basis of our previous study on Ag,Hf,S4(1),
the structure was solved in P4,32 with the SDP program
system and refined on F? by a full-matrix least-squares
method (5). Due to the similarities between the Hf- and
Zr-compounds, the atomic positions of Ag,Hf,S; were
used as a starting model for the refinement of AgZr, S,
replacing Hf with Zr. The conventional R(F) factor for
reflections with I, > 1.5 o [ converged to 4.71%. Refine-
ment of the silver site occupancies resulted in the final
formula of Ag,Zr;5;, which is in good agreement with
that derived from EPMA analysis. Crystallographic ex-
perimental data are given in Table 1. The final positions,
the equivalent isotropic and anisotropic thermal parame-
ters, and the site occupancies are presented in Table 2.

A preliminary unit cell and space group for Ag,; Sn,5;
were determined by the Buerger precession.camera. Like
Ag,7r.S;, systematic absences in the photographs indi-
cated that Ag; ;Sn;S, crystallizes in P4,32 or P4,32 space
group. The crystal structure of Ag, ;Sn,S; was solved and
refined using the SHELXI.-93 crystallographic software
package (6). The positions of the silver atoms were deter-
mined from direct methods using SHELXS-86 (7). Similar
M cation and sulfur packings to those of the Ag,Zr,S;



TABLE 1
Crystal Data and Intensity Data Collection Conditions for Ag,Zr,S;
and Ag; ¢Sn,S;

Chemical formula

Formula weight {(g)

Space group

a (A)

Volume (A7)

Z

Calculated density (g em™)

Measured density (g cm™)

Temperature of data collection (°C)

Radiation monochromated
AMoKe) (A)

Crystal shape

Crystal color

Crystal size (mm)

Linear absorption coefficient g (cm™)

Transmission factors

Scan type

Scan speed

Scan range

28 (max)

Data collected

No. of reflections measured

Ap,Zr.Sy

961.61

P4332 (No. 212)
10.9427(3)
1310.29(3)

4

4.87

4.39

23

0.71073

Tablet

Gray-black

0.14 x 0.12 X 0.05
52.55
0.4728-0.6334
w— 8

Variable

(0.6 + 0.35 tan B)
U

th, +k, + (m3m)
1252

AgypSmSy
1022.49

P4,32 (No. 213)
10,8013(4)
1260.18(5)

4

5.39

5.41

22

0.71073

Tablet

Gray-black

.15 x 0.12 x 0.06
131.52
(.2237-0.3874

w— 8

Variable

1.5(©0.6 + 0.35) tan &
w

+h, +k, +1 (m3)
2258

No. of reflections measured {with I, > 0) 1023 1963
No. of unique reflections 983 896
No. of refined reflections 599 743
withfy > L5 ol
No. of variables 40 34
S(Goodness of fit on F£2) 1.337 1.777
Ry 0.0260 0.0424
R (F) 0.0471 0.0318
wR (F) 0.0523 (.0329
Buin — Py (€1 A3 ~3.375 + 2.420 —0.954 + 3.539
TABLE 2

Atomic Coordinates, Site Types and Occupancies, Equivalent Isotropic and

Anisotropic Thermal Factors for Ag,Zr,S;

Atom
Zr Agy Ag Agy 5, 8,
Wyckoff
notation 12d 8¢ 24¢ 24e e 8¢
X 0.625 0.00511(6) 0.3139(8) (.2133(6) 0.3909(2) 0.8699(1)
¥ 0.11672(6) 0.00511(6) 0.1787(8) —0.0170(3) +0.0954(2) 0.8699(1)
z 0.13328(6) 0.00511(6) 0.9622(8) 0.3289(7) 0.1436(2) 0.8699(1)
Site
occupancy 1 1 0.1182 0.2187 1 1
U, n 18.5(3) 32.9(2) 152(6) 95(3) 13.0(7) 14.0(4)
UuQR, 2 15.002) 32.9(2) 145(8) 59(3) 14.8(6) 14.0(4)
U3, 15.0(2) 32,92 113(4) 137(7 46(1) 14.0(4)
Q1,2 —1.2(3) -2.8(3) 48(5) 62(2) 1.4(6) —0.5(6)
U(l, 3) —1.2(3) —2.8(3) -92(3) 59(3) 2.3(8) —0.5(6)
U@, 3 —1.2(3) -2.8(3) 26(4) 25(3) -6.3(7) —0.5(6)
{7 {eq)? 16,2(1) 32.85(6) 138(3) 97(2) 24.5(4) 14.0(1)

a Ulcq) = I% 2,-2‘; U,-ja}"af a,-aj-]"ﬂ = [1;’67?1 2[2} B,-ja,»aj]"”.
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TABLE 3
Atomic Coordinates, Site Types and Occupancies, Equivalent Isotropic and
Anisotropic Thermal Factors for Ag; ;Sn;S,

Atom
Sn Ag, Ag, Ag; 3 S,
Wyckoff
notation 124 4b 124 124 24e 8¢
X 3.6143(1) 0.125 0.3515(6) 0.3551(4) 0.1376(1) 0.1276(1)
y 0.8643(1) 0.375 0.6015(6) 0.6051(4) 0.8898(1) 0.1276(1)
F4 0.625 0.625 0.625 0.625 3.9012(2) 0.1276(1)
Site
occnpancy | 0.9940 0.4744 0.4744 i 1
o, n 1K) 42(1) 37(3) 23(2) 20(1) 11(1)
UQ,2) 11(1) 42(1) 37(3) 23(2) 11D 1Y
U(3,3) 1D 42(1) 38(4) 13(2) 10(1) 116D
(1, 2) 2(1) 13(1) 6(3) —-8(2) o — 1)
U{l,3) o - 131 ~11(2) =10(1) 0c1) -1
Q.3 o1y 131 11(2) 10(1) - (1) —1I(H
U (eq)® 11(1) 42(1) 37(2) 20(1) 14(1) 11

a U(cq) = [% 2; 21' U,;a,—*a_,’"a,-aﬂm = [1/6773 E,‘Ej B;-jaiaj]"z.

structure were used as preliminary positions for refine-
ment. After refinement of the model with isotropic thermal
parameters on each site, an empirical absorption correc-
tion using the program DIFABS (8) was applied. In con-
trast to the Hf and Zr structures, the Ag, ¢Sn;S; structure
was refined in the space group P4,32 which gave slightly
lower R values than the refinement in P4,32. Final least-
squares refinement on F?, with anisotropic thermal pa-
rameters for all the atoms, resulted in the final residuals
R = 3.18% and R,, = 3.29%. The exact silver content
was determined in the same way as that of Ag,Zr.S,, by
refinement of the silver site occupancies. The final formula
converged at Ag, ¢Sn,Sg, in good agreement with that de-
rived from EPMA analysis (Ag;,Sn,S;z). The final cell
constant and additional relevant crystal data are given in
Table 1. The refined atomic positional parameters, equiva-
lent isotropic and anisotropic thermal parameters, and the
site occupancies are given in Table 3,

The results of the single crystal X-ray structure determi-
nation were used to calculate the X-ray powder diffraction
patterns using the program RIETAN (9). Tables 4 and 5
show a comparison of the calculated and observed X-ray
powder intensities for Ag,Zr;S; and Ag; ¢Sn; S, respec-
tively.

Structure Description

Ag.ZrSq structure. The structures of Ag,Zr,§; and
Ag,Hf,S; are isomorphous, which is not surprising as both
Zr and Hf belong to the same IVB period. The 32 sulfur

atoms distributed over two different fully occupied posi-
tions, 24¢ and 8¢, produce 32 octahedra in the unit cell
(Fig. 1). Each octahedron is connected three-dimension-
ally with 12 other octahedra through common edges. Asin
the hafnium structure, the zirconium atoms are distributed
over the 124 positions, and are located inside sulfur octa-
hedra. The ZrS, octahedra form layers parallel to the ab
plane (Fig. 2}. Within the same Zr5; layer, octahedra are
linked together by edges and the sequence -3 octahe-
dra-vacancy-3 octahedra- is observed. From one ZrS,
layer to the next (along the c-axis), octahedra share edges
and the three-dimensional packing is alternatively along
the [1 1 0] and the [1 1 0] directions {Fig. 2). As the Zr-S
and the Hf-S bonds have a similar ionicity, the difference
in sizes of the octahedra must be interpreted in terms of
ionic radius. The size of Zr** is slightly larger than that
of Hf*" (10). Therefore, the bond lengths within a Zr**-
containing octahedron are longer than those within an
Hf**-containing octahedron (Table 6).

Agl silver atoms are distributed over 8¢ positions and
located in nearly regular sulfur tetrahedra (Fig. 1). In
each AgS, elementary tetrahedron, the Agl silver atom
is surrounded by three St sulfurs and one S2 sulfur. The
distances between Agl and S1 are all equal to 2.541(2) A
whereas that between Agl and S2 is a little longer and
equalto 2.562(1) A, as shown by the selected bond lengths
and angles presented in Table 7. Silver atoms Ag2 and
Ag3 are distributed over two statistically occupied 24e
general positions. It is noteworthy that the displacement
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TABLE 4
Indexed X-Ray Powder Pattern for Ag,Zr,S,

hkt dy (A) 4, (&) iy i,
110 7.756 7.733 2 2
111 6,312 6.315 4 3
210 4874 4,891 <1 <1
211 4,449 4.465 2 1
220 3.870 3.867 13 13
221 3,645 3646 3 4
Jio 3,469 3.459 S 3
311 3.300 3.298 100 100
222 3.162 3.157 4 2
321 2.927 2.923 3 3
400 2.736 2.734 11 11
410 2.653 2.653 2 2
322 2.633 3 3
411 2.583 2.578 4 4
330 2.578 <1 <1
420 2,446 2.446 <1 <1
421 2.387 2.387 11 11
332 2.346 2332 | <1
422 2,233 2.233 17 17
430 2.187 2.187 <1 <1
510 2.146 2.145 6 5
431 2.145 6 6
333 2,106 2.108 2 2
it 2.108 16 15
432 2.031 2.031 ! 1
520 2.031 7 [
521 1.999 1.997 6 5
440 1.934 1.933 41 38
522 1.900 1.904 <1 <1
441 1.904 2 2
530 1.877 1.876 3 2
433 1.876 <1 <1
531 1.850 1.849 <1 <]
442 1.823 1.823 <1 <1
610 1.800 1.798 3 2
532 1.774 1.774 1 1
611 1.774 <1 <i
620 1.729 5 4
621 1.708 L.708 <1 <1
540 1.708 <1 <1
443 1.708 <1 <1
541 1.688 1.688 2 2
533 1.668 1.668 10 11
622 [.645 1.649 1 1
630 1.631 1.630 <l <1
542 1.630 2 2
631 1.614 1.613 <1 <1
444 1.579 1.579 3 3
632 1.563 1.562 <1 <1
710 1.547 1.547 I |
543 1.547 2 2
550 1.547 <1 <1
551 1.539 1.532 <1 <1
711 1.532 <1 <1
640 1.519 1.517 <1 <1
641 1.503 1.502 2 2
720 1.502 <l <1
721 1.490 1.488 <1 <1

TABLE 4—Continued

Wkl dy (A) d, (A) I i
552 1.488 1 1
642 1.462 1.462 5 5
722 1.450 1.449 <l <l
544 1.449 <l <1
730 1.438 1.436 1 1
731 1.424 1.424 5 5
553 1.424 7 7
650 1.401 1.400 o<1 <l
732 1.390 1,389 <l <1
651 1.389 <1 <1
800 1.368 1.367 2 2
740 1.358 1.357 <1 <1
810 1.357 <1 <]
652 1.357 <] <1
741 1.347 1.346 <1 <1
811 1.346 <l <]
554 1.346 < <1

ellipsoid of Ag3 is far from spherical, the displacement
parameters being 0.095(1), 0.059(3), and 0.137(7) A? for
U,,, U,,, and Uy, respectively. Figure 3 shows the projec-
tion in the ab plane of the Ag2 and Ag3 silver atoms.
These atoms form a ““bow tie’’ shape made up of two
triangles, each triangle consisting of six Ag2 and six Ag3
possible positions, Figure 4 shows the structure of one
of the elementary triangles. For clarity, only the Ag3
positions are represented, but identical results are ob-
tained for the Ag? positions. The Ag3(2), Ag3(4), and
Ag3(6) positions (Note: the numbers in brackets used to
differentiate the Ag3 atoms are arbitrary and do not refer
to the symmetry transformations listed in Table 7) form
an equilateral triangle with each side corresponding to an
Ag3-Agidistance of 2.770(9) A. The Ag3(1), Ag3(3), and
Ag3(5) positions also form an equilateral triangle with the
same Ag3-Ag3 distance, but are located on a different
plane. Bond lengths between Ag3 atoms, from one plane
to the next, are alternately 1.05(1) and 2.156(9) A. The
small Ag—-Ag distances between adjacent sites prevent
simuitaneous occupation. Two different coordination ge-
ometries may be used to describe the environment of an
Ag3 (or Ag?) atom:

1. The Ag3 site may be regarded as a tetrahedron site
made up of S1-type suifur atoms exclusively, but in this
case the bond Ag3(1)-S1(18), equal to 3.066(7) A, is very
long, Each Ag3 (or Ag2) tetrahedron is connected to an
Agl tetrahedron by the sharing of a 4.250(3) A long edge
made up of SI{11) and S1(18) atoms.

2. The Ag3 site may be described as a triangular site
in which the silver atom is located slightly above the
plane defined by the Si(11), S1(16}, and SI(17) atoms (the
distance from the plane was calculated to be 0.019(1) A).
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O s @ Zr

FIG. 1.
only the 8, Zr, and Agl atoms are plotted. The unit cell is outlined.

AgygSmSs Structure.  The structures of Ag; ¢Sn,Sgand
Ag,Zr,S, (or Ag, Hf,S;) are similar in that both are charac-
terized by the same sulfur and M cation packings. Figure
5 provides a perspective view of the Ag, .Sn,S; structure.
This NaCl-type structure is a three-dimeusional frame-
work of SnS; and AgS, octahedra. All the SnS¢ and AgS,
(except Ag3) octahedra are distorted in the Ag;Sn;Sg
structure, as shown by the selected distances and angles
given in Table 8. The Sn-S bond lengths vary from
2.538(2) to 2.614(1) A (average value is 2.566 fi) and the
5-Sn-8 bond angles range from 86.87(5)° to 177.38(5)°.
These values are comparable to those found in the litera-
ture. For example, average Sn-S bond lengths for some
tin sulfide compounds in which the Sn is octahedrally
coordinated range from 2.55 to 2.57 A (i1). The Ag-S
bond lengths range from 2.593(2) to 2.943(7) A and com-
pare well with those in the literature. For example, the
Ag-5S bond lengths for octahedrally coordinated Ag vary
from 2.45(9)}0 3.20(3) Ain AgTaS8,(12), and trom 2.713(2)
to 2.865(2) A in Ag,,,V,,PS, (13).

The Sn atoms are bonded to six S atoms at the corners

® Agl

Perspective view of the Ag,Zr;S; structure showing the packings of Zr-containing octahedra and Agl-containing tetrahedra. For clarity,

of an octahedron. This type of coordination is unusual for
Sn** which is more frequently encountered in tetrahedral
sites (11, 14). In the same manner as for the Zr-compound
described above, these Sn-containing octahedra are con-
nected by edge-sharing and form layers atong the ab plane.
These layers are also connected along the c-axis by com-
mon edges. The Sn** octahedra are less distorted than
those containing Zr** (Fig. 6). For the angles which would
ideally be 90°, the largest deviations are the
S1(3)-Sn~S2(6} angle (86.87(5)°) and the S1(7)-Zr-S2(3)
angle (83.73(3)°) for Ag,:Sn,S; and Ag,Zr,S;, respec-
tively. This distortion can be largely attributed to the
M**—M** repulsion across the shared octahedron edge.
On going from Ag,Zr;S, to Ag; Sn;S;, the angular distor-
tion is smailer, which can be explained by a decrease in the
M**—M** repulsion due to an increase in the covalency of
the M-S bond.

The most significant difference between the two struc-
tures lies in the silver packing. In Ag;¢Sn,S,, the silver
atoms are exclusively located in octahedral sites whereas
in Ag,Zr,S,, they are only located in tetrahedral ones. This
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FIG. 2. Three-dimensional packing of Zr-containing octahedra. Projection in the ab plane of (a) the superposition of the cross sections at
z = 0.6333 and z = 0.3833: (b) the superposition of the cross sections at z = 0.6333 and z = 0.8833.

octahedral coordination is unusual because in superionic
conductors Ag atoms are more commonly located in sites
of lower coordination such as tetrahedral or triangular
environments. In the Ag, ¢Sn,S; structure, the Ag atoms
are distributed over three different sites. Two of them
(Ag2 and Ag3) are 12d partially occupied positions {occu-
pancy of 0.4744). The octahedra containing Ag2 and Ag3
atoms are linked in the same manner as those containing
tin atoms. In addition to the unusual coordination about
the Ag atoms, the third kind of silver atom, Agl, is located
in the special 4b positions for which atomic coordinates

are fixed. This type of position is rare for Ag ions which
are very mobile and therefore are commonty located in
more general positions (like 12d or 24¢} for which posi-
tional shifts are allowed. This is the reason that the ther-
mal parameters of Agl are bigger than those of Ag2 and
Agl. Incontrast to Ag2 and Ag3, the octahedra containing
Agl silver atoms are regular with a single Agi-S distance
equal to 2.855(1) A.

Silver aggregates in Ag,ZrS; and in Ag; ¢Sn,Sy. The
tendency of silver ions to form aggregates is noteworthy
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TABLE 5
Indexed X-Ray Powder Pattern for Ag; ;Sn;S,

hkl dy (A) d. (A) I I,
1t 7.649 7.632 9 9
i1l 6.241 6.231 10 9
210 4.834 4,827 8 7
211 4.414 4.406 10 10
221 3.602 3.598 6 6
3to 3.417 3.413 5 4
LR 3.257 3.254 7 4
222 3.119 3.116 58 55
320 2.998 2.993 5 4
321 2.888 2.884 4 2
400 2.701 2.698 100 100
410 2618 2.618 10 10
331 2.478 2.476 | 2
421 2.358 2.355 1 1
430 2.160 2,158 4 5
510 2.119 2.117 1 i
431 o217 ! 1
333 2.080 2.077 1 1
511 2.077 3 3
432 2.006 2.004 3 2
521 1.972 1.970 7 4
440 1.910 1.908 59 61
522 1.880 1.879 1 1
441 1.879 6 6
530 1.852 1.851 1 1
531 1.826 1.824 4 3
610 1.776 1.774 <1 <1
532 1.752 1.751 3 3
621 1.686 1.686 5 5
540 1.686 2 2
443 1.686 4 4
533 1.647 1.646 <1 <1
622 1.628 1.627 7 23
630 1.606 1.609 <1 <1
542 1.609 <1 <1
444 1.559 1.558 22 18
632 1.543 1.542 2 1
710 1.527 1.526 <1 <1
543 1.526 1 1
550 1.526 <1 <1
551 1.512 1.511 2 2
711 1.511 <1 <1
642 1.442 1.442 <1 <1
722 1.427 1.423 <1 <1
544 1.423 2 2
730 1.417 1.417 <1 <1
731 1406 1.405 1 1
553 1.405 1 i
651 1.371 1.371 1 <1
800 1.350 1.349 6 6

and seems independent of the nature of the anion. Jansen
observed the same behavior for the case of silver ternary
oxide (15). The 4'° electronic structure of the silver ions
appears to be the main factor toward aggregate formation
as similar results were obtained with copper (d'%)-con-
taining ternary systems. For Ag,Zr,S; and Ag;;Sn,S,,
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the very close positions of Ag2 and Ag3 lead, from a
crystallographic point of view, to nonacceptable Ag2—Ag3
distances of 0.47(1) and 0.07(2) A, respectively. Ap-Ag
distances much shorter than twice the ionic radius of silver
have been commonly observed in superionic conducting
chalcogenides (16-19). In fact, the occupancy of these
two sites is low, therefore an Ag2 and a neighboring Ag3
position cannot be simultaneously occupied. This struc-
tural feature illustrates the mobile character of the silver
ions which migrate, in a liquid-like manner, by jumping
between vacant sites even at room temperature.

Conductivity Properties of Ag,Zr;Sg and Ag; 3Sn;S;

The silver ionic conductivity was measured by a dc
method using the arrangement Ag/RbAg,ls/sample/
RbAg,l;/Ag, in which RbAg,I; acts as an electron blocking
layer. The experimental cell has been previously de-
scribed (20). For the total conductivity measurements,
the set-up was simply Ag/sample/Ag.

For Ag,Zr;5;, log 0, is —3.19 at 27°C and increases
linearly to —2.14 at 95°C with an activation energy of
0.306 eV (Fig. 7). From this temperature to 146°C, the
ionic conductivity is almost constant. This behavior may
be attributed to an energy barrier between a low tempera-
ture ordered phase and a high temperature disordered
phase which is more conductive. The compound then
becomes more conductive reaching a value of log 7,
equal to —1.74 at 155°C, with an activation energy of 1.458
eV. In the last part of the curve, the ionic conductivity
log o4, increases linearly to —1.41 at 205°C, with an
activation energy of 0.271 eV, similar to that observed in
the first part of the curve. The total conductivity curve
also displays a plateau starting at the same temperature as
the ionic conductivity curve (95°C), but ending at 115°C.
Comparison of the ionic and total conductivity curves
shows that Ag,Zr,S; is a mixed conductor.

Experimental results obtained from ionic and total cot-
ductivity measurements for Ag; 4Sn;S; are plotted in Fig.
8. The value of log o4, is —4.14 at 25°C and increases
linearly to —2.44 at 141°C, with an activation energy of

TABLE 6
M-Containing Octahedron Bond Lengths and M Ionic Radius
for Ag,Zr,S; and Ag Hf,S;

Average M-S bond M ionic radius
Compound M-S bond lengths (A) (A)

2 % 2.495(2) A

AgHRS; 2 x 2.550(2) A 2.541 Hf'" = 0.71
2 x 25770 A
2 % 2.512(2) A

ABZrSy 2 x 2.5752) A 2.560 It = 072

2 X 2.594(1) A
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FIG. 3. Projection in the ab plane of the Agl, Ag2, and Ag3 atoms.
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FIG. 4. Structure of an elementary triangle of Ag3 atoms.
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TABLE 7 TABLE 8
Selected Interatomic Distances and Bond Angles for Ag,Zr;Sy Selected Interatomic Distances and Bond Angles for Ag, 3Sn,S
Interatomic Interatomic Interatomic . Interatomic
distances (A) distances (A) distances (A) distances (A)
Zr-S1(4) 2.512(2) Ag2-S1(14) 2.722(9) Sn-S1(1) 2.538(2) Ag2-51(8) 2.598(2)
Zr-S1(6) 2.512(2) -S1(15) 3.315(9) Sn-S1(2) 2.538(2) Ag2-S1(10) 2.599(2)
Zr-S1(7) 2.575(2) -S1(12) 2.341(9) Sn-S1(3) 2.546(2) Ag2-S1(D) 2.763(5)
Zr-S1(1) 2.575(2) =S1(13) 2.550(9) Sn-S1(4) 2.546(2) Ag2-S1(11) 2.753(5)
Zr-82(5) 2.594(1) S1(14)-S1(15) 3.612(3) Sn-82(5) 2.614(1) Ap2-82(12) 29357
Zr-S2(3) 2.594(1) -S1(12) 4.628(3) Sn-52(6) 2.614(1) Ag2-52(1) 2.943(7)
_81(13) 3.809(3)

Angles * S1(15)-51(12) 4.250(3) Angles ) Angles )
81(1)-Zr-S1(6) 90.47(6) -81(13) 3.680(3) SI(D-Sn-S1(2} 92.16(7) S1(8)-Ag2-S1{10)  167.7(4)
S1(1)-Zr-S1(7) 169.08(6) S1(12)-51(13) 4.451(3) SI{1)-Sn-S1(3) 90.68(5) S1(8)-Ag2-S1(7) 102.4(1)
S1(1)-Zr-82(3) 89.00(6) S1(2)-Sn-51(3) 93.45(6) S51(10)-Ag2-S1(7) 84.8(1)
S1{1)-Zr-82(5) 83.73() Angles ) $51(1)-8n-81(4) 93.45(6) S1(8)-Ag2-81(11) 85.0(1)
SI{1)-Zr-S1(4) 96.98(7) S1(14)-Ag2-51(15) 72.7(2) $1(2)-8n-581(4) 90.68(5) SI{10)-Ag2-S1(11) 102.7(1)
S1(6)-Zr-S1(N 96.98(7) S1{14)-Ag2-51(12) 132.0(4) $51(3)-5n-51{4) 174.05(8) S1(7-Ag2-81(11)  106.6(3)
S1(6)-Zr-52(3) 84.98(4) S1(14)-Ag2-S1(13)  92.5(3) S1{1)-Sn-82(5) 87.05(4) SI®)-Ag2-82(12)  81.5(2)
S1(6)-Zr-S25)  173.98(6) SI(12)-Ag2-SI(15)  95.9(3)  SI2)-Sn-S2(5)  177.38(5) S1(10)-Ag2-52(12)  89.4(2)
SUe)-Zr-S1(4) 94.18(6) S1(12)~-Ag2-51(13)  131.0(4) S$1(3)-Sn-82(5) 89.06(4) SIT-Ag2-S2(12)  166.6(3)
S1(7H-Zr-82(3) 83.73(5) Si(15)-Ag2-81(13)  76.5(2) S1(4)-Sn-52(5) 86.87(5) S1(11)-Ag2-52(12)  B6.47(5)
SUT)-Zr-82(5) 89.00(6) S1(1)-8n-82(5) 177.38(5) S1(8)-Ag2-82(1) 89.2(2)
SUT)-Zr-S1(4) 90.47(6) S1(2)-Sn-82(6) 87.05(4) S1(10)-Ag2-82(1) 81.3(2)
$2(3)-Zr-52(5) 96,48(1) S1(3)-Sn-S2(6) 86.87(5) S1(7)-Ag2-S2(1) 86.14(5)
52(3)-Zr-S1(4) 173.98(6) S1{(4)-Sn-82(6) 89.06(4) S1{(11)-Ag2-S2{1)  166.9(3)
S2(5)-Zr-S1(4) 84.98(4) S$2(5)-Sn-82(6) 93.85(6) $2(12)-Ag2-S2(1) 81.002)

Interatomic Interatomic Interatomic Interatomic
distances (A) distances (A) distances (A) distances (A)
Agl-S1(8) 2.541(2) Ag3-81(17) 2.860(7) Agl-81(13) 2.835(1) Ag3-51(8) 2.593(2)
-S1(9) 2.541(2) -S1(18) 3.066(7) Agl-S1(14) 2.855(1) Ag3-S1(10) 2.593(2)
-S1{2) 2.541(2) =S1(11H) 2.283(6) Agt-S1(7) 2.855(1) Ag3-S1(N 2.795(4)
-82(1) 2.562(1) -51(16) 2.504(7) Agl-S1(15) 2.855(1) Ag3~SI1(11) 2.790(4)
S1(8)-51(9) 4.249(3) S1(17)-51(18) 4,250(3) Agl-S1(9) 2.855(1) Ag3-~-52(12) 2.894(5)
-S1(2) 4,249(3) =S1{11) 4.451(3) Agl-SI1(11) 2.855(1) Ag3-82(1) 2.898(5)
-SX(10) 4.051(2) -51(16) 4,628(3)
S1($H-81(2) 4.249(3) SH18)-81(11) 3.680{3) Angles ) Angles )
=82(10) 4.051(2) -51(16) 3.612(3) SI1(13)-Agl-S1(14) 101.52(7) S1(8)-Ag3-S1{10} 170.2(3)
S1{2)-82(10) 4.051(2) SI(11)-51(16) 3.809(3) S1(13)-Agl-51(7) 96.96(6) S1(8)-Ag3-S1(7) 101.7(1)
S1(14)-Agl-S1(7) 80.82(5) 51(10)-Ag3-S1(7) 84.20(9)
Angles (] Angles °} 51(13)-Agl-51(15)  80.82(5) 51(8)-Ag3-5111) 84.32(9
SI@)-Agl-S1(9)  113.47(6) SHIT-Ag3-S81(18)  76.7(2) S1{14)-Agl-S1{15)  96.96(6) SHI®-Ag3-SI{11)  101.8(1)
S1(8)-Agl1-S1(2) 113.47(6) SH17)-Ag3-S1(11} 119.4(3) SI(7)-Agl-S1{15)  176.52(6) SI(7)-Ag3-S1(11)  104.7(2)
SI(B)-Agl-S2(10)  105.10(5) SI1(17)-Ag3-S1(16)  90.2(2) S1(13)-Agl-S1(9)  176.52(6) S1(8)-Ag3-52(12) 82.4(1)
S1(9)-Agl-S1(2) 113.47(6) SI(11)-Ag3-S1(18) 104.2(2) S$1(14)-Agl-S1(9) B0.82(5) S1(10)-Ag3-82(12)  90.4(1)
S19)-Agl-S2(10)  105.10(5) SI(11)-Ag3-S1(16) 150.3(3) S1(7)-Agl-Si(9) 80.82(5) S1(M-AgI-S2(12)  168.3(2)
S1{2)-Agl-S2(10)  105.10(3) S1(18)~-Ag3-SI(i6)  80.1(2) S1(15)-Agl-S1(9)  101.52(7) SI(11-Ag3-S2(12)  86.60(4)
S1(13)-Agl-S1(11)  80.82(5) S1(8)-Ag3-S2(1) 90.3(1)
Note. Symmetry transformations used to generate equivalent atoms:  S1(14)-Agl-S1{11) 176.52(6) S1(10)-Ag3-82(1) 82.3(1)
Wx,y, D -y + 14, —x+ 1A —z+ 14Dy~ 1/4 —x + 34, SHD-Agl-S1{11})  10L.52(7) SHN-Ag3-S2(1) 86.42(4)
2~ 304 (4) —z+ 34, y+ 14, x— 14, (5 —x + 32, -y + 1,z — SIHI5)-Agl-S1(11)  80.82(5) S1{11)-Ag3-S2(1)  168.4(2)
12, 6) z + 12, —x + 1/2, —y; (D) —x + 5/4, —z + 1/4, —y + 1/4;  S19-Agl-SI(11)  96.96(6) S2012)-Ag3-S2(1)  82.5(2)

B) —z+ 14, =y + 1/4, —x + 1/4;(9) —x + 1/4, —z + 1/4, —y + 1/4;
UMx—1,y—1,z2—- (1) —x + /4, —z + 5/4, =y + Ud: (1D x, ¥,
2+ 1313y —z + 144, —y + 1/4, —x + 5/4; (14) —x + 3/4, z + 1/4,
y+3¥4 ANz, 2, v+ 1;(06) z + Vd, v + 3/4, —x + 3/4; AT —y +
14, —x + 5/4, —z+ 1/4,and (18) x, y + 1, 2.

Note. Symmetry transformations used to generate equivalent atoms:
M-y + 12, —z+1,x+1/2;2) —~z + 34, —y + 3/4, -x + 3/4; (3)
X =14, —z +3/4, -y + T4 (4 —2 + 112, —=x, y — 1/2; (5) —x —
2, -y, z+ 1/2;(6) -y — /4, x — 14, ~z+ 34, (N -z + 1, x+
W2, -y + 32,8y - 1/2, -z +3/2, x+ 1,9 -y+ 1,z —1/2,
—X + 1/2; (10) —z + 5/4, ¥y ~ 1/4, x + 1/4; (11) x + 1/4, -z + 5/4,
y— 1/4;(12) —y + 3/4, —x + 3/4, —z + 3/4; (13} z — 3/4, —y + 5/4,
x+3/4;(14) —x,y— /2, -z + 3/2;and (15) y — 3/4, —x + 1/4, z —

1/4.



STRUCTURE AND CONDUCTIVITY OF Ag,Zr,S; AND Ag, 55n,5;

419

C
. b
i el e
; T ad
.
/ 2 ’
\
p
L A = 7T
(OS O sn eAgl o Ag? o Ag3

FIG. 5.

Perspective view of the Ag,3Sn,S; structure. The unit cell is outlined.

0.369 eV. For Ag,Zr,S;, a short plateau is observed be-
tween 141 and 156°C. Surprisingly, this plateau is not
followed by a steep increase in the ionic conductivity
and therefore probably does not correspond to a phase
transition, From the end of the plateau, the ionic conduc-
tivity log o, rises to —2.00 at 205°C, with an activation
energy of 0.398 eV. The similar behavior of the ionic and
total conductivity curves between 25 and 105°C would
suggest that electronic conductivity is almost independent
of temperature in this range. The transport number of
Ag", expressed as o (o4, + 0,-), was evaluated to

be 0.43 between 25 and 105°C, meaning that Ag, ¢Sn;S,
is also a mixed conductor.

The differences in ionic conductivity for Ag,Zr,Sg and
Ag, 3Sn;S; may be correlated with the structural features
of these two structures (Fig. 9). As reported in Table 9,
all the Ag—Ag bond lengths are shorter for Ag,Zr;S;, in
which silver atoms are tetrahedrally coordinated. The
close vicinity of Ag atom sites allows easier jumps be-
tween neighboring sites. Moreover, the occupancies of
the sites available for silver atoms are much lower in the
case of the Zr-compound and therefore result in a more

TABLE 9
Selected Ag—Ag Bond Lengths (&) for Ag,ZrS; and Ag, ¢Sn,S,
Compound d(Ag2-Ag2) d(Agi-Agd) d(Agl-Ag2) d(Agl-Ag3)
Ag; s5n,8; 4.012(5) 3.975(3) 3.453(9) 3.515(6)
ARZr;S, 1.24(1) 1.05(1) 3.265(9) 3.029(6)

1.43(1)

2.156(9)
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FIG. 8. Ag" ionic conductivity and total conductivity for Ag; sSm;Sg
versus temperature.
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FIG. 6. Comparison of the bond lengths and angles for a Zr-con- 23
taining octahedron and a Sn-containing octahedron. Projection in the
ab plane. 3
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15k ] FIG. 9. Comparison of the Ag® ionic conductivity curves versus
temperature for Ag,Zr;Sy and Ag; gSnyS.
a2k i
.5k 1 disordered arrangement of silver atoms. These two fac-
' tors, namely the bond lengths and the silver site occupanc-
, ies, explain why the ionic conductivity of Ag,Zr;Sy is
’ larger than that of Ag; sSn;S;.
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