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Crystal structures of low-temperature phases (Phase II) of ionic
conductors Ag,TaS, and Ag,NbS,
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Abstract

The crystal structures of low-temperature forms of argyrodite-type ionic conductors, namely Ag;TaS, II (between approx.
280 and 170 K) and Ag,NbS, 11 (between approx. 280 and 140 K), have been analyzed and compared to each other using
powder X-ray diffraction data. The crystal structure of Ag,TaS, Il could be described on the basis of a space group Pc with
the lattice constants a = 7.453 A, b=7403 A, ¢=12.806 A and B=124.62". In the Rietveld analysis of Ag,NbS, II, a
commensurately modulated structure approach was adopted to obtain a smooth convergence. The crystal data are expressed
as 4, =7368 A, a,=14770 A, a,=12.768 A, ¢=(0.25, 0, 0), B=12428 in a four-dimensional formalism with a
superspace-group Pc(a, 1/2, y), that is A =2947 A, B=14.770 A, C=12768 A, B=124.28° in a three-dimensional
formalism with a space group C-. In Ag,TaS, 11, three-sevenths of Ag ions are in the distorted S-S tetrahedrons and the
residual four-sevenths arc in the triangles shared by two tetrahedrons. On the other hand in the model of Ag,NbS, 11, most of
a hall of 28 independent Ag ions are in distorted tetrahedrons and most of the other hall of Ag ions are in triangular faces
shared by two tetrahedrons.  ® 1997 Elsevier Science S.A.
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ing observed in cach powder X-ray diffraction pattern
of Ag,TaS, 1 and Ag,NbS, 1[2].

The low-temperature powder X-ray diffraction ex-
periments revealed the respective two low-tempera-
turc phases, namely Ag,TaS, I1 (between approx. 280

1. Introduction

Ternary sulfides Ag,TaS, and Ag,NbS, were syn-
thesized and their Ag ion conductivitics at ambient

temperatures were found [1,2). They were identified
as cubic phases of the argyrodite-family [3,4] with the
space group F43m, Z=4 and a=10.514 A for
Ag,TaS, or a = 10.500 A for Ag,NbS,. Silver ions are
distributed statistically over many sites in the frame-
work TaS, or NbS, composed of a tetrahedrally
closed-packed S sublattice and group V transition
elements [1,2]. Silver ions are considered to be dis-
ordered but correlated to cach other in the room-
temperature phases I, as suggested by diffuse scatter-
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and 170 K), Ag,TaS, H1I (below approx. 170 K),
Ag,NbS, II (between approx. 280 and 140 K) and
Ag,NbS, I (below approx. 140 K) [5,6]. About the
intermediate phase I of Ag,TaS,, the Rietveld analy-
sis was successfully performed and the crystal struc-
ture could be described on the basis of a monoclinic
system of a space group Pn with the lattice constants
A=7453 A, B=7403 A, C=10540 A and B=
90.069° which is equivalent to a space group Pc with
the lattice constants A = 7.453 A, B=7.403 A, C=
12916 A and = 12531° or A =7.453 A, B = 7403
A, C=12806 A, 8=12462 [7. The pattern of
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Table 1
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Crystal data and the atomic coordinates of the phase Tof Ag.Ta§, at 233K

Crystal data [monoclinic, space gruup Pe (no. 71}

A=T453A,B = T3 A, C = 128007, g = 124.62°
Coordinates of equivalent positions: Xy, 22X, =v. 1/2+ 2

Atom X v b4 Atom X v z
Agl 1679 (8) 0.026/(8) 0.490(7) Ta 0.0 0.254 () 0.0
Ag2 (L4822 (W) 0.074(7) 0.691(7) S1 0.377(13) 0.25(2) 0.134(12)
Agd ~{L147(9) 0.353(8) 0.652(D S2 0.817(12) 0.25(2) 0.101(12)
Agd 0,474 (9) (LRD (R) 0.765 (6) S3 0.81(2) -0.002(12) 0866 (11)
Ags 0211 am L1196 (1.292(6) S4 0.87(3) 0.497 (13) 0.847 (13)
Agh 0.377(0) 0,433 (6) 0.950 (6) 83 0.24(2) 0.24(2) 0.77(2)
Ag? 0.075 (0 029147 0.529(9) S6 0.47(2) 0.26(2) 051(3)
Notes; The standard deviations are listed in parentheses.
The values listed have been derived from those in Table 1 of Onoda et al, [7).
Table 2 Table 2 (Contd)
Atomic parameters of Ago NS 1 described in the four-dimen.
sional formalism St Fundamental 0.38 0.13 0.13
A, 0.004(7) 0018 ~0.020(5)
\ ¥ F A 0.00 (1) 0.008 (6) 0.006 (6)
i i i B, LXURES 0013(7)  ~0.001 (8)
Agl  Fundamental {1.89 0.07 0.57 A 0.01 () —0.05 (1) ~006(1)
A, 00105 DI 0013 ’
A, = 0080 (7) 0.012() 0007 (4) S22 Fundamental 0.88 0.13 013
B, S0025(5) 00124 = (MR Ay 0.04(1) -0.023 () 0018 (7)
A MO0 0T =0017() Ay = 0.07(1) 0022(7) -0.027(@R)
B, 0.01 () =023 =001
Ag2  Fundamental 0.43 0.01 0,78 A. 003 (1) ~ (L0007 &) 0.002(7)
A, 025 0005 (1) 0,007 (3 ’
A, S0.025848) 0437 (Y 0046 (3) S Fundamental O.K7 0.00 087
B, AIREY 0.034 ) DOIR () Ay ~ 0007 (T =033 0.009 (4)
A SO0 T D 006 (1) A, =001 (1) S0003(0) =~ 0T
. B, 0.60(2) o064 =0 (R)
At Fumdamental (XL 034 0,74 A 0001 OO0 =008 (0)
Ay 007 (35) GONICD = 0005 (1
A, (014 () 0.023(2) 00234 S84 Fundwmental K7 0.20 1L.R7
B, 001 0.020¢2) XY RY) Ay 0,029 (%) = (08 (3) 0028 )
A 0230 04N 00 Ay 007 (1) 000G = LM (S)
. ) ) B, (AU RSN 3.3 () (XU )
Agd Fundamuental thak 017 0.76 As 0.06 (8) 1.00% (8) 0016 (8)
Ay, 0.001 (5) IXLIAS R 0.002¢2) )
A 00245 00760 00123 8$S Fundumental 0.28 013 078
B, XU LYEY) 0028 () .09 () A, = (L008 (1) LKL RAR)) = 0018 (8)
A, 00007 00033 0.038(4) A, = 000642) 000 (0) 0.011 (V)
. B =003 (1) - (LK) (&) 0.08 (1)
ApS  Fundamental 0.37 0.17 0,27 ' - 3 "
A DTS 00N 00063 As 001 () 03T Q001 (7)
Ay =0,107 (4) 0000 - 0002 S0 Fundamental 0.50 043 .50
B, SOT(8) 0005()) - 0.086(3) A, 0.03 (D =~ (020 (4) 0.021 (o)
A 00047 —002243) - 0.148(%) A =007 =002006) -0.09()
. B 0070 000 (6) =001
Agh Fundumental (.66 0wy 0.96 !
A, A28 0t 0004 (2) B, 006 0017(5) 0 M
Ay SIS R - 0.042(3) 4,, and B, ave the umphludc\ of the cosine and sine terms with
B, D037 =001 0016 3) wave vector mk = ma* /4 i the displacive modulation function
A 0122 MW X ENEN) 0.034 (%) cxpressed as a Fourter series tay = 7308, a, = 14770, 0, = 12,708
Ag?  Fundamental 0.8 0.20 0.88 und f= 14280,
Ay 007 14 Q0061 <0003
A 0024 ) =002 L0122 , @ - . \
B — 003 (8 n,mn‘)::; :):gzt 3; Ag,NbS, 11, not so similar to that of Ag,Ta$, 1L
A 00206)  ~0013  0.000(3) could be indexed on the basis of a4 monezlinic super-
Nb Fundamental 00 " 00 structure model of the argyrodite-type, and the lattice
A, 00 002w oo constants are A =4 X 7.368 A, B=2x738 A,
A, S0007) —00GB) - 0.006(4) C=1298 A and B = 124.28° [6].
B, 0.007¢) 002 —0.010(4) In this study, Rictveld analysis of Ag,NbS, II has
A, 0.009 () 000003 -0002()

been attempted based on the powder X-ray diffrac-
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Table 3
Selected interatomic distances (A) in Ag,NbS, 1T

Agl, -8, 27 -85, 24 -S4 23
-§3, 24 Agd -S2 22 -85, 30
-85, 25 -S4, 30 -S6, 28
-s6, 27 S5, 26 Agh, -S2, 24
Agl, -8, 27 -S6. 29 4. 24
-§3, 23 Agd, -S3, 23 -85, 26
-84, 28 -S4, 26 Agl, -Si_, 22
-s5, 23 -s6, 28 -s5, 22
Agls -S2, 27 Agd, -SI, 22 -s6, 25
-s3, 30 -S3, 29 Agl, -SI, 25
-85; 26 -84, 22 -S4, 25
-S6, 23 Agh -S3, 28 -ss, 23
Agl, -S3, 30 -S4, 22 RYSEY
’SS] 24 “SS: 28 Ag?: "Sl: 2.7
~86, 2.3 Sy 26 -S4, 24
Agzﬂ - 830 29 Ag“‘: “833 2.0 - SS: 23
88, 26 84, 23 s, 31
-S6, 23 S5, 29 Agl, -Sl, 25
Ag2, -53, 23 -S6, 28 -S4y 27
S5, 23 Ag, -Sl, 22 -§5, 23
-s6, 28 =52, 22 ~S6, 29
Ag2, -Sl, 23 -85, 31 Nb, -Sl, 24
82, 26 AgS, -SI, 23 -s2., 24
-83, 30 -83, 27 -s3, 23
-85, 24 -86, 28 -S4, 24
Ag2, -SI, 24 AgS, -SI, 23 Nb,  -SI, 24
s3, A0 83, Al 82, 23
-85, 24 -84, 22 -$3, 23
6, 28 AgS, -85, 25 -84, 23
Agdy -8, 27 $6, 29 Nby -Sl 24
$4, 26 Agh, -S2, 28 23
-85, 2.3 -S4, 25 23
Apd,  -S2, 22 -85, 26 23
§4, 29 86, 24 Nb, 24
88, 23 Ay, 82, 26 23
Agh, 8) 20 BN 24
S"'| 23 Ag(\:\ ‘”522 2.7 24

Sutfives, = 1,001, 2 and 3, vepresent unitcell translations along the
@, axis, respectively.

tion data. It is difficult to obtain a smooth conver-
gence in an ordinary Rietveld analysis in the case of a
superstructure, because of overlap of many reflec-
tions. However, an application of the superspace-
group theory often lead to a smooth convergence in
the crystal structure refinement, and a superstructure
can be regarded as a modulated structure with a
commensurate wave vector. In addition, a setting of
the starting parameter is expected to become simple
by adopting the multi-dimensional formalism. Then
we have used the computer program PREMOS for
the Rietveld analysis based on the superspace-group
approach [8].

2. Experimental

The details of the preparation processes and the
process of low-temperature X-ray diffructometry was
similar to that used previously [5,7]). Diffraction data
were collected with a step-scan procedure using Cuk,,

radiation with a graphite-monochromator at 245 K for
Ag,NbS, II. No electron diffraction pattern was ob-
tained because of unstableness of the specimen under
the electron radiation.

3. Symmetry consideraticn and structure refinement

As discussed in the previous paper [6], a large part
of the strong reflections of the phase II of Ag,Nb§,
can be indexed from a monoclinic cell (a’ =7.368 A,
b'=7.389 A, ¢’ =12.77 A and B=124.28°). The cell
is based on the axes @' =(a +b)/2, b' =(—a +b)/2
and ¢’ =c¢ —(a + b)/2, when the basic axes a, b and
¢ are used for the cubic phase Ag;NbS, 1. The other
peaks of Ag,NbS, II are assumed to be superstruc-
ture reflections, and all peaks could be indexed from
the monoclinic lattice based on 4=2(a+b), B=
(—a+b) and C=c —(a + b)/2, with the lattice con-
stants A =4x7.368 A, B=2x7.389 A, C=1277A
and B=124.28° and the reflection conditions H + K
=2n for HKL and L =2n for HOL. The three-
dimensional space group of Ag,NbS, I is considered
to be Cc (no. 9). In order to apply the four-dimen-
sional formalism, adoption of the basic cell with the
axes a,=a" =(a+b)/2, a;=2b"=a+b and
a,=c¢'=c-(a+b)/2 and the monoclinic angle
B=124.28° is feasible to understand. The primary
modulation wave vector is given by k =a} /4 to de-
scribe the structure of Ag,NbS, II as a commensu-
rate modulated structure. Each reflection is expressed
by q=hal +kat +la + mk = (4h + mXaf /4) + ka3
+la% = HA* + KB* + LC* by using four integers, h,
k, I and m, where af, a% and a% are the reciprocal
veetors corresponding to a,. a» and a,. The cell
constants are a, = 7.368 A a,=14770 A, a,=1277
A, o=(025, 0, 0) and B=12428°. The systematic
reflection condition, k + m = 2n for hklm and [/ =2n
for h0Im, was observed. As the condition for the main
reflections is k = 2n for hkl and | =2n for h0l, the
possible space group of the fundamental structure is
considered to be Pc with a duplicated axis a,. The
centering translation of (0, 1/2, 0, 1/2) in a four-di-
mensional formalism is implied by k +m=2n for
hklm, and then the superspace group derived is ex-
pressed as Pe(a, 1/2, ) which is equivalent to Pb(a,
B, 1/2) of the literature [9].

The starting parameters of the basic structure of
Ag;NbS, 11 have been derived from the structure of
Ag,TaS, 11. The atomic parameters of Ag,TaS, 11, is
based on 8= 124.62° and Pc, are derived as listed in
Table 1 from the parameters, based on B = 90.06%°
and the space group Pn, reported in the previous
paper, [7] and the values are used to set the starting
model of the Ag,NbS, 11

Refinement was attempted based on the superspace
group Pe(a, 1/2, y) through a Rietveld analysis pro-
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c a

Fig. 1. Projections of the mtmuun mndel of /\g;{ s, Wateag ) [0, L 0L o[- 30, < 1L deV [2. 0,

unit coll (a = 7453 A, b= 7403 A, ¢ = 12,806
07Ty < LT () =068 < x = wv’ﬂ’t% and (@) 038 < x =
vireles represent 8. Ta and A, respectively,

gram PREMOS (8] using the powder X-ray diffraction
data measured at 245 K. The Fourier amplitudes of
the cosine A,, and sme B,, terms with the suffixes m
representing the wave vectors mk =ma’/4 in the

- 1} on the basis of the monoclinic

and {3% 1’6 62°). The bounded arcas fur (h=¢) are, respectively (B) = .23 <x < 0,77, (¢)
< 1.35, Large open and hatched cireles, medium solid circles and small solid

displacive modulation functions were adopted as
structure parameters by considering the structural
degree of freedom. To suppress the excessive parame-
ter shifts, the penalty functions included in the pro-
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gram PREMOS have been used for the interatomic 4. Discussion

distances. The agreement was fairly good with 166

structural parameters; R, = 0.094. The final parame-

ters are listed in Table 2. The structure models of Ag,TaS, II and Ag,NbS,

i jections ; ; ] 5, ¢ a) | ) [ = - 2) [2. 0, = 1] on the basis of the monoclinic
Fig. 2. Projections of the structure model of Ag,NbS, 11 along () (0. L0} (b [-3.0, = 1] (de) [n.a . ’ s of the monochin
unit cell of the fundamental structure (a) = 7.368 Al ny= 14770 A, ay= 12768 A and B =124.28). The bounded arcas for (b- «,)mc
respectively (b) = 0.23 <x < 077, (¢) 0.77 <x < 177 (d) = 0.65 <x - 2= < .35 and (@)0.35 < x - 22 < 1.35, Large open and hatched circles.
medium solid circles and small solid circles represent S, Nb and Ag, respectively.
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I were illustrated in Fig. 1 and Fig. 2. The selected
interatomic distances of Ag,NbS, 1l are shown in
Table 3. In the model of Ag,NbS, 1I, four indepen-
dent Nb positions are present, and they are tetrahe-
dral sites coordinated by S1, $2, 83 and S4 listed in
Table 2. As shown in Fig. 2 and Table 3, 28 kinds of
Ag sites are independent. Almost a half of Ag ions
are in distorted S-S tetrahedrons formed by S5, S6
and two of S1, 82, 83 and S4. Most of the other half of
Ag ions are in S-S triangular faces shared by two
distorted tetrahedrons, The interatomic distances of
Ag,TaS, I listed in the previous paper {8] show that
three of independent Ag ions are in the distorted S-S
tetrahedrons and the residual four of Ag ions are in
the triangles shared by two tetrahedrons.

In the approximate structure models [1,2] of the
room-temperature phases Ag,TaS, I and Ag,NbS, I,
mobile Ag ions arc expressed as statistical distribu-
tion in many distorted S-S tetrahedrons and triangu-
lar faces shared by two distorted tetrahedrons. On
cooling through approx. 280 K, the room-temperature
phases are converted into low-temperature forms in
which Ag ions stop into ordered arrangements. The
ordered arrangement in Ag,TaS, II is described in
the monoclinic system with a space group Pc and a
lattice constants a = 7.453 A, b = 7.403 A, ¢ = 12.80%
A and B= 12462, and the Ag ion sites are three
kinds of distorted tetrahedral sites and four kinds of
triangular sites shared by two tetrahedrons. In the
case of AgsNbS, 11, the ordered arrangement is de-
seribed in a large lattice with the monoclinic symme-
try, that is A =2947 A, B=14.770 A, C = 12,768 A,
B = 124.28" with u space group Ce. The structure can
be regarded as a commensurately and displacively
modulated structure and the crystal data are ex-
pressed as u; = 7.368 A, a, = 14770 A, a, = 12.768 A,
o=(0.25 0, 0), B=124.28° in a four-dimensional
formalism with a superspace-group Pe(a, 1/2, y).
The Ag ion sites in Ag,NbS, 11 are distorted tetrahe-

dral and triangular sites and their characters seem to
be substantially similar to those of Ag,TaS, II, al-
though standard deviations listed in Table 2 are large
due to the unfavorable data-to-parameter ratio.

In both Ag,TaS, Il and Ag;NbS, II, Ag ions are
coordinated by some others (Ag-Ag < 3.4 A). They
seem to form Ag clusters like deformed Ag-Ag net-
works. The Ag-Ag networks in Ag,TaS, II seem to
be parallel along 2a +¢ as shown in Fig. la,d,e and
show a little anisotropic character, while the Ag-Ag
networks in Ag,NbS, II seem to have a more three-
dimensional and deformed character (Fig. 2a-e).
Symmetry lowering under approx. 280 K may be con-
sidered to arise by transferring of Ag ions from statis-
tical distribution over many distorted S-§S tetrahe-
drons and triangles shared by two tetrahedrons into a
network-like arrangement described in the monoclinic
system for Ag,TaS, II or described in the monoclinic
superstructure for Ag,NbS, IL
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