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The results of the research works made by the members
of 2nd research group (ternary silver sulfides) in the period
from April, 1992 to March, 1997 have been described in chapters
2,345,6 and 7 of this report, respectively. Title and abstract
of each chapter is as follows.

Chapter 2. “Syntheses, crystal structures and ionic conduc-
tivities of silver-transition metal chalcogenides”:

The phase relations of Ag-M-X (M=transition metal; X=S,
Se) systems have been investigated, and the new argyrodite
family compounds of AgTaS, AgNbS, Ag/TiS, AgTaSe, and
Ag, TaSe, I (0=x=1), which show high ionic conductivities,
have been found. Crystal structures, phase transitions and ionic
conductivities of these compounds have been studied. (Section
2.1.). In Ag-Hf-S system, two new compounds, orthorhombic
AgHIS, and cubic AgHLS, have been prepared by solid state
reaction. The conductivities of silver ions of these compounds
reach values around 10°Q7em™ at ambient temperature, and
the transference numbers of silver ions have found to be close
to unity. Single crystal structure analyses of these cmpounds
have also been made. (Section 2.2.). To study the ionic conduc-
tion of lithium ions in silver-transition metal sulfides, inter-
calation of lithium atoms to the compounds of Ag-M-S(M=Hf,
Ta etc.) systems has been investigated. (Section 2.3.).

Chapter 3. “Syntheses of barium-transition metal sulfides
of the composite crystal structure, and of the new sulfides™

Prior to this work, it has been believed that BaTiS, and
SrTiS, are isostructural with BaNiO, however, the precise
X-ray powder and electron diffraction studies lead us to the
conclusion that BaTiS; and SrTiS; crystallize in the columnar
composite crystals, which consist of two substructures, ie, M

(M=Ba,Sr) and TiS,, respectively. The composite crystal exists
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in the composition range of x and y in Ba,TiS, and Sr,TiS,
and an infinite number of structures with different peri-
odicities are generated over the composition range of x and
y. Most of the structures crystallize in an incommensurate struc-
ture. This type of structure can be called an infinitely adap-
tive structure. The aggregation of the structures can be rep-
resented as a single structure with the homogeneity range of x
and y when four-dimensional formalism is employed. (Sec-
tions 3.1 and 3.2). The results of the studies on the syn-
theses and structures of several new ternary sulfides found in
Ba-Zr-S, Ba-Ti-S and Ba-Cu-S systems have been reported.
(Section 3.3.).

Chapter 4. “Crystal structures of ternary sulfides with
complicated structural features”:

The structure of the incommensurate columnar composite
erystals Sr.TiS,(x=1.1~1.2) has been analyzed on the basis of
the four-dimensional superspace group approach using pow-
der X-ray diffraction data and the Rietveld analysis. The struc-
ture models obtained consist of columns of face-sheared TiS,
polyhedrons, directed along the c-axis, and Sr atoms packed
between the columns. Each real crystal is described as mutually
modulated structures, and especially S atoms are modulated
remarkably. (Section 4.1.). The ecrystal structure of a
low-temperature phase II of silver ionic conductor Ag,TaS,
has been investigated through the Rietveld analysis based on
the powder X-ray diffraction intensities measured at 253K.
The structure proposed has been described in a monoclinic
system. Seven independent Ag positions are present and
they are close to some of the numerous sites for statistically
distributed Ag ions of the cubic room-temperature phase.
(Section4.2.) .

Chapter 5. “Infrared and Raman spectroscopic studies of
silver chalcogenides”:

The new ternary sulfide AgTaS, has been studied through
infrared and Raman spectroscopic measurements. The f{requen-
cies of the vibration modes of the silver atoms between Ta-S
slabs have been identified, and the relation between the struc-
ture and the vibrational properties has been discussed on the
basis of the lattice dynamical calculations. (Section 5.1.).
Infrared and Raman spectra of several new transition metal
chalcogenides of argyrodite family have been measured in the
temperature range from 300 to 80K, and analyzed on the basis
of the lattice dynamical calculations. The results have sug-

gested that phase transitions take place in these temperature

range for most of these compounds. The transformations of the
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structures at these phase transitions have been discussed in
relation to the results of the powder X-ray measurements.
(Section 5.2.).

Chapter 6. “Silver ions in silver ionic conductor Ag,GaSe,
studied by Ag and Ga NMR™

Temperature dependences of "Ag, ""Ag, "Ga and *Ga NMR
line shapes and relaxation times(T, and T,) have been measured
for the silver ionic conductor Ag,GaSe, structure of which is
an argyrodite type one. In the high temperature cubic phase,

“Ag signals have suggested that the motional

line widths of
narrowing is completed. The values of experimental ratio of
T,("Ag) /T, ("Ag) and the magnetic field independence of T,
in the fast motion limit have been explained on the basis of
the scalar couping of first kind. As to the activation energy of
the translational motion of silver ions in silver ionic conduc-
tors, it was known that there exist some discrepancies be-
tween the values obtained from the conductivity measurements
and those obtained from the Ag-NMR measurements. On the
basis of the experimental results, the reasons of these discrepan-
cies have been discussed.

Chapter 7. “Structural phase transitions and physical
properties of transition metal sulfides”™

In CuSe(klockmannite), two phase transitions take place in
the temperature range from 400 to 300K. The struc-
tural transformations at these phase transitions have been
investigated by the use of the x-ray diffractometry, and new
intermediate phase has been found in a heating process. (Sec-
tion 7.1.). The temperature dependences of lattice parameters
and the phase transitions of the solid solutions CuS, Se (0=x
=1) have also been studied by the use of the powder X-ray
diffractmetry. On the basis of these experimental results, the
relation between the composition dependence of transition
temperatures and that of anion distributions has been dis-
cussed. (Section 7.2.). It has become clear that in BaTa,S,
which is superconducting below about 3K, there exist two types
of compounds. These two types of compounds have been
specified according to their physical properties and superlat-
tices. (Section 7.3.). The results of studies on the synthesis of

thin films of silver sulfides by the use of MBE method have

been reported.{Section 7.4.).
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Fig.2.1 Periodic table of the elements showing those that form argyrodite family phase.

Table 2.1 Crystal data of TM-argyrodites.

Compound a(R) Dy Dobs 7Z S.G
AgsTiSs 10.6280(7) 6.11 6.00 4 Fi3m
Ag7NbSs 10.5001(6) 5.97 5.90 4 Fi3m
AgrTaSs 10.5123(3) 6.45 6.45 4 Fi3m
AgiTaSes 10.8277(5) 7.38 7.33 4 P213
AgssTaSessloz 10.8319(8) 7.81 7.31 4 Fi3m

s

Fig.2.2 Micrograph of Ag,TaSe,

Fig.2.4 Micrograph of Ag,NbS, showing
trisoctahedral habits {332}.

2aBx @ . aM 1135

Fig.2.3 SEM image of the cubo-octahedral habit
of Aggs TaSesgly,.
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Fig.2.5 X-ray powder diffraction pattern of
Ag,TiS,.
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ER2TD L ST B, BALIZDOWTIL Agl,Agd, Aghld
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HbhH, FELEBE»S, Agbld TENGL, Agl Ag3 Ag?
GTUEAL & % B o Ag-S O3 EEZ2.43 A (Agl),
2.69A (Ag2), 2.66A (Ag3), 2.47A (Agd), 2484
(Ag5), 2.24 A (Agb), 270A(Ag) TH 5BH, T XTI
WEMGALTBY A FOBD AgDEB27 L DiE2
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EEFERERTOMEER26L2TIRT, R#EH 7z
RABIZRIE DS %, BENT2% ThHo72, DY
A, WD Agld Ta &2 Nb B RWLEIZH B Y
R, T5& T6, DOHIZHA LTV 5, Ag i DERD
BEOLEEZR28IZRY, BEREWI &1, 7 —
AgSiTe, R ¥ — Ag,GeTehl 2\ T A U A 72 AT 4 S A%

Table 2.2 X-ray powder diffraction data of

Ag,TiS,.

Rkl "1, dyps (A) d.ea (A)
11 64 6.1418 6.1355
220 38 3.7590 3.7572
311 32 3.2043 3.2042
222 100 3.0682 3.0678
400 36 2.6574 2.6568
331 25 2.4391 2.4380
422 16 2.1697 2.1692
333 64 2.0448 2.0452
511
440 49 1.8791 1.8786
531 6 1.7958 1.7963
600 2 1.7715 1.7712
622 4 1.6018 1.6021
444 2 1.5334 1.5339
551 10 1.4881 1.4881
711

Table 2.3 Crystallographic data for Ag,TiS,.
Formula Ag TiS,
M, 1103.221
Space group Fd3m
Cell parameters
a (A) 10.6280(7)
V(A" 1200.48(7)
z 4
T(K) 297
Radiation Mo Ka
Crystal shape Irregular
Crystal volume (mm’) 0.17X0.17X0.15
Linear absorption coefficient (cm™') 142.95
Scan type w-f
Scan speed Variable
Scan angle 0.8+0.35 tan @
Limits (deg) 1.0=6=<30
Data collected +h, +k
Number of refiections 936
Number of variables 41
Independent reflections with /,=3 o(/,)) 118
R(F) 0.11
R.(F) 0.12

I N T VB,

(2) P2,3k8 %

a)Ag, TaSe, I (0=xZ1)DAEM

HgEEmEmir Lz varrona sy v wEE
P X B EAASRORE R LEAIBE 2 1T 572 Ag,. TaSe;. I,
D% 4k S REENE, BB % AgSe D Agl ! Ta: Se=(3.
5-x) i x:1:25DRALTHSETTHEHEL, $500mg
DEEFNHIE, 500~550T 4 H DML TIER L 72,
P X TO 7 — F UL sind / A =0.0246~0.9969
D TIT - 720

XOEWIZH/2 D U FGERTH LD, MEIZLoT
W LD b, 02X <1 (M 1) TIETHREAIDS hkel
rtk=2n+ 1, k+i=2n+ 1, 1+h=2n+ 1 TH.LR
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Table 24 Positional parameters for AgTiS,

Atom Position Occupancy X y z B

Ti 4b 1 0.500 - - 2.0
Agl 96i 0.017 —0.061(11) 0.147(13) 0.167(13) 5.5
Ag2 96i 0.037 0.8124(32) 0.3444(30) 0.5287(28) 32
Ag3 96i 0.043 0.7913(34 0.8216(36) 0.0156(37) 4.5
Agd 961 0.079 0.7508(17) 0.7888(15) 0.0289(15) 4.0
Ag5 96i 0.042 —0.0006(30) 0.0375(21) 0.2144(23) 3.1
Agb 96i 0.028 —0.0773(66) 0.0341(65) 0.2131(65) 8.8
Ag7 96i 0.088 0.0519(27) 0.1193(27) 0.2045(31) 9.4
St 16e 1 0.6269(9) - - 3.6
S2 4c 1 0.250 - - 3.6
S3 4a 1 0.000 - - 3.6

Table 26 Atomic coordinates for AgTaS,.

atom Wyckoff occupancy X Y z B (A?)
Ta 4b 1 0.5000 - - 1.17(2)

S1 16e 1 0.6305 - - 3.6(2)

S2 4c 1 0.2500 - - 557

53 4c 1 0.0000 4.8(4)

Agl 961  0.080  0.0485 0.0953 02115 5.9(6)
Ag2  96i  0.074  0.7883 0.7665 0.0210 8.9(5)
Ag3 961  0.051  0.8040 0.8405 0.0240 3.0(5)
Agd 961  0.039 00318 0.0097 02142 2.4(4)
AgS 96  0.026 -0.1346 0.0616 0.1835 5.8(9)

Fig26 Crystal structure of AgTiS,

1 ircles: S, black circles: Ti, . .
arge o.pen crreies ack creles: 1 Table 2.7 Atomic coordinates for Ag,NbS,.
small circles: Ag

atom  Wyckoff occupancy X Y Z B (A?)
Nb 4b 1 0.5000 - - 1.24(2)
Si 16e 1 0.6305 - - 4.3(1)
Table 2.5 Classification of anion tetrahedra of S2 4c 1 0.2500 - - 5.2(2)
Ag,TiS S3 4c 1 0.0000 - - 5.3(2)
& Agl 961 0.080 0.0529 0.0827 0.2137 6.1(2)
Type Numbers Volume Combination Neighbors Ag2 96 0.122 0.7981 0.8431 0.0306 8.4(2)
%) Agd  96i 0.045 0.7480 0.7891 0.0276 4.0(3)
Tl 1 o5 51 4T3 Agd  96i  0.030 00324 -0035 02143 1.2(1)
T2 4 6.0 481 4T4 Ag5 961 0.012 0.3688 0.0682 0.8583 4.0(6)
T3 16 8.0 3S51+1S2 1T1+3T5
T4 16 7.6 3S81+1S3 1T2+3T6
T5 48 9.5 2S51+1S2+1S3 1T3+1T5+2T6
T6 48 9.3 2S1+1S2+1S3  1T4+2T5+1T6

Ag/NbSe AgyTaSe AgssTaSesgly,

Fig2.8 View of refined Ag positions in adjacent
T5-T6 tetrahedra of Nb and Ta

Fig2.7 A part of crystal structure of AgTiS, argyrodites.
T5 and two T6 tetrahedra are drawn. Ag atom size is arbitary, but dependent
large open circles: S, small circles: Ag. upon occupancy probability.
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Table 2.8 Atomic coordinates f6r AggsTaSesql,,.

atom Wyckoff  occupancy X Y Z B (A%
Ta 4b 1 0.500 - - 115
Sel 16e 0.987 0.6295 - - 2.75
Se2 4c 1 0.250 - - 6.05
Se3 4a 1 0.000 - - 5.30

1 16e 0.033 0.6295 - - 2.8
Agl 241 0.283 0.000 - 0.2156 443
Ag2 48h 0.208 0.4180 - 0.2337 74
Ag3 48h 0.103 0.550 - 0.229 8.5

Table 2.9 Atomic coordinates for Ag,TaSe,.

atom Wyckoff  occupancy X Y Z B (A9
Ta 4a 1 0.5031 - - 0.840
Sel 4a 1 0.0159 - - 1.33
Se2 4a 1 0.6334 - - 153
Se3 4a 1 0.2819 - - 181

I 12b 1 0.3797 0.6399 0.3741 1.71
Agl 12b 0435 ~0.0022 02792 0.5020 241
Ag2 12b 0.657 04076 0.2719 0.0695 241
Ag3 12b 0.314 0.1701 0.1300 0.1490 7.0
Agh 12h 0.181 05849 0.1128 0.7512 28
Agd 12b 0.183 05079 0.9621 0.2759 2.0
Agb 12b 0.178 0.2326 0.9383 0.8677 2.5
Ag7 12b 0.384 0.2229 04670 04777 1.17

Se3
O Ag(F#3m)

© Ag(P213)  Sea

Fig2.9 Projection of a part of structures of
Ag,TaSe; and Agg,TaSe,l,, on (0or)
plane.

Ta atoms are omitted for clarity.

Numbers indicate the z parameter values
in hundred-fold.

%3 Ag/RbAg, I,/ 3K RbAg I,/ Ag TDCIET
B30 ALLTOERBR T COBEMRT 2/, 44
MEEREITZe=015) (. E)THD(LEL vy b
DR, SIEWHEE, (3ERK, EBEE). kBl
FTRMEINE T T 774 bR Ag BAEE /2, ACHEE
XA ORERE F L O THE210L K2.1012R T,
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Fig2.11 Silver ionic conductivity of Ag,. TaSe,],

with x=0 and 0.5.
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Fig.2.10 Silver ionic conductivity of TM-ar-
gyrodites, Ag, M“S,(M=TiNb,Ta).
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BAREED VY. ZDORDGBIAZ D IE L\ EFFli Y
ETHhA9,
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72 (K2.12) o RIBAHOREE IR OIS 4 B SR
Sz,
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— M I8 1432, 143m, Im3m DWFNH)T
a=21.20A, T3 E 1222 ODFELETF —

Table 2.10 Ionic conductivity of TM-argyrodites.

compound log 0 (Q-lcml) T/C AEaleV

Ag,TiS, -1.90 23 0.16
-2.73 1 0. 61
Ag;TaS; -1.82 33 0.33
-3.26 0 0.72
Ag;NbS, -2.21 25 0.32
Ag;TaSeq -5.00 27 0.19

Table 2.11 Phase transition temperature of TM-
argyrodites.

Compound phase I phase IT
Temp/°C Jig Temp/C Jig

AgsTiSe 13.3 -1.41 -68.4 -1.64

Ag7TaSs -17.8 -2.69

Ag7NbSs -33.5 -2.47 -66.7 -0.78

AgqTaSes 57.8 1.16 o
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Table 2.12 Melting point of TM-~argyrodites.

Compound
peak AggTiSs Ag7NbSs AgiTaSe
7 -trans 713°C 738°C 779°C
2.26d/g 7.08J/g 4.99d/g
m.p 784°C 782°C ~850°C
41.6J/g 41.4d/g -
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Table 2.13 Crystallographic data and conditions

for intensity data collection

Chemical formula

Formula weight (g)

Space group

a(A)

Volume (&%)

Z

Calculated density (g cm™)
Measured density (g cm™)

Temperature of data collection (°C)

Radiation monochromated
A (MoKa) (&)

Crystal shape

Crystal color

Crystal size (mm)

Linear absorption coefficient u (cm™)

Transmission factors

Scan type

Scan speed

Scan range

26 (max)

Data collected

No. of reflections measured
No. of unique reflections

No. of refined reflections with I, >

1501,
Rim
R (F)
Ry, (F)

AgHI;S,

1223

P4,32 (No. 212)
10.9051(2)
1296.85(3)

4

6.27

6.26

23

0.71073

Spherical
Gray-black
Diameter = 0.04
307.731
0.187-0.219
w=—48

Variable

(0.6 + 0.35 tan )
70°

*h, +k, +1 (m3m)
1248

979

734

0.036
0.042
0.048

Intensity (counts)

4000 .

3500 -

3000 -

2500 |

2000

1500

1000

500

0

2 theta (degree)

Fig2.16 X-ray powder diffraction pattern of
AgHLS,.
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Fig.2.17 Projection

o 8

in the (a b plane of SI

and S2 sulfur atoms.

Numbers indic

ate

the z parameter

values in 1/1000s. White and shaded
atoms correspond to SI1 and S2, res-

pectively.

Table 2.14 Atomic coordinates, site type and occupancy, equivalent isotropic and anisotropic thermal

factors for AgdHI3S,

Atom

Hf Agy Ag Ag; S S,
Wyckoff notation 12d 8¢ 24e 24e 24e 8¢
X 0.625 0.0073(1) 0.313(1) 0.2143(8) 0.3924(2) 0.8711(2)
y 0.1148(1)  0.0073(1) 0.179(1)  —0.0195(9) 0.0927(2) 0.8711(2)
z 0.1351(1)  0.0073(1) 0.968(1) 0.330(1) 0.1442(3) 0.8711(2)
Site occupancy 1 1 0.1667 0.1667 1 1
B(1, 1 1.12(1) 2.24(2) 8.3(6) 5.6(3) 0.93(7) 0.87(4)
B(2,2) 1.016(8) 2.24(2) 10.0(8) 5.4(3) 0.90(7) 0.87(4)
B(3,3) 1.016(8) 2.24(2) 4,7(4) 8.8(6) 3.0(1) 0.87(4)
B(1,2) —0.04(1) -0.2003) 3.2(4) 4.5(2) 0.08(6) 0.11(6)
B(1, 3) —0.04(1) -0.20(3) -3.7(3) 3.8(3) ~-0.00(8) 0.11(6)
B2, 3) -0.07(1) -0.20(3) 2.1(3) 2.2(4) —0.26(7) 0.11(6)
B(eq)* 1.050(5) 2.238(7) 7.7(3) 6.6(2) 1.61(4) 0.87(1)

3 B(eq) = (87%3) ;? Ujaf a¥ a; a; = 4/3 ;? Bj; a; a;.
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LCw5, Hf BFid12d fEE 5O S /NHEDH LI
H 5o, HIS/NHEROEMEDORRT % cHiAE L 1) OFF
B TR2.181Z/R Y, 2=0.3852, 0.6352, 0.8852D\ 7§ 4L
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_ b
[110] 1 [110]
a
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Fig2.18 Projection in the (a & plane of (a)
the superposition of the cross sections
at 2z=0.6352 and 2=0.3852; (b) the
superposition of the cross sections at z

=0.6353 and z=0.8852Z.

Table 2.15 Selected bond lengths and angles

describing the environment of Hf

atoms.
Interatomic distances A)
Hf-S1(1) 2.495(2)
Hf-S1(4) 2.495(2)
Hf-S1(5) 2.550(2)
Hf-S1(6) 2.550(2)
Hf-S2(2) 2.577(2)
Hf-S2(3) 2.577(2)

Angles )
S1(6)-Hf-S1(4) 90.53(9)
S1(6)-Hf-S1(5) 169.19(2)
S1(6)-Hf-S82(3) 89.06(8)
S1(6)-Hf-S2(2) 83.77(7)
S1(6)-Hf-S1(1) 96.9(1)
S1(4)-Hf-S1(5) 96.9(1)
S1(4)-Hf-S2(3) 84.87(6)
S1(4)-Hf-S2(2) 174.01(8)
S1(4)-Hf=S1(1) 94.00(8)
S1(5)-Hf-82(3) 83.77(7)
S1(5)~-Hf-82(2) 89.06(8)
S1(5)-Hf-S1(1) 90.53(9)
S1(3)~-Hf-82(2) 96.9(1)
S1(3)~-Hf-S1(1) 174.01(8)
S1(2)-Hf-S1(1) 84.87(6)

X, 370y —2—0fEYIRL T cihmoRE
ZHELC [110], [110] L \i) X 9 (2908 Tk A HHD
BlahbNoXrrbkizbh, #2152 H OREEHBER
EAEAERY, Hi—SHEBEI32495(2) ~2577(2) AT
Hhe AgDH A MIIODHFERET S, Aglid8e 1 |
TSHMERDOFRIIMNET 5, F2I6ITHEEIEHEE A
a2 RY, Ag2k A3l — MRS & D24e 4 I L
IR DA T B, F21TE218ICEE LKA & A
BEOT— 5 28T 5, AgliF D5 OKT = 219
IR Yo Ag2& AGIFIZIZRI UMEIWCH Y AT ) v k
LTWTHEAERIZIZENENL/E6THDL, TITOD
Ag-Ag BEBEIZ0A5A TA F VEFEOM LI D /AS L,
DIBA * MNERDOFER LWL b DIk b, [
BRCEBEELY 505 2 ERURER D, 4 A=
ELTRZEOYA MEEY Y T L THRAED L 9 I2E)
EH5 Ag A AV OFENPBEES NS, F/2AgiE
A°DEFHEELFORFITHAERHIC L ) BnvitEs
LHVEWIHEPLH DRSNS, Ag2DH A b
13 3EAL T S DEATEOHLE CITAZE LIKIZ.2010 7R
TEHIRY) Y TIROFERZBROEEKRE 2> T
5, AglUHEIR L X S1(2)-S13) LA L THd
HH Agl-Ag2fffEC428 ADHMEIZH 5,

(2) Ag,HIS,

650°C T 1 & AHUE L CTIEE L /29718t DO BN &y
(60x40x30 g« ) & o T VY X AR L B AT & £
WL7e Tty ia  EEOERENS, T i
DY momm CTUHANZ hkl, WHE=2n; Okl k=2n,1=2n ; KOl
h=2n,1=2n ; hk0, h=2n,k=2n ; hO0, h=2n ; OK0, k=2n
500, F2uiCHRY T A Z LA dr oz, T REZR 25
FEIR SR D Cmea(No.b4) %> C2cb(Nodl) DWW
NTHBEPHENCREE T AV, 77— 7 EE
Enlaf-Nonius @ CAD-43 AF LI2E ) w-0 AF v
T FCITw, BEORFHI 2EMILICF oy 7 L
Too FEESEMNT — & % E219R T, BFEHI
a=11458(2) A, 5=6.628(1) A, ¢=12774(2) A, #l%E
FE136.64gem ™ T 228, EBEO 7 — & IUE L HEHEFR
D Na=qa,, b=ty c=(b,a)/2, B =120° )T
-10=h=10, 0=Sk=20, -10=ZI<10D &5 TFTv 4412
TORE R B, SO OEEELTFHL [>30
() &{7297007 7 — % 2 O TEERHELLEIT-
720 AGHIS, D HFE DM EE F IV IIRITHBTEE L
PPRG ¥ TR XMBELF v 7 LIBIEL 7. &
WO DEMFERE LSDPEICL D EFHERERT
VIV M) v 7 ATHEEILET o 70, wIEZ%
BEMRTIE R(F)=41%, Rw(F)=48%T& 72,



BERBILICBIT 228

Table 2.16 Selected bond lengths and angles

describing the environment of Agl

atoms.

Interatomic distances A
Agl-S1(1) 2.548(3)
Agl-S1(2) 2.548(3)
Agl-S1(3) 2.548(3)
Agl-S2(4) 2.572(1)

S1(1)-S1(2) 4.280(4)
S1(1)-S1(3) 4.280(4)
S1(1)-S2(4) 4.039(3)
S1(2)-S1(3) 4.280(4)
S1(2)-S2(4) 4.039(3)
S1(3)-S2(4) 4.039(3)
Angles ®)
SI(I)-Agl1-S1(2) 114.24(9)
S1(1)-Agl-S1(3) 114.24(9)
S1(1)-Agl1-S2(4) 104.13(6)
S1(2)-Ag1-S1(3) 114.24(9)
S1(2)-Agl1-S2(4) 104.13(6)
S1(3)-Agl1-S2(4) 104.13(6)

Table 2.17 Selected bond lengths and angles

describing the environment of Ag2

atoms.

Interatomic distances A)
Ag2-S1(1) 2.75(1)
Ag2-S1(2) 3.26(1)
Ag2-S1(3) 2.31(1)
Ag2-Si{4) 2.57(1)
SI(D)-S1(2) 3.584(4)
S1(1)-S1(3) 4.666(4)
S1(1)-S1(4) 3.774(4)
S1(2)-S1(3) 4.280(4)
S1(2)-S1(4) 3.650(4)
S1(3)-S1(4) 4.476(4)

Angles ©)
S1(1)-Ag2-S1(2) 72.6(3)
Si(1)-Ag2-S1(3) 134.0(5)
S1(1)-Ag2-S1(4) 90.2(4)
S1(3)-Ag2-S1(2) 98.9(4)
S1(3)-Ag2-S1(4) 132.7(5)
S1(2)-Ag2-S1(4) 76.4(3)

E7) - TOKRAEIZ003e A%, 2201215 Wi BT
JERR L IRERF /85 A — ¥ —%RT, E221T 134
Rt MEOREBEE G X 5, 22112 ac A~NOHRE
MzRT, AgHIS,OEEIIAB L BEOKE DM A
BHhETTETVS, ABIZTRITHZ: S[HIS,) T
D, HENICIE CrCLY R BIL ERUETH S, BEIE
Ag-S DK DEN %2 5, K2221IZABD ¢ BAIH
LN DEEERTH, HII8AH A MZH Y 67D S
DYE B NEFEOHRINNET 5, Z ONEFRITTEEN
TEZFRNBRTRONERE ER 5, Bl21F [100] K

Table 2.18 Selected bond lengths and angles

describing the environment of Ag3

atoms.

Interatomic distances (A)
Ag3-Si(1) 2.86(1)
Ag3-S1(2) 3.06(1)
Ag3-S1(3) 2.32(1)
Ag3-Si(4) 2.49(1)
S1(1)-S1(2) 4.280(4)
SI(1)-81(3) 4,476(4)
SI(1)-S1(4) 4.666(4)
S1(2)-S1(3) 3.650(4)
S1(2)-S1(4) 3.584(4)
S1(3)-S1¢4) 3.774(4)

Angles ]
S1(1)-Ag3-S1(2) 76.0(3)
SI(1)-Ag3-S1(3) 119.0(4)
SI(1)~Ag3-S1(4) 89.5(3)
S1(3)-Ag3-S1(2) 104.3(4)
S1(3)-Ag3-S1(4) [51.5(5)
S1(2)-Ag3-S1(4) 79.7(3)

b
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Fig2.19 Projection in the (4, b) plane of Agl
(black circles), Ag? (shaded circles),
and Ag3 (white circles) atoms.

Ag2(3)

Fig2.20 Structure of an elementary ring consist-

ing of AgZ atoms.
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Table 2.19 Crystallographic data for AgHIfS,.
Formula Ag,HIS,
M, 490.424
Space group Cmca

Cell parameters

a (A)

b (A)

c (A

v (A%
Z

T (K)

Radiation

Crystal shape
Crystal volume (mm?®)
Linear absorption coefficient (cm™")
Scan type
Scan speed
Scan angle
Limits (deg)
Data collected
Number of reflections
Number of variables

Independent reflections with I, > 3o(/,,)

R(F)
Ru(F)

11.4579(16)
6.6275(10)
12.7739(16)
970.01(23)

8

297

Mo Ka
Irregular
0.000072
301.7

w6

Variable
0.8+40.35 tan 6
1.0<6<35
+h, +k, %!
4412

32

700

0.041
0.048

¢
(
<
¢ ¢ g

a

@ Hf cAg O S

Fig.221 Projection of the structure of AgHIS,
along [010].

Fig.2.22 Isolated «[HIS,] layer viewed along the
[001} direction: @, Hf atom; O, S atom.

Table 2.20 Atomic coordinates for AgHIS,

Atom Position X Y z B.q (AY)
Hf 8d 0.16220(6) 0.000 0.000 0.942(8)
Agl 8e 0.250 —0.1026(3) 0.250 2.77(3)
Ag2 8f 0.000 —0.0247(3) 0.3208(2) 2.57(3)
S1 l6g 0.3250(3) 0.1729(5) 0.1036(3)  1.11(5)
S2 8t 0.000 0.3913(7) 0.6237(4)  0.98(6)

Table 2.21 Selected bond lengths (A) and angles

(deg) of AgHIS..

Hf-Hf 3.717(1)
—2Hf 3.877(1)
Hf-251 2.559(3)
-281 2.544(3)
-282 2.543(3)
Average 2.549
Hf-2Agl 3.417(1)
Agl-2Agl 3.314(3)
Agl-2Ag2 3.048(1)
Agl-2Ag2 3.775(3)
Agl-281 2.751(4)
~2581 2.539(4)
Average 2.645
Agl-282 3.804(3)
—282 3.574(3)
Ag2-251 2.582(4)
=82 2.531(5)
-S2 2.669(5)
Average 2.591
S1-S1 3.318(5)
-S1 3.502(5)
281 3.733(5)
S$1-82 3.757(3)
-S2 3.525(5)
=82 3.814(5)
S2-82 3.473(7)
£S1-Hf-S1 81.1(1)
86.4(1)
94.0(1)
173.4(1)
£S1-Hf-82 94.9(1)
168.8(1)
97.1(1)
87.7(1)
£S2-Hf-S2 86.1(1)
£S1-Agl-S1 89.7(1)
96.8(1)
141.6(1)
£81-Ag2-S1 101.9(1)
£S1-Ag2-82 112.5(1)
100.7(1)
£82~-Ag2-82 125.6(2)
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Fig.2.26

Ag/Ag, HIS,/Ag and Pt/AgHIS,/Pt.

Current variation is marked with
(@) for Ag-Ag electrode and ()
for Pt-Pt electrode.
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Table 222 X-ray powder diffraction data of

a ~phase

h k1 Ulo dobsd a’cmd

11 0 6 7.3934 7.3770
111 164 6.0372 6.0233
210 11 4.6668 4.6656
211 8 4.2628 4.2591
310 7 3.2971 3.2991
311 35 3.1486 3.1456
2 2 2 8 3.0133 3.0116
3 2 0 3 2.8950 2.8935
4 00 57 2.6092 2.6082
3 3 0 3 2.4583 2.4590
3 3 1 16 2.3926 2.3934
4 21 4 2.2750 2.2766
510 5 2.0473 2.0460
511 13 2.0077 2.0078
520 5 1.9371 1.9373
521 5 1.9049 1.9047
4 4 0 32 1.8447 1.8443
5 3 1 10 1.7628 1.7634
5 3 3 5 1.5913 1.5910
6 3 0 3 1.5546 1.5552
4 4 4 10 1.5056 1.5058
5 51 7 1.4609 1.4609
7 3 1 2 1.3582 1.3582

Table 2.23 Chemical analysis of « -phase.

Element
Sample Li Hf Ag %
wt% wt% wt% %
@D a -phase 2.5 31 38 71.5
@ washed by H20 0 40 27 67
@ in AgNO3 soln 0 25 47 72
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Fig2 Crystal structure of BaNiQ,
Some sulfur atoms which surround Ba
atoms are eliminated.
Suefur atoms are represented by open
circles, barium atoms by solide circles,

and titanium atoms by hatched circles.
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Fig6 Fundamental cell of BaTiS,

3. 1. 3 BRFEHOEH

KIZ, R XBE Y — 7 OREA T 21T,
BT R ET 5, TURTTA T EO%E DM
D) ORBNIDVWTERZTHL, LT, KBHLK
TLZMDOFEETF~7 M (QE, KA TREN D,

q = ha* + kb* + ¢+ md (2)
a, b, ¢, diF, EWIIERTLIHEANY PV TH
D, hk, ¢ mIZEHTH D, ZRITOHH LB L

—RICHEZ ADT, md BMb L2 TH5,
@Q)XERD L H IZHET 5,
g = 4 taq



BRI 5%

g = ha' + kb’

qQ. = f{¢* + md
REMOB A, q =+ ((4/3) ¥+ hk + k%) /a) T
HHILIE, ZRTEROBELFELTH 5,

KIZ, ¢ (= e+ md) #FXThb, o D
D B, b EICEETHY, o e T, »
LAEFEO(M7), 2O kid, ERTLEMTIEE
ZONHBVA, MRICEHTIITRETH L, 4"
&, WRITTZEMAICHEETADOT, RT7TITRLEe”
e o THEDLHES 2L, T2, nd D
EHARHTH L, L2LEHNS, md % o #IHKE
L7 (me,) R, @ (e + md) % ¢ BZIRELL
TofEr, = et me) IZHETRETHE, 22T,
o BiE, & EE M EICRELETHIDT, o
Bie o ®iE, MUAROMTHE, #1l, MKIT
ZEROMAETF N7 PV (q) D= RICEM AR L /2l
7 MV (e id, KA TERIBEENS,

P by
q’, r’ DETHENETHLIND,

()% = (@) + (,)?

Fhg, ZRICICHEE L2EBREO) drTES R
%6
(rv)? =1/D?
= 4/3((0* + hk + k) /a8 + (/c, + m/c)® (3)

X)L EBFMETA S5 L HEH, BTFEK
P HWT, BERERXEERTY — 7 08T 21T 72,
FOMEREFER1IIRT, hk € m I8 L T-htkt ¢ =3n,
hO ¢ m 2% L C m=2n DG, BHAITE %, HAKL
Ba,TiS,#/R T x=1.00D4&F B 2a=11.490(3), ¢=
2.990(2), ¢,=5197(2) A, TH5, M3 DXHHDOT
WCRITHBREIY - EBEOFHEMETH L, LHOBIEE
S, $%bb, ¢, mOwThd, bowid,
BOTHAERHERT, THOBITTIA N, %
bh, (dbmdOTRVWEETHEL, 20L&,
BEFHEHNES XHEFE -2 4 20 M bkl m
ERAWT, PEZIEROTTELZ EAIBALL,

RIZ, BaDEEEZ R BT AR Lz, Lo
713 Ba, TiS,® X =1.00 - 105D M HFH THERE L,
x=0.99LL T TIL RMER O BEEEMAD®, 1.06LL | Tld BaS
PRAT B, 8% Ba, TiS, DMK x L FEH a, ¢,
COBBRERT, BaOEDIFHEINT AL, ak oW
O, .0 UET 5o RETHRABHEERT L7 Sr.TiS,
DIEHE, S, BB VL, LMK LR TFEROBERD
5, X TiISHEHOEM, ,ldBasEO R TH 5,
BaNiO, ! CTid, 2¢,=c,T& %, BaTiS, D& Tld, Ba

c1*, ez

- | o e e e, @Y (= y* + md*)
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Fig.7 Reciprocal vector in imagenaly four
dimensional space
Table 1 Indices, calculated and observed values
of d spacing for BaTiS,

h k l m dcalc dobs (I/Io)obs
1 0 i -2 10.06 10.04 2
1 1 0 0 5.862 5.855 3
0 2 1 -2 5.065 5.061 2
1 1 0 I 4,085 4,083 365
2 | 1 =2 3.832 3.831 2
3 0 0 0 3.385 3.383 393
2 1 1 -1 3.257 3.255 i
3 1 1 -3 3.107 3.105 2
2 2 0 0 2.9311 2.9293 66
0 0 0 2 2.8474 2.8463 97
1 3 I -2 2.8138 2.8141 4
2 2 0 1 2.6062 2.6055 1000
1 1 0 2 2.5613 2.5601 95
1 3 1 -3 2.4861 2.4852 2
1 2 2 -2 2.4018 2.4006 3
2 1 1 0 2.3431 2.3427 46
3 0 0 2 2.1789 2,1791 99
4 1 0 I 2.0649 2.0651 237
2 2 0 2 2.0424 2.0425 237
3 3 0 0 1.9541 1.9540 150
2 3 2 -2 1.8577 1.8574 3
3 2 1 0 1.8302 1.8305 41

DEEDEINT 5L, BatHOREIEL 2 ->T, &
SDBaFWNETLHI LD, —F, TISHHITEEN
b, COWEE ZRITBECBEANPLRS L, ZXTT
BEOBRP cZ, ORDEIIT ok o, DR/NAREHR
THREINDL, LHL, c DFEIRIFFICKRE (, HEIC
ERET B EDTELR YV, ERICKEITUE, B
H 2T &% B, F72, BaTiS,® x=1.00 - 1.05
DB OHEHETIL, BaEAMENMT 5 &, Ba gHOEM
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AUUGE L C, Ba % INET 5, fHEHEEDOEHIT=o
DHEDOBNNERTHLOT, EDL ) LEHID Ba
BOBLICHLTY, K& Bz o EHOHEEDH
Y5, bbb, BROBENFETLHI LR
bo Tz, EOMBIZHHINT AHESEET LI L
76, EOMETD, FICE-HTHY, ZHMEHE
B v, MBS CCH OB RE T 5720 TH
B o HHBCE GBI & (Infinitely adaptive structure) @
—HETHb, L2L, 20L& CEEOBEOESD
TUATCCTH D) & EREHE S DE—HE AT
EWRTED, TOXHIT, BHLHEILL 712D,
20,8 DEN—HFH L TWREWADIZELLZEHETH
Bo d L, 20=c, THNIL, BaNiOFHEETH 5,
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Fig.8 Relation between lattice parameters(a, ¢,

and ¢,) and Ba content

3. 1. 4 RBFERH,SKD MR & FRFEK

AR TEBTFERD L SLFHRE RET 5
CEHHEETH LI EIL, K1, H2hoBRTES,
Ba TiS, D&, i3 TiIS,OFHEITH Y, c,idBa
DOFHETH 5, bk, LFEHSKIE, Ba/TiS, =
20/, CEREND, ¢/¢, TlE% L, 2¢/c, THAHDI,
B2 (2R L 92, BAKEFHIC Ba 8575 TiS,HD 2
EEINTVENLTH L, MIIHBFEREIHH/ES
7R (Ba/Ti) L ALFGATEOBBREZ R, b L,
WEA—HL i, K9 OEHLISHERF DS
B ThbH, HEBHEV—ETH 505, HEIZE,
x=1.00T2, & i3 L L vy, TOAR—FITHIRT 5
St TiS; DAL W BEEICHEN L, BT EHD»OHEDS
DMK (Ba/T) DYEBEIC—E LB WEE ) Z &g,
Ba, TiS,OH T, Ba D# R LFHEME TioFht
DOHAX FBa/THICHFE L BWVWI ETHD, ZDE
Wik, MEEECHERITGLELEEXOLNLLDT,
4 F T BaTiS, & # 2 T & 2 b h Ot E & & % #k
FITHIE LTze CS,HTHEIL L TR & N7 b Ba, TiS,
Oy OfEii, 300& LTE/M, LAL, BEIIHITT
% &, Ba/Ti =1.00D4E, y=293TH5HZ LHHIBHL
7o ThbL, CS,ATER LML OE &
&, BRI y=3.00IREFFEN TV D DT TlE RV, £
g, M EED SR M (Ba/Ti) b BT HE KIE,
HHW0E, BEZZEELTVWERVWOT, BEERELS
BEDVRETHEHERIND, ZOWBEOIET % T~
572912, BaTiS,;FOMHEERE 2 LIS EH I ENT
EBMED DFRI,

Wit O Ba & Ti DEELZFHMER  —EIkRD
7=z, HEWIL BaTiO% V72, &%, BaTiO %
CS,H, 750CTHAbL, 755 N7-hi t# Ba,TiS, (y=2.93)
% CS,-H O 4 DRELOFHEAR TR L 72, &
PR E Bt O E & EOBRE K10) IR T,
CS,EBEBENATEAZDT, BEFADFHEN,TE
T, MEEEIL BaTiSy FOV TR, CS, 2 & F W
HA AR THREL2EE1CiE, v=281Thl, i1
PLEBBE S oz, V=281L0, &5, W
TREOBRE /LD, TihERLEHCTHEEL
720 EEBRTEOFMIT AR OME (315) THERS, 20
FER, V=281&0 b, MEASRHEIPHE LN,
y=2700MKETCHUME LT, BERxBEY—7 %48
BT ETEL, IS, BT 5L, HaR
BEAL L (y=2.65), SMHEOBEEEICRL, 856
12, Bz 5 &, BaS AMTHIT 5 (y=2.60),

IO LI LT L 72 BaTiS,, D K X K %
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MAICRY . M52 X912, Ba/Ti =1124%
FLTY, MEEED, y=293L270TI1%, X#HEH

HOMT»ERL, LPL, §XTOE—7 I35 T T T
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Fig.9 Relation of chemical composition (Ba/Ti)
estimated from lattice parameters and Fig.10 Relation of sulfur content (y in BaTiSy)
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BI(12(a) ()R T o b AT TIREMN T HET
H—fHL LTHDE) 2N TE S (K12(0) (d).
FEREHESEOMBEN13) IR, MEEEHN
WY 5 LT ESa & CRRBPT 5, —FHCldH
M3 %, Bak Ti DHEZ—FILHRFLT, MEESE
WM EH I Lid, MEGFEL —EIR->T, Ba
EREEMS A LR UK TFERDZELERT,
ZNEHIZ, Ba/Ti = LOOWKEEL T, MEEED
&Y, C, CO5, BT A LWL, T4b
L, BTFEBE»SERONDE R TOME(Ba & TiD
i, MBEEE LIV EEINLSE, 62 1F,
Ba/Ti =1TH - Td, y=270Ti¥, BT EHKILEDS
N ABMBE2C,/C, =1.11& %D, 1.00&1d7% 5 &\,
ZD LI, BTEEDSES M (Ba/Ti) 295K
BiE: —H L2 WHBIMEGEOANRICEMN L
DR L 7z, B(9)ICRBNIZLHIT, CS,EAH
THR LSBT, x=1.00ICEWHEET, BF
ERPO/ONT MRS ERELRL LD, FOKR
BTy HB00L ) /NS WD TH B EAFA3)H
btk tb, £ LT, HM(13) D¥TFEHE x=3.00F
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THET 5 L2C/C, =1.00& %2 b, EBE L —F T 5
ZEDED, TDO LI, BaTiS, T, BFEHLSK
W72Ba & Ti DAERME L —E L 2 WHEIHNE, B
RIPIZEBZEPHBAL, DEOZ s, BFE
B o EHBOMBZ RO 251, HEXREI L
WL ERHERTAZEDPEETHL I LWL,

ZZT, 1D00EMDPFEET S, BaTiS, DIE &
BV HE, BagHOBM»/NE LY, TiHD
K E B, Bak TIDEELE TN TWVAIC
bhrb 6T, BT Hos, TiBFaoiHky
bEL b, Thbb, BFROBLETOBI—X
Lz, 24U, BRI, H2RBORMHPELET S
ZEERBWT D, RGEEOTEBELHO T L0
2, RIGHBEOFTERE L ENTEL LKL, &
W, ROLSH & 3FEEOXKMBEELRE L7, (1)
Ba Z2fLE 7 (Ba DEF H O —E A ZZFLIT R > T
5)o FTEEEEIM/ 2V, TEENS, 2T, Mik
TVl EENESFE, VIETISH 7LD
KFETH B, (2)FH Ti €7V (TiHF LN
b TIEFPHFRET B), STEFEFEEIM/V,TRS 1
Boe ZZT, VyidBaW 7R NVOEKETHS, (3)8
HE TV (Ba D—EATIIZL o TEIES N TV 3B),
FHEEEE, M(2V,+V)/(4V,V)TEINL,
M, V., V,dMbZESH, BFEE» S/ ONET
Hbo MUNICEMNFEELHMBETRL, ETNVQ),
2),B)DEBEEZEEAAL, HA, BALTRLAE, B
)i, =7V, QPFELL BZVWIEERLTWY
Bo —7, ETFNVQE)DOREHRERX, EUNHEELTE
Lzwv, L2L, ZOHE, BatdkFao—E5% Til
Lo TERINTVE LBEETLIOIRETHL, B
FEHE»S, MIETEa2kE, (1)DEFLTLR
FiUE, (2)DETFNVTHHRWIETH D, HERT
DIERDFEI=N B,

INFET, BTFEE,HROIALZHRDOREIEL Z
RTCED, LBROERKERIL, SHCEELZEEY
BATVALZEIIRM, T4bbH, BaTiSH%, X
D AERLEE P TR B IG B S SFE T A1) Th
<, BRERA T AN b [RIBE 2 MR B IS B & SRR T
BT ETHDH, DI, BaTiS, Tld, Ba/Ti,
S/ITIOZEALICL Y, ZOMBICHEIE LS % B
D, MEOBEPEET S, LrL, INLOEER
MRFTFERCRIAT UL, BEBEER LR OB ML L
THRNHHE) Z D TES, BaTiS, DL H T, Z2D
B4, $abb, Badiind SoEA, OEICL
D, MBGEDEEESEET A ON TRy,
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Fig.l4 Density and sulfur content
Calculated density for the Ba vacancy
model is represented by open circles,
the interstitial Ti

squares, and the substitution model by

model by open

soled circles.

DEOMEENT 5,

(1) BaTiS;»##& %, itk T H N T/ BaNiO M
Tl%L, BEKETH L, BELTENT 5 TiSHHL
Ba OB L 2 Wiz IC AR RISk o 72,
(RAA—F 3 g, BaNiOFITH B), BEK S DT
DI, WEOEMFEL R, X#, bV, BT
AT ORI, RETH S,

(2) BaBEMHWENT S &, HF5DOBa 2 BT 572
DIZ, BaHOFMIVIHMET 5, €020, TiSHHE
Ba SHOF/NAER TEEN L ZRITEROBIAHZE
fbL, &BHABHFTIE, EEORL o /-HEN T
T5h, N6, MBECEBED—ETH D,

(3) Ba & BHMMOBGE LRI, WEA B
BTh, MRESIEEND S,

(4) BEOERTTERTIRIBEMNT TE 2 WEIT A
b, WRTEREFHOE, BEZEHEEomEE
LTERATETH D, ZXTERRTE, EROBED
£ 45 (RGBS EIEE) b, WATERCE, EEEE
ERO—OOHEL LTERTAZ LN TE S,

(5) BeHEOMBIIRTFER»OROLND, L
AL, BaTiS, D& FEE A & K 72 B S EME DAL
E—BLBRVWHAVREET A, I, MEXRIBICL
BHDTH5D,
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3 1.
TE&R
Ba, TiS,;d XD L ) I L THEM L7z, H5EY, BaCo,
(FiRE99.9%) & Ti0,(99.9%) % FHHEMFE L, RELL:
B, AEFR—-MIANR, HISIKRLAZBERFEFT
750C, =HM, CS,HFERAPFTMEAT LI LIZL DR
b7z, Boniltz FEN T AEFICEEHA
L900C, L HMME L2, KRPICANTES L,
FE12 Ba/Ti =10 FEHT BaTiO & HIFEWIZ L7,
e OMEEEOFRE/EL 72012, CS,HIZH%
RA LT, CSAMA THBL L 72 BaTiS,. % BLAt L
720 CSERE N AL o TEIEN DT, FHEA
X, He NOEETERBEL 7, AEEHR T OE
DEEZFET LI LETRTHE, L, RERT
X, CSIFZRRICEVTWADT, MEZHSL T
T\, 26T, CSOBNWEZEL[ DI, CS,HI
TR rEEPLTESEZ TIP3, Ihood
HOZOIWK, MESEE L TOTFT— Y IIEBETEL
Ve B, MEESEORL > B OERZ T2 B
EL7EBRTH A, BaTiS, D y=281L D, 51,
MEREOREZEL 72012, B E LT, Ti#H
FE 72 (K16) . CS,ATEHF TAER L 72 BaTiS, %
AEHMICAN, MR TI EEDICRET S AEIC
BHZEE AL, 750C, BEMK L. Zomthr &

5 HERGE

Ne — :{ZF

\ / e

BaCOs; + TiO:
CSe

Fig.1l5 Instrument for the preparation of the

sulfide

Ti#3R
iy

Figl6 Desulfidization by Ti metal
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B, AN T AEICEZE AL, 900C, A HMnk
LT, KRHICANTES Lz, Bt S N-mEE1dm
L O BEE A SRD Iz, y=2 700K 72171, A
BN T AEICEEE A LR, 900C Tk M E
{2 BDT, 750CTHEL L 72,

M BRI

AL #I500mg % 288 2 me¢ ORI AN, CCLEM A
T, WAL, 25T, CCLATHENEZEELZ, H#l
FELBEOLEMS M0, BEBRNOSME
SiDEETWE Lz, TOEE, 231, 2.32(g/cd) T
Hotz, EMEE, 2.33(g/ed) TH 5D,

I e=cbiving
Ba, Ti, SOERIIXRDZHEIZLVERL T,
(1) H%% BaCO,, Ti0,%100C DEJELEH T 1 H
VST, REIE LK 2hETL, ZoH
EWEEREEREG LT, A%EK— MIANTCS,H Thit
{bE8T, Wt T 5, 0L SOEEZ(LH O
BRFHET 5, Ba & Ti DEd BaCO,, TiO,NEDSE
BlL, 2oL L TELNMEKICE, ROLH%
RENRO>EF LI, (a)CS,HFTHILT 58, Ba <% Ti
WEEREL vy (b)) CS,2 5 D REDFEAF IR
AL TR, @), b) 12 & 0584 B3N H 5 h
8 WIARD 12O Bty o 12 TG T2 72,
(2) FHR150mg 2 HAHICE 0, BEAERLL
T, HET L FTEAFTMERT 5, BILL -6lbts
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BIINET %, Z DI BaCl,% il 2 T BaSO, % b =
HTHEBL, BaSO,NEREDOMEEELY KD,
(D, @)D FETHELNIERERT,

Table 2 Comparison of chemical compositions

determined by two metods

%ﬁﬁ[’BaTiSzmz
Ba (wt.%) Ti(wt.%) S (wt.%)
FHik(1) 4952 17.27 33.21
FHiE(2) 49.04 17.35 337
49.14 17.32 33.6
49.30 17.34 33.3
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10 20 30
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Fig.17 X-ray powder diffraction of Sr,,,;TiS,
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Vv O o 72 X912, Hexagonal ® 2 2+t Da, bidHBTH
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Fig.19 Schematic drawing of Fig.18
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BI201%, #HEL (Sr/Ti) E T EH (2, ¢, c,) DBE
EIRT . Sr DEEDEINT 2 L, a, IZETBED, o
BT 5, 20X )1, MRTTERTIE, FEiESH
EROBE—ME LTERHATES, LAIL, ZRIEER
OB, S RAUL, MR (Sr/Ti DEIE) HIEFEITED
AL TH, ¢k o, DBRDLEHTEEIND =ZKTD
cld, RELEIMLT, hoRE Il b, S, TiS,FR
Tx =105 - 1220 H TIREHROBEIFET S
EWlh B, Tb b, MK E S B & (nfinitely
adaptive structure) T&H 5,

3. 2 2 BFEH,OSRKD MK EFRER

BaTiS,DIETHEM L7 & 912, TofEETIE, L%
MBI FEROL P HLRKOZ I ENFTEHEITTH
bo [M21id, BTEHD ORD MK & EERIED B
Thbo 22OOMEA—FTUL, B, S#okic
DEITTHb, IroHL2R LD, BiL, &
o izl v, B FERD S KD A FEEE L —
HL WA, BaTiS,O%B &b HE T, KR
i, EXEICLADDTH S, FEHCHEAEHES
A b A RGBIG IR EAEAE Y 5 2 L 2R L T d,

Table 3 Indices, calculated and observed values
of d spacing for SrTiS,

h k l m dculc dub.s / obs
| 0 | 2 8.90 8.93 <1
1 l 0 0 5.74 5.73 5
2 0o 1 2 4.83 4.82 <1
1 1 0 1 3.854 3.850 43
2 1 1 2 3.696 3.697 <1
3 0 0 0 3.317 3.313 53
3 0 3 6 2.965 2.967 2
2 2 0 0 2.873 2.871 10
2 1 1 3 2.777 2.778 |
3 1 4 7 2.759 2.757 3
3 ! T 2 2.733 2.732 7
3 i 2 3 2.675 2.673 3
0 0 0 2 2,599 2.598 12
3 1 1 | 2.569

5 0 T 0 2563 2.363 33
2 2 0 l 2514 2.513 100
4 0 ! 2 2.468 2.468 4
4 0 3 4 2.413 2.414 2
| 1 0 2 2.368 2.367 17
2 1 1 0 2.340 2.340 32
3 | 1 3 2.293 2.293 2
3 2 ! 3 2.268 2.268 N
3 2 2 3 2.234 2.234

3 2 2 4 2,225 2.228} 3
4 | 0 0 2472

32 1T zJﬂ} 2170 $
3 0 0 2 2.046 2.047 18
3 | T 0 2.028 2.028 10

3. 2 3 TREREHERMOHEKECEEE

HTFER D ORDIABAEMEEL —FH L 2w &
A5, SrodFEALRE & FARCREE S RN A
BOBEIS B E DR FEEND, TOZExHLH
572012, CS,HTERM L7 Sy, TiS, 2 1 4 O F
o B SIEOFHRP CHEL T, s OmEE
BORE A G L7, BaTiS, DA & ML, WS

11.52
11,50
o<t

T 11.48

11.46
5.30— 1 : T " . .

LA A R A N B}
S T S S S |

5.25

CSr (A)
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L LN SRR A B R B S R R S B R B s
-
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Fig.20 Relation of lattice parameters and Sr

content
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SR R BT Se s o

BN T AL, ak o WWEY, T 5, Sr &
TiDEENALETH-TH, MESEIZLY, BT
FEEHNELT D, T LhS, BFEE,SKDA
R AYERME & —F L 2 WEE D BaTiS,0¥4& L [
BICHESEDORRBICLAZEPHLLTHE, 5
12, Sr & MBI & FARIS, BRECASEALECENC S A
BISHEELNEET LI ERHO L TH L, T 77,
B4 OFBEPEAERTHD, ZXKITTIE, BEATT
TERVY,

PEoZ &5, SrTiS,d BaTiS, & kI, BaNiO,
RICIE AV AL 7z, R 2 E LR E Tl
5N5D, BaNiOJIRERE I2E T B 2 T8 (TIS,
FE& Srdf) ORIIDENIZE L > T B 72DIL, 5B
L7 ETHD, SSOGEPENTLHE, HoHW
X, SOEEIHAT L &, TISFOEAIIMEL, Sr
SOEPIHET 5, 200, KT c HHOMRE
B (1)sNegsSh, FFICKEL LY, ZXRILTIE
FEEUT AR B, & DAKHEIE T, BEioR%
BB OBEPHEET B, L L, TWRITTTIRENMNT
T, BEE TR REE 2D, =XKITT
SEMGEET A48 E S URTTERR T, 1 20H
ELTHRYDHD LA TE A,

3. 3 HFHABMEHOER

3. 3. 1 #FRERI1EY Ba,ZrS,, Ba,Zr.S,

=g

ALY Ba,ZrS, & Ba,Zr,S, % & L 720 Ba,ZrS,
DiE SRS, KNIFE (Tetragonal, 4/mmm, a=
47852(1) A, ¢=15.9641(3) A) TH 1, Ba,ZrSi¥,
Sr,Ti, 0, (Orthorhombic, a=7.0697(2) A,
b=254923(8) A, ¢=7.0269(2) A) T 5,

M=,

ARFEBEBMELIEIC, Ba-Zr-S & Tld, BaZrS,(FE
O7 284 M) DEIEZ TS LT W, 22T
&, FrEALAY Ba,ZrS, & Ba,Zr,S, D A & RS v #H
EHT 5,

PERTE
HFEY) BaCO,(99.9%) & 7r0,(99.9%) % ETE & % RE
L, 750C, 3 HM, CS2EHRF THfkT 5, 55
MR b 2 A9 ICEZEH AL, 1100T, 5 KFH,
e L 72, KPS TA, ZOLHIILTELN
7oAHRL E AHDBIR A K 4 1R,
F5, Ba/Ti =1.5L 200 CREMLEY A H—

#9055

Table 4 Relation of chemical composition and

phase Ba-Zr-S system

ABazrS, B:iREI{LEY (Ba,ZrS,),
CREML AW (Ba,ZrS,), D:BaS

HLAE (Ba/Zr) 1 15 2.0
#H A A+B B B+C C C+D

HELTHET S,
KEwpibdn c s, BRERXETH S, {Lz0r
DFER . B, Ba,Zr.S,Cld, BaZrS, ThH o7,

=5l
Ba & 7r DEE

TR b#n0.2g % HH 12 A4, 900C, 1654, ZE45HF
Tk L, KS,0,%Mz T, 500C, 154/, &y
%o ZAVIZUEREEESmL N Z T, BaSO, % LB X-¥, I
WL, 1000C CHEWT, BaSO 2 FFET 5, Zrid, &
W% EDTA CMET A LIk, E&E L, R
1L, Xylenol orange & 72,
MEDER

WAt40.2¢ % NaOH /K& & HO,D A BB D
o ZOEIZHNOE Br,Z iz T, BEIL L 727%,
BaCl,Z fill 2 T, BaSO,% ikl & ¥ %, BaSO,DHEH & H
LItEEEVEONS, FRROFETER LIRS
F5IRL,

Mk S
Ba,ZrS, D & #8477 [} ([X]22) 14 1E 5 & 5% a=5h A,
c=16 A CTIREAHTHEETH 5, htkt ¢ =2n OFEHEAIHS

Table 5 Chemical composition of unknown

compounds

FAHRLY B

JCHR Ba (wt.%) Zr (wt.%) S(wt.%)

FEERAE 55.2, 555 18.4, 183 249, 25.0
55.6, 55.6 184, 186 25.1, 250
55.9 18.1 25.0

EBREOTHE 556 18.5 25.0

Ba,ZrS,& L7z | -

s R [ 55.6 185 26.0

FAme ik C

TLH# Ba (wt.%) Zr (wt.%) S{wt.%)

SR 50.5, 49.9 224, 225 273, 273
49.8, 49.9 225, 224 275, 273
50.5 22.1 272

ERBEOFHE 501 224 273

Ba,ZrS,& L 72
50.3 223 274

HEOFHEE



BERm Y 2B 2h5E

B S 7z, ByR XAREHTE (X123) b 1E 77 fh % (a=4.7852
(1) A c=15.9641(3) A) SEHM T T& 2,

B241%, Ba,Zr,S, O BEFMEITHTH 5, 55K
FHPRZ 5, COFRETERE LY 72VE, E
Fib A (@,=5A, ¢=25A) THREAMIFTE 5, BHETF
MESGUEHAL, SRR A5x/2=V2a,
B=25A=c;, C=5 x ¥ 2A = 2 a) CIREMN I T
&V, HtK=2n (HKL), L=2n(HOL) DB RSN
5o MR XBEITHED S, WELRETERL, AT
0697 (2) A, B=254923(7) A, C=7.0269(2) AT 5%,

Ba,ZrS, & Ba,Zr,S,DfE & & 2 A, HHAT
LML OREET — 57 % K6 IIRT, RIRT L
12, Zr/Ba =1& Zr/Ba=0O M E T, v 4bbH,
BazZrS,(«k 1 7 A H A »H) & BaS(NaCl &) o A %
T, AL OREEIZAHY T ALY OIS & FEITH
o TDOZ XX, Zr/Ba?’, 1L0DM DMK TH %

Fig22 Electron diffraction patters of Ba,ZrS,

Ba,ZrS,(Zr/Ba =1/2) & Ba,Zr,S,(Zr/Ba=2/3) O 1% 1&
b, T/, YT HELY L FRCH DA REER Y,
FFE, BEHREITEE, B3R x BREPHEE O E Ot
1LY L BALI SR T B Z L ERFR L TV,

MBa,ZrS, DA |

K,MgF, (Z2# 14/mmm) O T E 7 — &2 % WA
e LT, V=MWV MNEVTHEBELL Az, BREED
MIEZTAZLILY, FHEMEIZEIEE R <—HL
72 (Rwp=10.9%, Rp=8.5%, RI=6.9%, RF=4.2%),
BiEo7T—413, £7IRL, MWER, RIGEEOFT
B L EREZ L 8 IR Y FHE L Mo BT EIEH
2312 L7z, Z DR, BaZrSid, YT 2B LY
& A B (KNGF B, 22 % 14/mmm) TH 5 Z & HVHIHA
L7z, 2612 0ffiEs, JFEFREMERILIRT,

# » &£ & ¥ B * % % 5 %
& & &K ## » P % & B = @

Fig.24 Electron diffraction patterns of Ba,Zr,S,
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Fig23 X-ray powder diffraction pattern of Ba,ZrS,
Table 6 Structure data of oxides and sulfides
Zr/Ba: 1 2/3 1/2 0
Oxide BaZrO, Ba,Zr,0, Ba,ZrO, BaO
Cubic Tetragonal Tetragonal Cubic
a=4194A a=419A a=4.184 a=583A
c=21.72 A c=1348A
(Perovskite type) (X3Y,Z; type) (K,NiF; type) (NaCl type)
Sulfide BaZrS; Ba,Zr,S; Ba,ZrS; BaS
Orthorhombic  _ Orthorhombic Tetragonal Cubic
a =499 x V2A a=500xV2A a =479 A a=639A
b =499 x2A b=12549A _ c=159A
c =497 x V2 A c =497 x V2 A
(Distorted Perovskite type) (Distorted X, Y>Z; type) (K,NiF, type) (NaCl type)
Table 7 Crystal data and atomic parameters of rBaBZrZS70)7f§i%_J

Ba,ZrS,

Crystal data (tetragonal, space group [4/mmm (No.
139)) a = 4.78521) A, ¢ = 1596413)A. V =
365.55 A%, Z = 2 (according to the formula Ba,ZrS,)

Atomic parameters

Atom Occupation X v b4

Ba 1.0 0 0 0.3567(4)
Zr 1.0 0 0 -0

S(1) 1.0 0 1/2 0

S5(2) 1.0 0 0 0.164(1)

B(Ba) = 1.3(2) A%, B(Zr) = 4.2(4) A%, B[S(1)] = BIS(2)]
= 3.1(4) A2

FOITRLIEDI, AT 28 & OELUMED
b, 7 Ba,Zr,0 & (RO 7 A0 4 MRS L E
XY, ZH 0 Ceem) 2E L 720 Z XY, Z 0 BT &
Ty PEMEEL L CHE(L L, FOKE, B
BIEERME L B —3FL 72 (R,7106%, R,=82%,
R,=6.3%, R=4.0%), &N T — 5%, £9IRL,
TR, BT RR R ORI & SR % RI0IR T, 7
HEEMORMPBTEIIR5R L7z K262 2 Ok
T, JEFHEEE RILIRT,
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Table 8 Indices, calculated and observed values

of d spacings and intensities for Ba,ZrS, Table 9 Crystal data and atomic parameters of

Ba,Zr.S,

H K L dobs dcnlc Iobs Icalc

Crystal data (orthorhombic, space group Ccem (No.
0 0 2 799 798 10 13 66) A = 7.0697(2) A, B = 254923 A, C =
I 0 1 4.59 4,58 4 4 7.0269(2) A,V = 1266.4 A}, Z = 4 (according to the
0 0 4 3.994  3.991 9 7 formula Ba,Zr,S;)
1 0 3 3.559 3.558 100 100
1 1 0 3.386 3.384 85 82 Atomic parameters
1 1 2 3,117 3.115 5 6 Atom  Occupation x y z
0 0 6 2.660 2.661 64 { 25
1 0 5 2.656 19 Ba(l) 1.0 1/4 3/4 0
1 I 4 2.582 2.581 44 40 Ba(2) 1.0 0.246(1) 0.9318(1) 0
2 0 0 2.394 2.393 49 55 Zr 1.0 0.261(2)  0.159(1) 0
2 0 202292 2292 <l 1 S(1) 1.0 1/4 1/4 0
2 1 1 2.122 2.121 2 2 S(2) 1.0 0 0.159(1) 1/4
I 1 6 2.092 2.092 2 20 S(3) 1.0 0.219(4) 0.0520(5) 0
1 0 7 2.054 2.059 14 7 S4) 1.0 0 0.350(1) 1/4
2 0 4 2.052 5 . .
0 0 8 1.996 1.996 48 5 B[Ba(1)] = B[Ba(2)] = 2.20(9) A*, B(Zr) = 0.9(12 A?
2 | 3 1.986  1.986 36 BIS(1)] = B[S(2)] = BIS(3)] = B[S@4)] = 2.002) A®
2 0 6 1.780 1.779 22 24
2 1 5 1.778 9
1 1 8 1720 1.719 3 4
2 2 0 1693 1.692 14 16 Table 11 Inter atomic distances
1 0 9 1.664 1.663 2 I
0 0 10 1.597 1.596 2 I
2 7 L361 15619 6 Ba—s1 Barrse 4 % 331005
22 4 1,558 2 —s2 4 x 3'399§z>
2 0 8 1533 1533 IS {7 —S2 1 % 3.082)
3 0 3001529 1528 7 Zr—S1 4 x 2393
3 ! 0 LS4 L5130 10 I - 2 % 2.61)
3 ! 2 1487 L4g7 1 I Ba,Zn,S;
1 1 10 1.445 1444 7 6 Bal—S1 - 2 x 3.535
2 2 6 1.428 1.428 1 { 9 —81 2 % 3.514
3 0 5 1.424  1.427 I ) 4 X 3.4202)
3 1 4 1.415  1.415 12 10 54 4 x 3.56(2)
2 1 9 1366 1.366 1 ! _$3 3.8003)
2 0 10 1328 138 { 2 —$3 3.543(2)
3 2 1 1325 1323 1 _s3 3.07¢1)
3 1 6 1316 1315 7 6 —$3 3.32(3)
3 0 7 1.308  1.307 2 2 53 3'543(,)
2 2 8 1291 1291 3 S4 3 % 3.24(7)
s 23 i im0 | 6 . 2% 3.242)
3 2 s 1,226 2 r“g; L )
3 1 8  1.206 1.206 1 2 —$3 < gﬁiﬁii
2 1 1 1.202 1.20] 7 9 —S4 2 x 2.55(1)

Table 10 Indices, calculated and observed values of d spacings and intensities for Ba,Zr,S,

H K L dobs dcal: Ioh.\ Icalc H K L dobs dcalc Iobs lcalc
0 2 0 12.73 12.75 3 6 2 6 2 2.149 2.150 2 2
0 4 0 6.38 6.37 5 6 0 12 0 2.124 2.124 4 4
1 1 I 4.89 4.89 2 ! 1 11 1 2.101 2.101 3 3
I 3 1 4.29 4.30 5 { 2 2 10 0 2.068 16 { 9
0 6 0 4.25 4.25 ) 4 0 10 2 2.063 2.063 9
i h ! 3.562 3.564 100 100 3 5 1 2.047 2.046 39 {21
2 0 0 3.509 3.535 7R {39 1 5 3 2.039 2.038 20
0 0 2 3.514 39 3 7 I 1.903 1.905 4 { 2
2 2 0 3.404 3.406 1 1 1 7 3 1.899 1.898 2
0 2 2 3.388 3.387 1 0 14 0 1.819 1.821 2
0 8 0 3187 <I 1 2 12 0 1.821 5 2
2 4 0 3.081 3.091 <1 2 0 12 2 1.818 2
0 4 2 3.077 3 2 2 10 2 1.782 1782 23 26
1 7 1 2.940 2941 11 10 4 0 0 1.767 1.767 9
2 6 0 271 2717 19 {18 0 0 4 1.754 1.757 24 10
0 6 2 2708 18 3 9 1 1.754 7 3
0 10 0 2.549 2,549 29 23 1 9 3 1.749 4
2 0 2 2.497 2,492 69 65 2 14 0 1.619 1
1 9 I 2.462 2.463 14 11 0 14 2 1.617 1.617 1
2 2 2 2.446 1 2 12 2 1.617 12 6
2 8 0 2.362 2.367 \ { 1 i 15 1 1.609 1.609 2
0 8 2 2.360 - 1 3 11 1 1.609 1
2 4 2 2.321 2.321 2 2 1 11 3 1.605 1.605 L I

|
l
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Fig.25 X-ray powder diffraction pattern of Ba,Zr,S,
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Fig26 Crystal structures of Ba,ZrS, and Ba,Zr,S.

3. 3. 2 FEARBR{EY Ba,TiS,
=g
RARIEY) Ba, TiS 2 &R L7z, #EEMEEIE, Cs,CoCly
# (Tetragonal, 14/mem, a=8.465A, ¢=13767A)T »
b

TE
AEEEFAMGLARTIC, Ba-Ti-S R TIE, BaTiS,& Ba,TiS,
DN S LTV 72, BaTiS,ld BaNiOJ & #i sy =
N7z, MEEICEEETH Y, F2OLEETE
AR TH B Z LT Eaf L7z, Ba,TiS,i, K. Susa™

IZEDRIFEE N, BaSOETH B, T I TH, HHAL
G Ba, TISSDERL EBETIMET 2,

F& R T

Ba,TiS;lL, KO L HIZLTER LA, HEY BaCO,
(99.9%) & BaTi0,(99.9%) #100°C, 2 HME#EL, 3t
HEr2HE LIRET 5, REWET50T, 158EE, CS,
FHAPCHILT 5, BoNTMIE AEE ICEZE
HAL, 950C, 3HM, 2l /o KFicgms
o TOXIIILTES N EHOMGEFI21C
NG

Table 12 Relation of chemical composition and

phase in Ba-Ti-S system

A:BaTiS,, B:Ba,TiS,, C:HRAMEILY, D:BaS

AL (Ba/T) 1.0 15 2.0 25 3.0 4.0
#H A A+B B B+C C C+D

FE 5, Ba/Ti =300 CRAMLEY (B ) HYH
—HE LTHET 5. ZOMLEWIE, IRET00 - 1300C
TIIAHEERL LB S e,

s EsElE,
Ba/Ti =30T&» 4 72%, MEEEIIAHTH SDT,
ROFFHETER LT,

(1) Btk
FUBS00mg 2 A 3EH I A, BEEA A T1000TC



BEm LW S 2%

T L, HERxMHMEMET S &, BaTiO, & BaSO,»
REWPER L Tz, ZOROEEEL) OHEE
ZRD Tz,
Ba,TiS, —  BaTiO, + BaSO,
(2) WY Lt oEEE
WY & AR L O B2 S L h o s &
ErEHE L, TOHE, CSERATTHILYT 5 &
&, Ba L TiERLARVEREL T,
BaTiO, + BaCO, — Ba,TiS,
(3) EPMA
B X MOW RNV ER LD T, Ba & Ti DER
ETE o772, MEEEIZHETETD
D, RIBIMOFEIZ L BRERE EHITRL,

Table 13 Sulfur content of unknown sulfide (Ba,TiS,)

Fik g eE  (wt %)
(1) 244, 235, 253, 248
(2) 235, 255, 255
(3) 247, 255, 223
FiE EE=E  (wt. %)
Ba,TiS, D&
oS 258
DEIE & &

KISDAERN G, R DA L Ba,TiS,
THALI EDbhh,

i A

BaTiS,D & F#E AT % K271~ T, — /KD
JCEF hk ¢ T, htkt € =2n, h0 ¢ O KSR LTI,
h=2n, ¢ =2n OEFHIPEBE S 7z, Z OHEEHIH»
5, Ide,, Idem, 4/mem DZEMBEO T REMEICK S 1L
bo MTFERMIE, IEFM a=85A, c=14A TH 5L, ¥
RXREHTHIED? S, R & FERIE, a=8458A,
c=13.752A TH % o T BB & IHHEHI O LD
5, kgL, Cs,CoClLERE LTz, T D% H
FEETINE LT, HERXGEIT(XN28) & H T,
) — bRV MERTEITo 72, ZOMER, R,,711%, R,=
78%, R=31%, R,=1.9% & 7% -7, HHE, B
BEOFEME EINE LY RI4ITRT, ZORE,
Ba,TiS;l%, Cs,CoClIITH B EAHBHL -, HEZ
2912, HEET— % #EI1510, BET-MENEE R1610R
9, Ba,MO,(M=Ti, V, Cr, Mn, Fe, Co, Si, Ge)
&, L OBIE, Z OEE RO DERILY T,
BZ5<, BaTiS;,E I TH 5,

Fig.27 Electron diffraction patterns of Ba,TiS;
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Fig28 X-ray powder diffraction pattern of Ba,TiS;

Table 14 Indices, calculated and observed d

spacings and intensities for Ba,TiS;

h k 1 dcalc dobs (I/Io)dbs
0 0 2 6.87 6.86 5
1 1 0 5.98 5.97 1
1 1 2 4.513 4.507 15
2 0 0 4,229 4,223 2
2 1 1 3.647 3.645 34
2 ¢} 2 3.602 3.598 55
0 0 4 3.439 3.434 24
2 2 0 2.990 2,988 28
2 1 3 2.918 2.915 100
2 2 2 2.742 2,741 5
3 1 0 2.675 2,673 56
3 1 2 2,493 2,491 3
0 0 6 2.293 2.292 4
2 2 4 2.2565 2.2553 18
2 1 5 2.2249 2,2244 19
1 1 6 2.1407 2.1406 6
3 1 4 2.1113 2.1110 16
3 2 3 2.0884 2,0878 2
4 1 1 2.0289 2.0290 40
2 0 6 2.0155 2,0178 1>
3 3 0 1.9936 1.9935 8
3 3 2 1.9147 1.9140 14
4 2 0 1.8913 1.8908 15
4 1 3 1.8725 1.8725 18
4 2 2 1.8236 1.8233 3
4 0 4 1.8012 1.8010 3
3 1 6 1.7407 1.7409 8
0 0 8 1.7195 1.7190 8
5 1 o] 1.6587 1.6576 14
4 1 5 1.6445 1.6445 7
5 1 2 1.6125 1.6124 2
5 2 1 1.5605 1.5608 16
4 0 6 1.5543 1.5541 1>
3 3 6 1.5044 1.5047 12
4 4 ¢] 1.4952 1.4951 27
2 2 8 1.4906 1.4908 1>
5 3 0 1.4505 1.4507 12
3 1 8 1.4464 1.4467 1>
2 1 9 1.4171 1.4177 10
6 0 0 1.,4097 1.4101 11
4 4 4 1.3712 1,3714 3
5 2 5 1.3640 1.3641 5
5 1 6 1.3439 1.3442 1>
6 2 0 1.3373 1.3369 8
6 2 2 1.3127 1.3133 10
6 0 4 1.3043 1.3045 10
4 2 8 1.2723 1.2728 12

£

S

¢
L 4 1O
s }x\ N A

Ba3Ti Ss

14/ mcm

Fig29 Crystal structure of Ba,TiS;
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Table 15 Crystal data and atomic parameters of Ba,TiS,

Crystal data (tetragonal, space group I4/mcm

a=b=8.4646(1)A, c=13.7668(2)4,

gNo. 140))
Z=4

o

V=986.4(1)A

’

Atomic parameters [ B(Ba)=B(Ti)=B(S)=0.30(6)42 ]

Atom* site x y z Atom®* site x y z
Ba(l) &4a .0 0 25 [ S(1)  4c .0 0 N

Ba(2) 8h .3371(3) .8371 .0 S(2) 161 .1487(8).6487 .1518(5)
Ti 4b .0 .5 .25 |

.
3

Occupation number of each atom is 1.0.

Table 16 Inter atomic distances in Ba,TiS;
Ba(1)-S(1) 2x3.442
-S(2) 8x3.501(7)
Ba(2)-S(1) 2x3.169(3)
a2y 2% 3.075(7)
S(_><:4X 3.367(7)
Ti -S(2) 4% 2,235(7)

3. 3 3 ##HEE BaCu,S,

3=

PEED BaCu,S, A AL 72, #hdi#Eld, ThCr,Si,
%I (Tetragonal, [4/mmm, a=3.909A, ¢=12.648A) C &
5o

=
Ba-Cu-S % TiX, a«, B —BaCuS,, BaCu,S,

(Orthorhombic) DFETEASH] 5 LT\ 72810 KREEET
i, 4 F CHREIN TV WIEFH BaCu,S, % CS,5%
[E]/:jiqj fé\ﬁk L f:_ o

CaRH

FRANIEF & BaCuS,ld, KDL I LTEB L,
H 588 BaCO,(99.9%) & Cu0(99.9%) % st EEFE LR
5T 5B, BEWET00C, SEM, CSAEBHEF CHLY
b, B NIHRK L HOBRE RITITRY,
Cu/Ba =2.0 O TERALEWPE—HE L THE

5, 2050, BalBFE TlE, BaSHRAL, CuB%
TiE, a —BaCuS;05RAT 5, KELED DILFH
Bk, KB0CRT HETER L), HELERIBIILD
T, ML, BaCuS, T 5,
BFMRER % KUK T, a=4A, c=13A DIEH
mCH Y, HEA] ikt =T PH b, HERXEE
b, EWHEEFERIT, a=3.9096(6) A,
c=12.655(2)A TdH B, FINIGH L HHEMEOEZRE
NI

R 205, Z2RIEE 4/mmm 2RGE L, 2a (22Ba,
4d |Z4Cu, 4e lZ4S ZEE Y — PV MEWEITo 72,
FOKFE, R,=71%, R =54%, R=67% R.=3.9%
Ehrolz, M32ICFDMEEE, F20ITHET -4 %,
F2UTR TR R Y,

BB, U — bV MEFO T T 7T L (Rietan) &
FHIECTTE o RELREEMEEICEH L E
T

Table 17 Relation of chemical composition and phases in Ba-Cu-S

A:BaS, BRIGE{LY, c:a-BaCuS,

#AY (Cu/Ba) 0
iz A

10
AtB

2.0
B

3.0
BtC

40
C
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BaCU282
HNO, + BrZ
Step 1 PH=
Baso,
|
Ba conten% : Step 2 BaCl,
I
| Bas0,
\
S content

Chelate titration
i

Cu gontent

Fig.30 Procedure of chemical analysis

Table 18 Chemical composition of BaCu,S,

Ba(wt.%) Culwtask) SEWE..b)
Theoritical value 41.8 38.7 18.5
Experimental value (1) 402 386 18.4
€2 4041 383 18.6
(3 405 1 38..0 19.0
(4) 39,8 BT 2B 19.3
€5 39.9 374 19.1
(6) 39.8 376 19.4

(A) [110] E.D. pattern

(B)[010] E.D. pattern (C) [001] E.D. pattern

Fig.31 Electron diffraction patterns of BaCu,S,
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Table 19 Indices, calculated and observed d

spacings and intensities for BaCu,S,

b k 1 dcalc dobs (I/Io)obs
0 0 2 6.33 6.35 4
1 0 1 3.735 3,745 30
0 0 4 3.164 3.168 50
] 0 3 2.867 2.871 100
1 1 0 2,765 2,769 5
1 1 2 2.533 2.536 82
1 6] 5 2.1247 2.1262 37
1 1 4 2.0818 2.0841 4
2 0 0 1.9548 1,9568 34
2 1 1 1.7320 1.7335 8
1 1 6 1.6769 1.6777 42
2 0 4 1.6630 1.6637 21
1 0 7 1.6409 1.6423 4
2 i 3 1.6152 1.6158 25
0 6] 8 1.5819 1.5823 14
2 1 5 1.4386 1.439] 15
2 0 6 1.4337 1.4343 2
2 2 Q 1.3823 1.3846 10
1 0 9 1.3232 1.3232 4
2 2 4 1.2667 1.2664 5
3 0 3 1.2451 1.2455 7
2 0 8 1.2297 1.2295 17
3 1 2 1.2134 1.2133 13
3 0 5 1.1586 1.1590 3
1 1 10 1.1507 1.1505 7
1 0 11 1.1037 1.1033 8
2 1 9 1.0957 1.0956 5
3 1 6 1.0666 1.0663 15
3 2 3 1.0502 1.0501 9
2 2 8 1.0409 1.0404 9
3 2 5 0.9967 0.9962 4
2 1 11 0.9611 0.9608 14
4 1 3 0.9251 0.9251 14

(4)
(5)
(6)
(7)
(8)

2

X

tetragonal

BaCu,S, I4/mmm

Fig.32 Crystal structure of BaCu,S,

Table 20 Crystal data and atomic parameters of BaCu,S,

Crystal data (t
a=b=3.90896(9)

etragonal, space group IA/mmm(NgBIBQ))
A, c¢=12.6477(3)A, V=193.256(5) A, Z=2

Atomic parameters

[ B(Ba)=B(Cu)=B(S)=0.55(20)A2 )

Atom* site x 4 z Atom®* site x v z
Ba 2a .0 .0 .0 S be .0 .0 .362(1)
Cu 4d__ .0 .5 .25
*; Occupation number of each atom is 1.0,
Table 21 nteratomic distances in BaCu,S,
Ba - S  8x3.271(7)
Cu - § 4>x2.,412(8)
408 (1980)
% W@ (9) AYamamoto, Acta Crystallogr., Sect. A 38, 87 (1982)
(10) K.XKato, Acta Crystallogr., Sect. B 46, 39 (1990)
(11) M.Onoda and K.Kato, Acta Crystallogr., Sect. B 47,
M.Onoda, K.Kato, Y.Gotoh and Y.Qosawa, Acta Crystal- 630 (1991)
logr., Sect. B 46, 487(1990) (12) R.Wyckoff, “Crystal Structures”, Interscience, New
LE.Grey, ]. Solid State Chem. 11, 128 (1974) York (1967)
HHahn and UMutschke, Z. Anorg. Chem. 288, 269 (13) Flzumi, J.Crystallogr. Soc. Jpn., 27, 23(1985)
(1956) (14) KSusa and HSteinfink, J. Solid State Chem., 3, 75
AClearfield, Acta Crystallogr., 16, 134 (1963) (1971)
J.Hustter, Z. Naturforsch B 35, 775 (1980) (15) J.ElIglesias, K.E.Pachali and H.Steinfink, Mat. Res. Bull.,
M.Saeki and M.Onoda, Mat. Res. Bull,, 23, 1027 (1988) 7, 1247 (1972)
P.M. de Wolff, Acta Crystllogr.,, Sect. A 30, 777 (1974) (16) J.E.Iglesias, K.E.Pachali and H.Steinfink, J. Solid State

AJanner and TJanssen, Acta Crystallogr,, Sect. A 36,

Chem., 9, 6 (1974)
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WA BEHSRE ZORMEMIOREICBT 5 %

4 1 HILPOHDESBES,TS; (x=1.1~12)
DIERBE

4 1. 1 LI

R =T RIS Sr.TiS, (x~1.1) D E—MH DK R
XA /8y — 23— BEHMIZ K 2 T BaNiO, L&
MOLH)THBEDOI, HHETERVWE -7 5HIFL,
BERIEPRI > TWLAREELNDH B L Ebiz,
BRI AT (AR HE C I BE S o B SE B RE T 4 v
bDObHBHZ Enb, ERAFEMOEHELERTIIEE
Wk ) B RERTHRIChI o TETFIESEES X
DOHLIFBEEM(A yarrial— M) THAB LY
WrE iz, oD EFEWICEAL TWA IR %
ERLTY— M7 2V METZIT, BT LD00LHA
IFBEEAKRTHLI L2 WS,

4. 1. 2 HEERBROBE
BEORMHO B DEEENEVIZE AL 726 RITE
iAo N TS, BEOMOHEE M 7
AT L EWES) OB ZERILTRSI MR ITN
WHEWIEEETH Y, BELSHRE=XTOEN% b
feie\r, EROHEE DEAREE I ENENZRITTORER
ML Z b 20, HEOHEE TIIERHHEER OMHE
TR D7D\ ZENERAPE L 00—l TH b, B
B OBEEEEOTRIITERTHFIRY 2 b b2
HMEORHEPELTH L, BEOLHREELRL LS
D—D IR D FEARF DTS 72D EH /85 — 212
SEEHOERFPBEESNL FI2H Y, BT O
BUICEARRTH A EHM T L1l 5,

4. 1. 3 SiTiS,(x=1.1~1.2) MEF/NZ — > Dig
BT

2 ODORFE(FBED a(=b)=1151A, B4 52200
¢, ¢,73.0A, ¢,=52A) 2 W TEFHREYT & #K X
#7785 — > ORI CTE /2, /35—
DS BaNiOBIFEW CH D Z L2 EET AH L 25
DE T HEE(TISH L SrE) P EVICE A L 2fi&
T, ENEND ¢ HENIEREL cps—3.0A, c,~5.2
AR b OBEKROTEREM Y S 5, BFHEI LK
XFREHT 788 — TRV BT O S50 55\ [1H7
PRI S N B HIREE G E OBERI L L TTRT

PHFATCENTHE—FHOFRE b2 Y, FORTRE
ZFH L COMBNTORES TN TRRICR 5,
RN TORES EPHEWICHFORSHEED B &
B &g AULE RS ONE S MFOEIICBEERT 51
TTHb, BTREH/ Y — 2 ICHNLABHREEOT
NTCOMBENLBED a(zb) L 20D c HFEIZL/Z4D
DEfLARZ MVOELFETRHETELDT, 2D
HEE O F RS (R &7 XTO/E NS O
BhE 4 -o0FHnh, k, 1, ma, b, cpy Cg W) %
FAWTRT ZENTRETH 5, TiS,H O E A hkl0
12 Sr ERDFERGHA hkOm (274 &£ 912, 2F D IdHEME
A d =[(3/4) (n? +hk + k) (1/2)% +( /epatm/ey) "
TREIND L) IR EzMHT S L, 100D m+F0D
G2 TiSEB & Sr#DAHENEH D7D DFEH X iC
LABEERFHOADPEFEG L TnE, TOLHITLT
Sty TiS; O R XA /85 — % 4 BHh, k, |,
m & BAWTIEEET 72 (Fig 41, 1, m OHEED
Db —FD6 LT THh S L DT %4
BRSO ETTRTITHEHESHL 2 enb
6 RFE COERBEOFIEEbLNE,

4. 1. 4 XIERE
BRITTAFOFERENTH 575, SHEIE 4 D08
#h kL, mPRT LI 4LRITHFFTRARTE
bo V27 ur g aidedin b EEN EERTINT
ERL & 72 b T, SFRMEDMESIZ SPA, SPL,
ASL % (Kato), Y — b 7 = )b MK I PREMOS
(Yamamoto), BV &, FEFHEHE AEOFEIC
ATOML, BONDL (Kato), # &4 € 7 )b i M (2
PRIMS (Yamamoto) T & - 72, TiS, 88 @ F K&+ hk10IZ
DT UE-htktl=3n D BT AY800 & 4 TiS, B4R
BiEOWRE 2 ZHBEE R 2 R3m &2 b b, Sr
O E O BETEM T hkOm 12D W Tlid-htk=3n 37,
(3)00m {22V Tid m=2n DS S AL7225, A*=2a*-b*
EBr=attb* A BN M LI IR E &R
HHOm 2DV T D m=2n DHIZ7% Y SrifEAEED
T RE7Z ZE M BEAS P31le 22 P3lc TH ) A=B=665A D=
e ANIAXVIB IZHER S T a=b=1151 A DT % &
HEEROLNTZ, 4 RITHFHRIEL, B TR0 7%
LefiiE L7z & &1 TiS, D Z2MEE R3m & Sr HDZE
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Fig. 4.1 The powder X-ray diffraction pattern of Sr,,;TiS, (CuK a). Reflections are assigned by

four integers: h, k | and m.

BIREHLEER P31l DX HIREL, S TFZERTONS F
VDR a* b* ek, 254 RTTHEREFDERXZ P
DIRTANDEETHDLZ EHEZBEB L THESENIE
B oA [Table 4.1()]e =9 L CTHE 4 K2R
HOBEMIZ OV T A RTERBOR I &GR0BT &
AT & [Table 4.1(b)], B & AL7z 4D F R hklo,
hkOm & #FE KA DA DBE 5T 5 1#00 2 mF0D L
b ZOEMICED) T LD Fig 4105 bbrbs, B
PRI E L CIZEEBAY P LIZOWTOEZE 7 - L

HRlE (cosine TH A & sine T B)AH W SN 5 AY, §rgk
BIHABETFIZOWTIIERIEOIRRIZE T A Hl# 4%

HHFEAET B [Table 4.1(c)]o

4. 1. 5 U—r7 I MEIREZOFER

A 0 T L L OB oM KR 70 7 1 VhE
SNIULEDHETH Y — b7 v MEFDPTETH
BH, T Z TS, TISHIC DWW TREL <k B, ik
B 70 7 5 APREMOSIZ & 1) 453K X AR HT
BREE T — ¥ % F\Table 41DBZEMEEICE D XTD
iz, EEERET FNENERTHHZ b OBEBOE
TREEPEVICEA L DL LTHD ) [Table
41(d)]o HEHE/ST A —F & L TEAEEOET /IS
A =5 OMICERBEEAMEb Iz, SEOHEN TIX

TiSEB & SR DHEANEH D 72O DEML DA 6 RDE
HEF CHRETICEETLEDETAD A THR,
TSR & SHE DB 7 M M EF N F e, Loyt &
FERIZED 6 RDcosineld & sinelH F TH THEAT
N7z BHET O 7 4V L FEIMED—FUL B < ATIH O
T A= — % A CEEMERTR= 104% T
H o 72 (Fig. 4.2), Table 4212\ KI8T X — % %,
Fig. 4312/ T A — & — L W i /- (4
&) D—#ERL72, BaNiO IR (T WT, i
HHELHRD 71T L (TiS;,) o 953 O TiSZ HAKIL S <
EANHEETH 5050 4 ZAEIEWIEE 2 ) SOALE
@ﬁum ﬁ%&?oﬁiAhﬁﬁbEwk/7b
TEHEEERELRY, BT LABICET - 72StHIC

tofm KOO A PEAREIZT 5, KOOSrLIET
ZAROBEMOTION B L, FoTif el
W AEEILL/TITWDY, Fig 43005 be &
CrsPIEH S D L) IR BRI TlaRE 2
WIEEAHTH 5, TiSHBO AR E LTS, = AED
HWEY T LTHDL I EPEREI» S D250, H
FEDOH T LT SHEL B L TRERSG C/NEAREAL
& 7 Y Ba,(Cu,Pt) O, TOME & MDA R L T
59,
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Table 4.1 Symmetry of Sr,,TiS,.

(a) Lattice constants and symmetry operations{generator set)

3-dimensional

4-dimensional

TiS,part Sr part [TiS,][2Sr]gs722r
a=11.5108, a=11.5108, a=11.5108,
¢,=2.9909A  ¢,75.226 A ¢=2.9909 A

5=(0 0 ¢/c,)=(0 0 0.57227)
xt2/3,y+1/3,2+1/3  xt2/3,yt1/3z x+2/3,y+1/3,2+1/3u
-y XY,z -y, XY,z -y,X~y,Z,u
-Y,"X,Z -y,~x,z+1/2 ~y,-x,z,utl/2
R3m P31c (extended) P
(b) Systematic reflection conditions
hkim h(-h)Im hOIm OkIm
pid ~htk+1=3n m=2n m=2n m=2n

(c)Requirements on the atomic modulation waves{A, and B, for i=x, y, z, B are the cosine and

sine amplitudes of the Fourier series]

Subsystem 1

Wave vector Ti (00.2)
(2n+l)c&‘ A=B=A =B ~AB=0, A,=B,=0
(2n) c,* A=B=A=B=0

Subsystem 2
Wave vector
(Bnt1) s’
(3nt2) ¢y’

(3n) ¢y A=B=A=B=0

S (x,x/2,2)
A=B=AB,A0, AF=B=0
A=2A, BB,

Sr (1/3,0,z)

A=01/2)A+(/3/2)B,, B=(/3/2)A+(1/2)B,, A~B,=0, A,=B,=0
A=(1/2)A,-(J3/2)B, B=(/3/2)A+(1/2)B,, A=B,=0, A~B,0

(d) Superspace groups for the subsystems 1 and 2 used in the program PREMOS.

Subsystem 1 (TiS; part) 2 (Sr part)
Generator set of xt2/3,y+1/3,2+1/3u x+2/3,y+1/3,z,utl/3
the superspace group ~y,X~y,2,U -y,X"y,Z,u
-y,~x,z,utl/2 -y,~x,zt1/2u
Symbol prie R
4. 1. 6 4AXRFTHBOIESR dr=—9E=t D EOWHELERT, WEHFETa bHA

4 DD TIREN T SN B IS LBV A
BIIRAERY 72 4 RITHAEF O 3 RILANOEZ L EZ S
ZENTED, FILTHMENLR 4 RITEERTFEER
HZLLUEETEDOERNRY FIVA, A, A, A%
LB E, A=A T 3 RITERFOELRNT ML ab,
CIZERTB) & LT A, A, AFNFNa, b,
cLdDIXFBETERT I ENTEL, 4 RILHEHKT
FdIZio T3RTEANEKESINE, WENIZERDO D
HZEMIE d ICEE A CRE N, KB ZR 4 KTZE
HMTOMNE (x, X X, x)EFRTNZMLETELT

WG HREORIE L ) ¢ HIIZ 2 2DEREH ¢, o
BEEZ LI VEE, x, 3B, b E2FHEICL
7ox, yEEL x, xIJEFNFce, &Il Lz
FEEEHWDEZENTE, Azc-(c/c)A,THAH I L
25 t=—(c,/c) x,Hx, 0Kk 4 D 3 RICEMMIH = 185
WERBIE & 72 %, FEITBI RN TR Sz s
T A—4% —(Table 42) &L ) t OB E L CHEEFOE
Lo % A BATH { (Fig. 44), ROBEELRENE
FNES Dy HEEIZH A Z ENbh b, BBHE 4 RKTT
EHETOBEEKRETREATA7-012, Fa%E 5K
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Fig. 4.2 The Rietveld analysis pattern of Sr,,;TiS, The vertical bars below the diffraction pattern

show the position of the main (upper) and satellite (lower) reflections of the two

subsystems. The lower solid line represents the difference between the observed and

calculated intensities.
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Fig. 43 (a) Projections of the modulated
structure along [0 O -1].

(b) Bounded projection along [-1 -1 0.

LA c AMD 2 DOEGHEEDRFBEL LY, £
PUCTEEIC tEEET & 5, BT XA—F—LDhto
e LCTHERFELEN L CoBELY 70y bT 5
ETi, S, SrOFRFIIHKREESTRI NI EN
Nz DFFL XD72HYE ) D& %% 5 (Fig. 45), Sr’
1& P3lc DXFFRIRME x, x-y, 241/2128 D) Sr»HES
N7z BED e & c,ld 3 RITCZEMTD 2 DDEAREL
Crozy Co VORI L Ay, AJTIRAEAY % 4 RICZEM TORE
DRLEMZRIAL 5, BEL y BELH X E
TERTHBTy BECHEIIG U 2RE 0L L% £ EF
DW ) DBIATTIRLT WS, b t=—FTRIN
B WrHAS, tHL T 5 —EOMMHOBESHROER &
Wb, BVE)20o00DS%#E2TC, $5t TylEE
DIENECIIKELEDLBL L) THNIEMIZH S Ti
DY D S OEALIZNEERIZE, BEDVEH) 20D S
Oy EEOMHEMITZE ALELTEZD t TIR=MA
BALE VR B, O TiS, =AML Fig. 45O TH
WE2 0D SHERLTWT, FHEN: 4 RICEMT
WBHEBEICEDELTWAEZ b h b, Fig 450
HeBbKFEREERLTEZL L, HDH t=—EDW
T & [/ CIREEDS t=0D /KM CREINLMH LD LT
PIZTH D, O t=0DWHE% KR L7-D%H Fig. 4.
3(b)THY, 3IRILEMTIE TISSEAEEH T4 LT
HEREIICHEN T 5,

FENED St/TI HEEZ B & eyl DERD Sr.TiS,
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Table 4.2 Atomic parameters of Sr,,,TiS,. A,,. and B,,, are the amplitudes of the cosine and
sine terms with wave vector ha*tkb’+l ¢*tm ¢, in the modulation function
expressed as a Fourier series. To obtain the parameter values for the average
structure, the values of A,, should be added to the corresponding fundamental
values. If the average structure thus obtained is taken as the basic structure,
the amplitudes of the higher ordered Fourier terms must be changed by

compensating the phase difference corresponding to A, The independent and

Subsystem 1 X y z B(A?
R e e e S

Fundamental 0.0 0.0 0.0 1.0

A oo 0.0 0.0 0.0 0.37(17)

A oo 0.0 0.0 0.042 (12) 0.0

B s 0.0 0.0 0.058(6) 0.0

Ao 0.0 0.0 0.013(10) 0.0

B oo 0.0 0.0 -0.016 (10) 0.0

A yoos 0.0 0.0 0.009 (10) 0.0

B uos 0.0 0.0 -0.018(11) 0.0

S

Fundamental 0.17 0.085 0.5 1.0

Ao -0.0099 (13) -0.0048[7] 0.027 (10) 04 (2)

A oo, 0.0 0.100 (4) 0.0 0.0

Bios: 0.0 -0.066 (4) 0.0 0.0

A ooz 0.0197 (19) 0.00999) -0.037(9) -1.6(4)

B ooz 0.008(3) 0.0041{15] -0.047 (6) -04(7)

. 0.0 -0.009 (5) 0.0 0.0

Booos 0.0 0.040(2) 0.0 0.0

Ao -0.015(2) -0.0074(11] 0.000(5) 0.9(6)

B -0.004 (3) -0.0021[17] -0.002(8) -0.8(6)

A yoos 0.0 -0.017(6) 0.0 0.0

Bgos 0.0 -0.026 (4) 0.0 0.0

A oo 0.015(2) 0.0073[12] 0.002(10) 0.0
Bows 00033 0.001[2] 0.027 (8) 0.0
Subsystem 2 x y . B(AY)

SPEERE X e PR

Fundamental 0.33333 0.0 0.0 1.0

A oo 0.0 0.0 -0.018(8) 141(13)

Ao 0.0241 (6) 0.062(19] 0.0 0.0

Booso -0.007 (2) -0.0243[12] 0.0 0.0

Az -0.000(2) -0.0113[12] 0.0 0.0

Bz 0.0128(6) 0.006[2] 0.0 0.0

Aoz 0.0 0.0 0.018(3) 1.3(4)

Bosso 0.0 0.0 -0.008 (6) -0.9(4)

L -0.007 (2) -0.0102] 0.0 0.0

B -0.008(3) 0.002(2] 0.0 0.0

Agso 0.001 (3) 0.007(2] 0.0 0.0

B s -0.0077 (12) -0.003(3] 0.0 0.0

Ao 0.0 0.0 -0.015(2) 0.0

Boosso 0.0 0.0 0.0 0.0

*Not refined to fix the phase origin.
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Fig. 44 Displacive modulation waves as func-

Fig. 45 Four-dimensional

t(=-0.57227x,+x,) which

classifies the different three-dimensional

tions of

space section. {a) aXx and bXy of
S, ¢,Xz of Ti and S (b) aXx, bXy
and ¢, Xz of Sr.

description of the
incommensurate composite crystal Sr,,
TiS,. The horizontal line represents the
physical coordinates along the ¢, or ¢,
£(=-0.57227x,+x,) is the

complementary coordinate.

axis and
Atoms are
depicted as wavy strings with density
changes corresponding to modulations in
y coordinates. Sr’ is obtained from Sr
by x, x-v, zt1/2 of P3lc. The periodical
broken lines indicate the trigonal prisms

around Ti.

TEWRTAHIENTED, MKDELDZDOD Sr.TiS,
*EZTH 21 cpu/c,=7/1284/7TTIEF N ZF R
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120 RIS RR Y 2 B =X T B DL & W Fr e
TAHIEITRY, HMEROEIrOBLIZS beofE
BTEDLLDOERTHEREHEE L SIFIENE, 1
WX L 4 KITFER T S, TiS, (x=1.1~1.2) D& FH DR
D R WEOALEY O SRS E U ZE- B O R
b B, FU—MOMWENNT A —5 - TRk T& 5,
BT EBa, b, Crg Cro/Cs DSBS LB 5 &
EZTC—DODMEARLTONEXRTHY, 4 KT
VTS TS, TiS, (x=1.1~1.2) D & L TO#HK—
B B DSHTREIC T o Jo & W 2 B
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Metal-sulfur distances as functions of the complementary coordinates t{(=-057227x,+x,).
Distances equivalent to those some typical polyhedra around Ti and Sr are designated
by (i),Gi),...(viii). The letters,a,b,..z, represent symmetry codes of R3m of S atoms as
follows.(a) x,y,z-1(b) 1/3-v,2/3+x-y-1,2/3+2-2 (c) 2/3+y-x,1/3-x,1/3+2-2(d) x,y,z-2 (e)
1/3~y,2/3+x-y-1,2/3+2-3(f) 2/3+y-x,1/3-x,1/342-3(g) x,y,2-3 (h) 1/3~y,2/3+x-y~1,2/3+
2-4 (1) 2/3+y-x,1/3-x,1/3+2-1(j) 1/3-y,2/3+x-y-1,2/3+2-1 (k) x,y,2 (1) 2/3+y-x,1/3-x,1/3+
z{m)1/3-y.2/3+x-y-12/3+z-1{n) x,y,z+1 (0) 2/3+y-x,1/3-x+1,1/3+z (p) y-x,-x,2-1 (q) 1/3+x,
2/3+y-1,2/342-2(r)2/3-y,1/3+x-y,1/3+2-2(s) y-x,-x,2-2 (t) 1 /3+x,2/3+y-1,2/3+2-3 (u)
2/3-y,1/3+x-y,1/3+2-3(v) 2/3-y,1/3+x-y,1/3+2-1 (w) 1/3+x,2/3+y-1,2/3+2-1 () y-x,~x.2 (y)
2/3-y,1/3+x-y,1/3+2 (2) 1/3+x,2/3+y-1,2/34z.

S Sr (i
)
)
(v
O
2
. Fig. 4.7 Bounded projection (-0.31<x<0.31 for
1 N\
Ti most atoms and -0.36 <x<0.36 for some
N i S atoms) along [-1 0 0]. Coordination
polyhedra around Ti and Sr listed in
T {i Table 4.3(a) (b) are respectively

indicated by (i),(ii),. (viii).
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Table 4.3 Selected interatomic distances(A) and angles(® ).

(a) Distances and angles at t=0 around some typical Ti atoms shown in Figs. 4.6 and 4.7.

B Ti(D-s(1)s(2)s(3) 2.49(5) SCD-Ti( 1)-s( 4) 92.7(1.3)
-S( 4),5(5),8(6) 244(5) SC1D-Ti( 1)-S( 5) 88.9(1.8)
SC 1-Ti( 1)-S( 6) 175.8(2.4)
(i) Ti(7D-S(7sS(8s(9 2.34(5) SC7)-Ti( 7)-5(10) 111.5(1.9)
-$(10),8(11) ,s(12) 2.30(5) S(7-Ti( 7)-S(11) 159.6(2.4)
S(7)-Ti( 7)-s(12) 84.6(1.8)
(i) Ti(10)-s(10),8(11),8(12) 2.46(6) $(10)-Ti(10) -S(13) 83.4(1.5)
-5(13),5(14) ,S(15) 2.54(6) $(10)-Ti (10) -S(14) 125.1(5.8)
${10)-Ti(10)-S(15) 146.0(6.4)
(iv) Ti(13)-S(13),5(14),S(15) 2.62(5) S(13)-Ti(13)-S(16) 88.8(1.5)
-S(16),5(17) S(18) 2.33(5) S(13)-Ti(13)-s(17) 95.5(2.4)
o 8S(U3)-Ti(3)-s(2) 1721(26)
(b) Distances at t=0 around some typical Sr atoms shown in Figs. 4.6 and 4.7
(v)  sr(48)-S(19) 288(4) (vii) Sr(50)-s(32) 298(5)

-5(20) 3.08(11) -S(33) 3.01(7)

-S(21) 3.14(6) -S(34) 3.10(5)

-S(22) 347(6) -S(35) 3.28(6)

-S( 4) 3.03(5) -S(36) 3.25(8)

-$(23) 3.17(5) -S(37) 3.12(11)

-S(24) 3.15(6) -5(38) 3.60(21)

-S(25) 3.17(5) -S(31) 2.96(5)

-S(26) 3.52(5) -S(30) 3.40(6)

(vi) Sr(49)-s(27) 2.94(5) (viii)  Sr(51)-S(39) 2.94(4)

-S(26) 2.85(4) -S(40) 2.88(5)

-S(28) 3.10(6) -S(41) 3.05(6)

-S(29) 3.26(17) -S(42) 3.32(7)

-S(30) 3.07(5) -S(45) 3.06(5)

-S( 1) 3.23(4) -S(43) 3.18(5)

-S( 3) 3.17(5) -S(44) 3.17(4)

-S( 4) 3.11(5) -S(46) 3.13(5)

-S$(31) 3.63(4) -S(47) 3.56(4)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Minimum _ Average Maximum
Ti(7)-S( 7) 2.34(5) 2.49(5) 2.62(5)
-S(10) 2.30(6) 2.39(5) 2.56(5)
Sr(7)-s(10) 2.85(5)
-5 (12) 293(4)

Symmetry operators: (1) x1,x2,x3+3,x4 (2) -x2,x1-x2,x3+3 x4 (3) x2-x1,-x1,x3+3 x4 (4) x1,x2 x3+2,x4 (5) -x2,
x1-x2,x3+2,x4 (6) x2-x1,-x1,x3+2,x4 (7) x1,x2,x3.x4 (8) -x2,x1-x2,x3,x4 (9) x2-x1,-x1 x3,x4 (10) x1,x2.x3-1,x4 (11)
-x2,x1-x2,x3-1,x4 (12) x2-x1,-x1,x3-1,x4 (13) x1,x2,x3-2 x4 (14) -x2,x1-x2,x3-2,x4 (15) x2-x1,-x1,
x3-2,x4 (16) x1,x2,x3-3,x4 (17) -x2,x1-x2,x3-3,x4 (18) x2-x1,~x1,x3-3,x4 (19) 1/3-x2,2/3+x1-x2,2/3+
x3+1,x4 (20) 1/3-x2,2/3+x1-x2,2/3+x3,x4 (21) x1,x2,x3+1,x4 (22) x2-x1,-x1,x3+1,x4 (23) 2/3+x2-x1,
1/3-x1,1/3+x3+1,x4 (24) 2/3-x2,1/3+x1-x2,1/3+x3+1,x4 (25) 2/3+x2-x1,1/3-x1,1/3+x3,x4 (26) 2/3+
x2-x1,1/3-x1,1/3+x3+2,x4 (27) 2/3+x2-x1,1/3-x1,1/3+x3+3,x4 (28) 1/3+x1,2/3+x2,2/3+x3+2,x4 (29)
1/3-x2,2/3+x1-x2,2/3+x3+2 x4 (30) 1/3-x2,2/3+x1-x2,2/3+x3+3 x4 (31) x1,x2 x3+4,x4 (32) 2/3+x2-x1,
1/3-x1,1/3+x3+5 x4 (33) 2/3-x2,1/3+x1-%2,1/3+x3+4,x4 (34) 1/3+x1,2/3+x2,2/3+x3+4 x4 (35) 1/3-x2,2/3+x1-x2,
2/3+x3+4,x4 (36) 1/3-x2,2/3+x1-x2,2/3+x 345 x4 (37) x1,x2,x3+5,x4 (38) x2-x1,~x1,x3+5,x4 (39) 1-x2,x1 x3-1,1/2+
x4 (40) 1-x2,~x1x3-2,1/2+x4 (41) 2/3+x1,1/3+x1-x2,1 /3+x3-2,1/2+x4 (42) 2/3+x2-x1,1 /3+x2.1/3+x3-2,1 /2+x4 (43)
1/3-x241,2/3-x1-1,2/3+x3-2,1/2+x4 (44) 1/3+x2-x1+1,2/3+x2-1,2/3+x3-2,1/2+x4 (45) 2/3+x1,1/3+
x1-x2,1/3+x3-1,1/24x4 (46) 1/3+x2-x141,2/3+x2-1,2/3+x3-3,1/2+x4 (47) 1/3+x2-x1+1,2/3+x2-1,2/3+
x3-1,1/2+x4 (48) x1,x2,x3,x4+1 (49) x1,x2,x3,x4+2 (50) x1,x2,x3,x4+3 (51) -x2,1-x1,x3,1/2+x4-1.
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4. 2 A FEEBHAQTaSDIEEM(I ) DS
BE

4. 2. 1 ELBHIC

7Ty Aay4 MEILEW L LT AgTaS,
(F43m,a=1051 A) & Ag,NbS,; (F43m, a=10.50 &) HSE K
BN+ VEBAERTHDL I LRSS,
ZIRAR (1) Tl TaS, F 7213 NbS DA D HIZ Ag
HHRFTRC AT T ST TR iz, T{LEW
DEROBRXBE NS — 2 DNy 77T 92 FIC
LR BUR BLEL D B S, Ag DA I I A
WOSIEHIBE RIS S B LR T E B, Bl AFOLE
DA Mo TY v v 7S5 Ag A 4 v OFEIHE
EEN5,

RERFER T A —F =12 He IERA T 714 4 A
Zy MFEDF Y TUFENLEY —%F HWT CuK o« #EIE
12X B IRIEM R XREHTEER A 1T o 7o, ZFORER, #
NZ o OIRM (T8 & A OFEFRHE S h
7o WIS EiRAH ( TAHH) CHUM & 7o HeE BEELIL
ATHESOEFENENDL Z L0, Ag A F V0
LTI E QR OE E o724 MCEES
EEZONDL, T T AgTaS,(IA) DY —F 7 =
W METOFERIZOWTIHRAN, MOEEMADEEIZD
WCIESCER A B8 B 99,

4. 2. 2 Ag,TaS,(L#) DY — b7 I MEEIR

Ag, TaS,® I # (#9280-170K) D [T 78 & — V13 HH )
MR FRSE L A=7.44, B=7.40, C=10.53A T M
T & G4 HOL 12D & L+H=2n & 1) ZZM#E (L Pmn2,
hEBbhi, ZOBEMEKTIE A=1/2(ath), B=1/2
(-ath), C=ci2 &b, FRMETFTINDFE% @=10.
S51A)D EWha, b, c L BEDIT 5 N5 (Fig. 4.8)
253K THllZE & L7240 3K X MR A7 58 BE % 2L 1T Rietveld
AT % A TR A R TIE R, =022 EO—F L »
‘oz hrolz,

SEREEE X, y, 2 &1/2+x, -y, 1/2b2 DA FHO
B EBEIZE L 72 (R,,=0.069) (Fig. 4.9), /%7 A —
% —% Table 4.4 127 %, & E 7N (Fig. 4.10) 135}
AT O H B HEE R (A=7.453, B=7.403, C=10.
540A, b=90.07° ) TRk T X %, A=A, B'=B, C=
C-Axplo—fMoEERNRS ML L L THENLIZ(Fig
48), WEHEMIZL=2n(HOL) &R, cETmIICHE
HGER <, -y, Vot D&M E T 5, Z08
A id A'=7453, B'=7.403, C'=12916A, b =12531° &
), REETTIVILZEMEE Pc(No7) # 2EICEIR T E B,

4. 2. 3 Ag,TaS,(I18) DiERBEEDIEH

R O BIE Fig. 4.10() - (@ IR S hTw
%, Table 440735 X — % X YEME S 7z T
HEIX Table 450 BN TH 5D,

T—=Yx 4054 MIOHMAIHRYEATY R
Vo, SONMHEARBERBEREFPFEL, T
Friauf-Laves # ® MgCu,® Cu & Mg O & FHAEL T
%5, Table 410 S1—S4H Cu ¥ 4 MM D, S —
S o 12078 {489 B AL 25 T AR (1288 467) O H G L B I 4R
o SI—S4F 2 EOEHIZFWCUEATA), TED
HTARHAEDOLD, £OHHLDTL)WNIZ Ta 2 fH
tr, S5, S6IF Mg ¥4 MELT, S— SO Friaof BAfZ
Z AR (16EAL) DRI H B, S5, S6DITEEL T (3)
“T(6) D ABOEALZMEAGE 250 DO E 7
BEBOZARMABEIEE CHFEL TN,

EEMAOH) D AgIETE)N TO)H, = 2D T(6)

IHFENL ZHEANDL O EIHETRN S
BEHBEE NS, A, B, CHEFEMEEYERL L
BLTEIRAM (TAH) R o> Ag DERIEAE & HELL 7 (Fig.
4.10(e,d), Table 4.6),

DO ZTED Ag DD 4 BI3& 4 3HD S
W EN 3L S OMUERNICESZ EHFE2 LD
A, Fig 410TIE Ag-Ag il <33A MWV EMHT
MATH LD, 3D Ag-Ag =A (Agl-Agh-Ag2,
Ag2-Agd-Ag7, Ag7-Ag3-Agl) DVEENY Agbld T iE
BE2BIA T AgdIZHE N D W T Wb, C=C-AIZiKF>T
Ag D zigzag $EDSH A L D ICHA 2 B [Fig. 410(b)], S5
%W & T B Friauf LRI Ag2, Ag3.. AgiD 6

Fig. 4.8 Relations among the unit cells of the
phases I and II of AgTaS, The axes
are expressed by a, b and c for the
cubic phase I, A, B and C for the phase
II with nealy rectangular £ angle. A,
B and C' are for the phase II based on
the monoclinic unit cell with B =125
310° . Tentative axes for the phase I
are expressed as A,, B, and C,.
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Fig. 49 The Rietveld analysis pattern (CuK «)of AgTaS, IL

Table 44 Crystal data and the atomic parameters of the phase II of Ag,TaS; at 253K.
Crystal data(Monoclinic, Space group No.7)
Monoclinic unit cell with nearly rectangular 8 angle, space group Pn
A=7.4530(4) B=7.4026(4) C=10.5401(5) A, b=90.069(4)°, V=581.514 A%

Monoclinic unit cell, Space group Pc
A’=7.4530(4), B'=7.4026(4), C'=12.9163(7) A, b=125.310(4)° V=581.514 A®
272 (according to the formula AgTaS)
Atomic parameters based on the monoclinic unit cell with /5=90.069° and the space
group Pn

Isotropic thermal parameters: B(Ag)=3.0(6), B(Ta)=B(S)=0.2(4) A*®

Coordinates of equivalent positions: x,y,z; 1/2+x,-y,1/2+z

Agl  0293(8) 0026(8) -0010(7) Ta 05 0254(4) 05

Ag2 -0.291(9) 0074(7)  0191(7) sl 0.257(13) 025 (2)  0.634(12)
Ag3  0299(9) 0353(8)  0152(7) Sz -0216(12) 025 (2) 0.601(12)
Agd  -0209(9) 0489(8)  0.265(6)  S3 046 (2) -0.002(12) 0.366(11)
Agdh  0581(10) 0.119(6)  0.792(6) 4 048 (3) 0.497(13) 0.347(13)
Agb  0.073(9)  0.433(6) 0.450(6) S5 003 (2) 024 (2 027 (2
Ag7  -0.046(9)  0291(7)  0.029(9)  S6 054 (2) 026 (20 001 3

v¥ 1. The standard deviations are listed in parenthes.
V£ 2. Atomic parameters x', y', 2z’ based on the monoclinic unit cell with /3:125.310o and the
space group Pc can be calculated from the values of x, y, z using the relations x'=xtz, y'=y

and z'=z.
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Table 45 Selected interatomic distances(A).

Agl-Ag2 (i) 3.28(10) Ag5-Agl (viii) 3.06(10)
-Ag3 2.96(9) Ag? (ix) 3.29(9)
-Agb (ii) 3.06(10) -S1 3.08(13)
-Ag? 3.22(9) -S2(v) 2.70(14)
-82(1) 2.38(14) -83(ix) 3.05(14)
-S3 (iii) 2.81(13) -S5(ix) 2.68(16)
-S6 2.53(16) -S6 (viii) 2.53(27)

Ag2-Agl (iv) 3.28(10) Ag5-Agl (viii) 3.06 (10)
-Agd 3.22(8) -Ag?2 (ix) 3.29(9)
-Ag5 (iii) 3.29(9) -S1 3.08(13)
-Ag7 2.97(10) -S2(v) 2.70(14)
-S1 (iii) 2.48(12) -S3(ix) 3.05(14)
-S3(v) 2.68(13) -S5(ix) 2.68(16)
-S5 2.81(20) -S6 (viii) 2.53(27)
-S6(v) 2.65(23) Agb-Agd 2.89(9)

Ag3-Agl 2.96(9) -S1 2.74(13)
-Ag7 2.92(10) -S2 2.99(12)
-82(vi) 2.98(14) -S5 2.41(19)
-S4 2.68(17) -S6(x) 2.39(16)
-S5 2.50(20) Ag7-Agl 3.22(9)
-S6 2.45(21) ~Ag?2 2.97(10)

Agd-Ag? 3.22(8) -Ag3 2.92(10)
-Agh 2.89(9) -Agd 3.12(11)
-Ag7 3.12(11) -S3(iii) 2.75(12)
-S1 (vii) 240(13) -S4 (vii) 2.48(15)
-S4 (v) 2.47(21) -S5 2.62(22)
-S5 2.57(18) -S6(v) 3.09(17)

Ta -Sl1 2.30(11)
-S2(v) 2.37(10)
-S3 2.38(10)
-S4 2.41(11)

Symmetry operators (i)1/2+x,-y,-1/2+z; (i) x,y,~1+z; (iil) -1/2+x,-y,-1/2+z; (iv) -1/2+x,-y,1/24z; (v)
-1ty (Vi) 1/24x,1-y,-17242: (Vi) -1/2+x 1~y -1/2+2; (viiD)  x,y,14z; (ix) 1/24x,-y,1/242; (x) ~1/2+x,
1-y,1/2+z.

Table 4.6 Comparison of Ag positions in Ag,TaS; (253K, phase II)and Ag,TaS,(300K, phase )"

Ag position in the phase II Ag site in the phase I
Agl (029 003 -001) among Ag(1) (030 001 -0.08),
Ag(1l)  (0.20 0.11 0.02),
Ag(l)  (0.26 0.06 0.08),
Ag(l) (036 -0.05 -0.02)
Ag2  (-0.29 0.07 0.19) close to Ag(2) (-0.29 0.15 0.16)
Ag3  (0.30 0.35 0.15) close to Ag(2)  (0.29 0.35 0.16)
Agd  (-0.21 049 0.27) between Ag(3)  (-0.20 0.50 0.23),
Ag(3) (-0.25 045 0.27)
Agc (058 0.12 0.79) between Ag(1) (055 0.15 0.78),
Ag(2)  (0.60 0.04 0.84)
Ag6  (0.07 043 0.45) close to Ag(2) (0.00 0.44 0.44)
Ag7  (-0.05 0.29 0.03) close to Ag(3) (0.0 0.30 0.03)
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Fig. 4.10 Projections of the structure model of AgTaS, II along (a) [-1 0 0}, (b)[0 1 0}, (¢)
[0 0 -1] and (d) [-2 O -1}. on the basis of the monoclinic unit cell with nealy rec-
tangular £ angle. For comparison the model of the room-temperature phase I is shown

in (e) and (f), whose projection directions are respectively the same as those of (c)
and (d).
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BOF KM I HRBICE AN A FOWZR

RETIE, HFCBVWTRWEZE SN LWETTHR
Wavars A FRUBELEWICET LRI - T
YOWEC L AR RICOVTHET 5,

5. 1 AgTaS,
Ag-Ta-SHRTH L < RV 7Z &N/ AgTaS,id, &
R BT REFE L RTILAEM TH 5, HEEER
Figb LW/R L7z L WA EART, & v 7 IVEFITE
SEOTMEFEF AWML TF Yy TOHDL=FHEEH
L, $RETI Ta-S M OEALZ/NEMEMEICA
Bo DX RIEEOFHRMEICERL, £& LTHRD
REIT2E— FICBTAMAEZBLIZEZHBE L
T, b TV ART N VORMEB EIT o7, 2
DALEWIIA F VEBEMR IR S B VDS, Ta-S BEHHE
DZEBIZEP AN - 7-HEETH Y, FOHROIRET 5
T— FICEET2MRIE, WEiA 4 PR THEH A+ v
MEROA F EBEEOM IO EREREDNS,
Z DAL B OFERREE IO W T, Wada HV3 22
M Cme2, (C,H DFEE L L TWwWA DY, Marsh?iZF U
F— & % 22 Cmem (D, N ICEDWTHTTE 5 &
Lize SO2HBEOMED AR =L, =
Cmem (ERFRALA S B HEE THEIIHHOG LIS S
AS, ZEREE Cme2 (3R LA Vg L VW) BT,
BERMEILI VDT PICEALZHEEIIR> TV,
Table S.UIRL72E 912, WTFROEREIIBWT

o ———0——~—¢

Fig5.1. Crystal structure of AgTaS;

(orthorhombic, space group: Cmem)
projected on the (100) plane. Large,
medium and small circles denote sul-
fur, tantalum and silver atoms, respec-
tively. Open circles: z=0, solid circles:

z=1/2.

b FEARBEAE (primitive unit cel) & TN B EFD
BEFULTH Y, S Hdobicd i, ok
T5E— FIERNARY PIVICORELET, A5
Ll RICRITE, ZOFE— FIdFhA~s by, 5
RYART PVOWTIUTHIFEIC R B,

AgTaS, DRIt FEB| AR b Vit Fig. 5212, I~
ANRYZ PWVIE Fig 53R LIZL D ICRBH, wih
(2% 400em LT O IREVELFE I I K0 0 ¥ — 7 A3
HWENs, 209 H400~100cm  DFEH D ¥ — 713,
TaS,ED T — 7 BT AT LICEY, FLLT
Ta-S BHEOIREIC L 2 b DIRE SN LY, RyLEHR
A7 MV D100cm LT O IRE B FEBICE, 3D
Y o— 7 558, 41% U32em™iZ B & 1 5 (Figh5.2),
Ta-S MHEIRE) & OF Ta-S B OLARE) L Z OIRE)
BRI Y~ 2 2R 8T, TN~ 7 28 R
BTA2E—PNIILAbDLEEZLNS, ZHIIRIET
HE—71ET 7Y AR MVIZIREBRI S R Twizwy,
Table 5.LIC/R L7z & ) I b FEE N LR
DA HEAYAE F R B (translational lattice modes) DI
Cment, Cme2 DWW T NOEEIZETWTS 5 &%
DEMHKRLFEL RV, HRIEBARS PV ET
TUANRZ MVERET S E, Fi2300en LT O
B TIZEFNFNDOY — 7 OIREIRITE W ICE
o THY, ZOMERERITHFHRFOLITD D HEE
(Cmem) THEITTE AL EZHNA, Fig. 53R LT:
300K L 80K DT % ¥ AT bIVIZEARAIZE LT,
Z OIRERIR CRER 2 S OELERT AR b
WOZALITEIHI R Ll

IS OBEEFRIIZHEERICOVWTOH DT,
Y- 7 OIFBIIERNIIIIRD S kv, 22T,
WAEIRBVEGEI O ¥ — 7 OB 2 MET 3 5720, 22/
B Cmem OFE BB ICEDWT, FIEHEA A EIEH
DHEERLIBELRETFNVICLDEEE2To7, &
DETFNIE TaS,FORFIRBOFTEICH VO, FE
HE & X I T ABRPELN TV DY, Hnich
DERIL, EHEomiEK), BemaogmH), JEE
BEEFEOMELER () RS —FatHEEM (p) T
b, BTEKEEIE Table 5212, FIDEHIL Table 5.3
WR L7ze JTOEHOMHEIE TaS,, AgS DEMEIH W
LENTWAELD¥EL LI THRDIZLDTH S,
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Table 5.1. Crystal structures and infrared or Raman active modes of AgTaS, R and IR in the

parentheses refer to the mode active in Raman and infrared spectra, respectively.

T Space group: Cmc2,(C,."%)
Z(P.U.C)": 10 (2(AgTaS,)).

I',=9A, (R, IR)+54,(R)+4B, (R, IR)+9B,(R, IR).

Translational lattice modes of Ag atoms:
2A,(R, IR)+A,(R)+B, (R, IR)+2B,(R, IR).

Il Space group: Cmem(D,,")
Z(P.U.C): 10 (2(AgTaS,)).

I',,=4A, (R)+3B,, (R) 1B, (R) +4B,, (R) +2A +5B,, (IR) +5B,, (IR) +3B,, (IR) .

Translational lattice modes of Ag atoms:

A 2B, (IR)+2B,, (IR) +B,, (IR) .

a): Z(P.U.C.) denotes the number of atoms in a primitive unit cell.

i
Q
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=
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=
w
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<
e
o
283 219 .
1 L] ! 1
400 . 200 0
cm
L
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=
S 41
i
s
%]
2 ®
o
= 162
192
1 1
200 . 100 0
cm

Figb.2. Infrared transmission spectra of AgTaS,
observed at 300K.

BEZETLIZO20b ST, FHEMRIEIENEREY
BLHBLTWA, Fig 5412100cm™ LT OEIREI
E-FEHRLAZ, 2095 B, B, D 2 H(64em™ &
34cm™), B, (40cm™) KON B, (32cm™) @ 4 [HASRAHRE)
TLRINEEE— R THY, FIEBART MUVIE
HEND 3EOEIREEE — 7 BN S DE— FIZE
BENDEEZSNL (Table 52), B, € — Fid Tas,
BHAOBHAMICEWICIREIT 5 S~ ViEEE—-F T, 5
TYARY M LD30em’ DY —Z PRI DE— FIZRE

RAMAN INTENSITY., A.U.

0 200 400

Fig5.3. Raman spectra of AgTaS, observed at
300K(a) and at 80K(b) with 514.5nm

excitation.

ENbEEZLND,
COFERERICE DT, HET, ¥ VEFR
O 8 5 O Z4RIE (U) YO 5tET 5 &, U
(Ag):U(Ta):U(S)=28:07:10k % B, —F, X,
ST ORI LT, BERT B)0kid, B(Ag)
B(Ta):B(S)=3.0:081.0TH 1", FH_FEIRWOLL L
BRARIBLTWA, T/, HYLEBART MVIZE
ENBLBRETFIERETLE— FIZL B -7 DE
%, COREHRICEDSHTRABEDL ALY, Ta-S i
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Table 5.2. Frequencies(em™) of the peaks observed in Raman or infrared transmission(IR)

spectra of AgTaS, and calculated frequencies(em™) based on the orthorhombic struc-

ture (Cmem(D,,")).

Obs. (Raman) Cale.
A, B, B, B,
384 384
355 353 353
322 327
307 309
260 263
209 219 204
166 173
124 118
111 101
~30 25
Obs. (IR) Cale.
B, B,, B,
390 388
353 354 352
318 324
283 281 284
219 217
192 184
162 154
58 64
41 40
32 34 32

Table 53. Force constants (X10°N/m) used in the calculation based on the orthorhombic

structure (Cmem(D,")).

K (Ta-S), 0.943 f (S-9), 0.023
K(Ta-S), 0.590 f (S-S), 0.001
K (Ta-S), 0.370 K (Ag-S), 0.877
H(STaS), 0.212 K (Ag-S), 0.104
H(STaS), 0.517 p(AgS,AgS), 0.022
H(STaS), 0.311 p(AgS,AgS), -0.021
p(TaS,Tas), 0.045 p(AgS,AgS), 0.065
p(TaS,Tas"), 0.006

p(TaS,TaS"), -0.055

FENC L A~ 7 OMEICHE L THWI L5 FES Tre—=rDOT-X, T-YRUOT-ZHFEIZDWTD

Nt, 2hoD#EFRIE LR L7z AgTaS,DIRBj A
MNVORBRFELTWLEEZOND,

Table 53R LN OEH T AV ETVIZX
D, 7%/ OS5 EEE Lok RIdFig 5512
RL72EIICR B, TOFigllid, fFEROT YN

DEHHBEERLT, 2095, T-YAMIETaS,#HD
SRDFIN AT Coi i T BB LT B 05,
TaSBHICFEE % T -X R O T -2 1 0 43 Eh i o0 28 1L
FANEV, 20X BHERITZ OILEYOREDEX
TR LTWwE EELLNS,
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Low frequency modes (below 100cm™)
of AgTaS, Large, medium and small
circles denote sulfur, tantalum and sil-
ver atoms, respectively. Open circles:
z=0, z=1/2.

values denote the frequencies(cm™) cal-

solid circles: Numerical

culated based on the orthorhombic

(space group: Cmem) structure.
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Fig5.5. Phonon dispersion curves of AgTaS,

along the high-symmetry directions of
the orthorhombic Brillouin zone calcu-
lated based on the orthorhombic (space
group: Cmcm) structure. X, Y and Z
directions are parallel to b, a and ¢ axes,

respectively.

#95%
5. 2 7= vM0%1 MEIEEYRUBEELESY
5. 2. 1 {2U&IC

T—Vx Ay MEEEWIL, —EX AT, M
X, (A:CuAg ete.M:Si,Ge,Ga,TaNb,Ti etc,X=S SeTe etc.)
TERIEIN, AValr VEFO—ze  asr v EFIE
L7 bW HSNTWAEY, sy v ETFIEY
HAFICERIELC, BEARMOPLEFOEAL T
HAFEREF 2R L TBY, METFIEZED) LOsE
DUHBEMVEE HD b, ARFIEIMEFRIXEF
WL DR SN EREEMOZEOY 1 MIfEL
TBY, BERTRHAAF VLGS BB
INT D DDE v, BRI Figh61Im L7z & 912,
M-X BB OZEDOH A M A BT ERE 207
L @ARDOEBREBEELZETHEEZSLNLD,
KA OLEWIHEREORELT CIE, A BT IREED
AP edHDOE LR Y), 10 U THESEEED
EHHOL DIED S,

MEFE 4O XEFICH N, MEAR MX,2
=y NEEETAD, T—Yv405 4 MELEDD
WEJANRT PLDH B, ZO2=y hD M-X fHiERE
BNIEBRBELE- FIZhY, MY 1 hoxt
Fr, K@@ oxtbie Kl TEbT 5, REICIE, MR
TELTERBRERBTTRLED, S CRWAZSINAH
1L AgTaS”, Ag,NbS,”, AgTiS,", AgTaSe/”,
Ag, TaSe, I (0=x=<1)""% Fn=3 D 1LA ¥ Ag,GaSe,
WoWT, £ELTIOM-XHHHREICL A —2

Typical high temperature crystal struc-
ture (cubie, space group: F43m) of ar-
gyrodite family compounds A™,, . M"
Xs Open circles denote X atoms. Large
and small solid circles denote M and A

atoms, respectively.
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”%ELT Wil L IRE) R~ PV OBRE R - 5

DRI L OET LR sRET 5, F72, 1T
@4%zf%%ﬁ@%%?%%@x«7%w BT 5
HMAxXEL D, ﬁ%@ﬁ%ﬁwfﬂ 5Ty ANRY
MIZDOWT, ZARDOEA 4V EEERTH S AgS
&UA@%@%%&%@%%T@%L% HA DV T
bWET 5,

5 2 2 WBEWELHIN - ST EME-FR
$”Tﬁi¢67~y«4UV4b%%wm FER
I, TN EPERF IS5 L7230
%LwﬁﬁiF@m%téﬁ,mF@ﬁTkaéL
B RE O B E IR T 5, X BREITTHIE DR T
&, AgTaStd, 280K THRiRE I 4H, 170K CHXIE M 4H
(2190 AgNbShd, 280K TR I 4H, 140K CTIRIR I
HIZVEER T 5, 2095, AgTaSD KR I #HidH
iR O L S (EHBE L Pn) Y TH LAY, T LD
M s % & B, AgTiSd273K L F TR IL
WP a FomirE s, ¥ 5(2183K LLF CHl R 12z
Bd 50 FEMIEME P TH D", L vt Ag,TaSe,
BTV RO S (B P23 7 L 57,
F 72, Ag,GaSe, Tld, ZimMD LT &R O (22 M #
: F43m) 280K H3E T, X VIR DT S RROK
E (BB P2ICER T A0 SN T w5,
NMR 2 & 2 HFFE7 Cid & 512F ORI O M 257F
ETBHEVIHERIELNT A,

Table 54.

IO DILEMDEREED L 5 IEPERF 25
i L7ofEClE, "SI~ v AT PIVICHE
2R % &0 72RO TR T — F OIS
POIZETE TE R WS, BUAIZIZIZIGI L Tn 3
MX, L=y POIRBICOWTIZRREDL 52 EHARTE
%o IEMHEARIS R (T,) 2 #0057 L MX, 2= v b

T FIRENE M-X AR IREY 2% 2 (v (A), v, (F,)
kZﬁ%%#ZﬁHg(%4UDL&%Wou®O
L, v,E)Z2EMHEE—FT, v,(F)RTv,(F,)

B3EMREET- FThb, BRPTEINS DIRE)
b OIS L Y, e r OBHRIICHTHT 5,
TV AayS MEEEWTIE, AR Mo
FIRE) L IRET 2 7-DIREDW L VA5, M-X iR
BIHBEMRBAELTEY, BaEaHoZfbick s ¥—
TDYT N, GEIFBHSNhD,

Table 541K L72 L 912 Ag,TaS,, Ag,NbS,, AgTiS,
T O Ag,GaSegld, 300K TIE7 /5 5 RD#E S (F43m)
20, FEARHARE (primitive unit cell) 121, MX, =~
Zy MIEPEENL, ZOEEPFTOMX =Y b
O M-X{H#EIREIO ) b, T UEER D DIEALF,
o 28, FINEELRL DR F,O 1ETH S, AgTaSe,
D 300K T D FL 8 K O Ag,GaSe, D IRIRLAR 0 5 & 7
B R (P2,3) T, 40 MX, L=y bASEARHE
MliCEEN b, HHFTOM-XERENL, T
IEM D DL 2AEH4AF O 78, RYMEMELR D D
W 4F D AfEE B, AgTaS ORI IS ES Fr o

Crystal structures and M-X stretching modes of the tetrahedral MX, units in ar-

gyrodite family compounds (Ag},MXG: M=TaNb,Ti,Ga; X=SSe; y=7~9).¥, and Vv,
denote ¥, (A) and ¥,(F,) modes of the tetrahedral MX, units, respectively. R and

ir in the parentheses refer to the mode active in Raman and infrared spectra,

respectively.

1)Space group: F43m (T,

Z(P.U.C): MX,".
I (M-X str)=A, (R)+F,(Rir) [¥, :A, v,

:Fy).

Site symmetry of the site of M: T,,(M-X str. modes of a MX, unit of T, sym.

ARMAF, RNV, ALY B

[Crystal structures of Ag,MS,(M=TaNb) (300K), Ag,TiS,(300K) and Ag,GaSe,(300K)].

2) Space group: P2,3(T"), Z(P.U.C): 4(MX,).
T, (M-X str.) =2A (RFE(R)HF R, ir) [¥ sA+F, v,

:A+E+3F].

Site symmetry of the site of M: C,,(M-X str. modes of a MX, unit of C, sym.

2A R, ir)+E(R, ir) [¥, :A, v, :A+E)]).

[Crystal structures of Ag,TaSe;(300K) and Ag,GaSe,(268K)].

3)Space group: Pn(C?), Z(P.UC): 2(MX,).
I, (M-X str)=4A" (R, ir)+4A" (R, ir)]

opt

v, GATHAT Y

L 3A +3A]

Site symmetry of the site of M: C,. [Crystal structure of Ag,TaS,(253K)].

a): Z{P.U.C.) denotes the number of MX, unit in a primitive unit cell.
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5. 2. 3 Ag,MS;(M=Ta,Nb) B Ag,TiS,N1BExIS
AgMS,(M=Ta,Nb) D300K O 5 < > A7 h 2L
Figh. 7Rk ' Figh8IZ/R L7z & 9 12, #N FN450cm™

IR TR e s

4A +4A D 8IAD Ta-S 84
REID VTN AT < ¥ RUFINEIEE— NItk b,

OS5

A 5 350em™ DRI LB AY RV ¥ — 7 2%, 300em ™A
5150em DFEIRICIRIEVWE — 7 A%, /2, LAY —
BELD T A4 VA 150em LA T OB X N 5, Fig.
SR L7zt Ed A RS RV b [RELS, 450cm™
75 350cm OFEI IR Y — 27 25, 300cm™ A 5 150cm™
DFEBAMNEIL Y — 7 25, F 72, 150cm™ LLTF O FEI
KHEHWE— 78l s s, ZTDI 5, 450cm'H 5
350cm™ D FEIK D ¥ — 7 H% M-S (M=Ta Nb) i §E R B 1=
L1550 EZLNSL, MS, 2= v b DGFHNIEEIE
&, N+ A MR TIMS B DAz oW THRE
EN T D H0 0 Taple 55K/ L2k 527 —
Ty AuyA MELEWD M-S(M=Ta,Nb) HiEIRE &
EOILEWDENE R HE LTV 5,

AgTaS DT < v AT M VIZERB &b Ta-S{H
HAREI O ¥ — 27 1%, 80K Tld424em ' DIV E — 7 D
E 20T, 397em? & 384em IZFI VWY — 7 HTER D S5 1
%o 300K Tl424cm™ D ¥ — 7 O AR ICER S 1,
INiFy E-FNIlLAE—-2sEEZLNA, 80K T
BHEISNAH VY — 2713 v, T— FIZXB ¥ —27 5%
BOKRTICED DR LI DLEEZ LIS, Table 5.
BIZRL72d& 912, 80K TD v, E— FOHBIIHRIE
WANRY DV OPEREE,S /LN TWBE®, R4t
Bl TV ARY FIVOBIERETIE, AgTaS,?
IR T AH (280K ~ 170K) & &R I AH (170K LUF) @ [X Bl
BB TR,

AgNDS,D F < > AT hVICERE & 15 Nb-S f#
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Figbh7. Raman spectra of AgTaS, with 514.5
nm excitation. a:300K, b:80K.
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Fig.5.8. Raman spectra of AgNbS, with 514.5

nm excitation. a:300K, b:80K.
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Fig.5.9. Infrared transmission spectra of Ag,TaS,

(A) and AgNBS,(B) at 300K.
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MEFREDIC & 5 ¥ — 7 OREE(LIE, Fighl0iZR L7
L 9127% %9, 300K Ti2406em™ 2 ¥ — 7 DK A H
B0, 200K Tl ¥ — 27 OB KIF397em™ 2y 7 ¢
Bo THUIHBBISHE L TWE EEZ HNREH Y —
7 OHEIIR bR, 100K Tl ¥ — 27 oI E
DAY, =7 DOWKIF200K DEHEEEFR L THY,
80K T397, 413f% U428cm™ D3E D ¥ — 7 12455+
%o 270K TDOANRYZ FVIZ200K CTHIEL/2D D EH
UM ELTHBY, 300K £200K D DZEALIE, X
FR T O AE B 515 5 LT 5 280K D AHERFE
WX TAbDEEZ BNLA, 100K &80K DR IZ 1
X AREFTHE D S 3B IE R o> T v, 48
EFDEN, & 5WIZEOIBHOIETRMEIVNE 7
B EFITHIS LI B L PR TR EEZS
M5B, Table 5.6ICR L2 LD, FILEBEBANRS b
WIS HEEDEALITHIS T 2 EPR 6N 52,

Ag TiS, D EIR DK fafE1L, Table 541K L7z &
AN R (22 BE FASm) TH YW, ZOE»S
FRENS LHIZ, 300K DRYER - T v ARY
RV Ti-S HFRIREIC & B ¥ — 7 29RILE B A <
7 MVIZ1E, S ARZ MUIZ2BEEIS R, #
DIRBY T, v ,:362em™, ¥ ,;410em” T @ % (Table
56)o ZHLHD Ti-SHHEIREIEE, Ba-Ti-S RLEYW
D TiS, 2= DL D (v :~416cm”, v, ~470cm™)?
BT B &, Table 5.7/ LA2E 912, »wihd
50em™ A EARIREI BN 7 b L TW B 2%, XA
HWEN S b, AgTiS? Ti-S EFMEHE#EIL, Ba-Ti-S
RDENIDREVEVIFERPB/BLN TV B, 80K
Ty, v,WThoE—27 b5 %R$ (Tabel 5.6),

Fig.5.10.

RAMAN INTENSITY (A.U.)

406
420
/\
397
J\E‘
397
/\
397
M3
428
d
H 1 1 1

1 1
360 e 460
RAMAN SHIFT

Raman spectra of Ag;NbS; in the fre-
quency region from 460 to 360cm’
with 514.5nm excitation. a:300K,
b:200K, ¢:100K, d:30K.

Table 5.5. Vibrational frequencies (cm”) of the tetrahedral MS,(M=Ta, Nb) units in several

compounds.
v,(A) v,(F) v, (F)

TaS,” 424 399 170
TaS,” 4143 4204
TaS,? 413 411
TaS? 424 392
TaS,” 415424 384,397
NbBS,” 408 421 163
NbS,? 404 440
NbS,? 404 431
NbS? 406 408
NbS,? 395,401 409,413

a):TLMS, (From Ref.19), b):Cu,MS,(From Ref.20),
¢):Cu,MS, (From Ref.21), d):Ag,MS,(300K) (From Ref5),
) :AgMS, (80K) (From Rel5).
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ZDH b, v E— FIEERBENIICH 2 EBED TS,
=y MNEOMEERICEY, F/2, SEMELL Y,
E—-FREELTTISYA POFHOETIZL Y HE
TAHEEZON, ZOEBRKERIE, AgTIiS;D80K D
IR IC BT TiS, W 4 b ASIETE AR R 5 3E
eEbic, EREMIIC2MU LD TS, 2= v bAS
AT BEIIRoTWA I EERLTWAS,

5 2. 4 Ag,TaSe,l (0.0=x=1.0)
Ag,TaSe,M300K T#EMAMEEIL, 77 % (Z2RHEE
P23)THAHN, DXL rO—EHEITETERL
EEETIE, MFRRO, L) ENEROESEE
(ZEMIBE F43m) 1272 B, T b b, 0.0=x<02TlxzE
BIEE P230MEE TH 525, 0.2=x=1.0TI F43m D
FBIZEDY, BTFEED Figh 1R L7 L 912 x=02
TARBERANET 529,

HO5 5

Ag,TaSe, (x=0.0) D300K D T < > A~z h V2,
Fig5.121278 L 72 & 912, 266em™ & 246em™ 12 2 8 @
¥— 2735, 200em™ LTI L 4 ) —#HEO 7 A
NSERE S LB,

F 72, Fighl3llR L7z & 912, ZDfLAWD300K
DFRHBEBANRY S IVIZH Z OFEIHE WY — 7 2]
HENDE, 2055, 300cm™ A 5200em D FEI IR
ENBHE— 7 H Ta-Se MHEIRENIZLH2DDEERLD
NAHH, o OEMREHE TaSe, L= v b EFD
L&Y D Ta-Se fiEIREN L & ILET 5 & Table 580
LY, HEWIZIEENE L TwhA,

Fig5.12125R L2 & 912, AgTaSe (x=0.0)D 5 < >
AR PVIZRLNE LA ) —HEO T A VORE
i, mEOET L L DI L, 80K Tik200em™ LA
T 7O E— 27 2B &, 250em™FHED Ta-Se
HFEREIOE — 7 H80K TIIAHL T4 -2

Table 5.6. Observed frequencies{cm”) of the M-S(M=TaNb,Ti) stretching modes of the MS,
(M=Ta,Nb,Ti) units in AgTaS, AgNDbS, and AgTiS, ¥, and ¥, denote v (A)
and v ,(F,) modes of the tetrahedral MS, (M=TaNb,Ti) units, respectively. IR:

infrared transmission spectra, R: Raman spectra.

Y | v 3

Ag,TaS, IR  (300K) 392

R (300K) 424

IR (80K) 415 384,397

R (80K) 424 384,397
Ag,NDbS, IR (300K) 408

R (300K) 406

IR (80K) 395,401 409,413

R (80K) 397 413
Ag,TiS, IR  (300K) 410

R (300K) 362 410

IR (80K) 356 395,416,439

R  (80K) 355,364 416

Table 5.7. Ti-S stretching frequencies (cm™) of the tetrahedral TiS, units in Ba,TiS,”,
Ba,TiS,” and Ag,TiS, observed in Raman (R) or infrared transmission(IR) spectra.

v, (A) v, (F,)

Ba,TiS, R 416 462,478

IR 439,463
Ba,TiS, R 403,415 441 457 477

IR 405 462, 491
Ag,TiS, R 362 410
(300K) IR 410
Ag,TiS, R 355,364 416
(80K) IR 356 395,416,439

a): From Ref.23.
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Fig5.11. Composition(x) dependences of the lat-
tice constants(a) of Ag, TaSe,l at
300K. A: cubic structure {(space group:
P2,3), B: cubic structure (space group:

F43m).

RAMAN INTENSITY (A.U.)
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RAMAN SHIFT {cm™)
Fig512. Raman spectra of Ag,TaSe; with 5145
nm excitation. a:300K, b:200K, c:125K,
d:80K.

EHEE-RFE4BMORNEEE - FHBETT
(Table 5.4), 80K MEMKERIFEROKEMHEEICED
WTHBHTE 5, FighIl2lOR L7z & ) B ARY PV
DEAGREDET & L b1, SEETIEHEDOYA
A BIEADE < 7% 555, BENRENITEST 52
EERLTWBEEZOND,

& & 1R Ag,. TaSe, ], (0.2=<x=<1.0) ®300K D 7 ¥} 1%
WA NRT MVITIE, Fighl3iZ/R L 72 & 9 12300~
200cm™ DFEIHIT Ta- (Se,l) HAEIRENIC L AV E— 2
PER S N5, 200cm LATF O IREY BRI EBIE S
LY =271k Ta(Sel), 2= v FOEAIRE) & BT D
BRT A TIRENC L 20D TH A, MBHEIT0.2=Sx
S10DEBEIZOWTIE, HRILBEBARY MVIZE
WIS A 2 L, AR OISR | Z2RIEE F43m)
Mo FEEND LI Ta-(Se ) MMEREIZ L 5 ¥ —
Z03 1O HEE & B (Table 54), ZHIZH L,
Ag,TaSe, (x=0.0) DFRAZEBANRZ LTI b
DEFELZ-TEBY, KFEMBEDENT L Tw
5o

Ag;TaSe;(x=0.0) DOK DFAMEBA RS ML, Fi
L7z &9 IZ300K D g EICEA TV TREETE S
A, x=0.2, 0.3K 04D FEEARDBOK DFRFE A~
7 FIVIZBOK Db DL IFEL Y, FILFN AgTaSe,
DK DANRY M WU ERET D LDk b,
ZD L) HEERE, x=02, 03K U040 D EEMAK
[ZDWTIE, 80K DA &EIZ300K Db D L IR %
D, Ag,TaSe,M80K DIEEII R > TWAI L ERLT
WhHEEZLND, x=10DEEERTIE, 80K DR}
FEEANRY MV EIOK DZFNEIEAREWICFELTH
D, ZOF—Fh 5k OREES CHEENOTILIE 2
WEEZ bNAEY,

Ag, TaSe, I D300K K UBK D T <7 > AR b
2% N Z N Fighl5Kk P Fighl6l2R L7z X 9127k
%o 300K DAY M LiFWIRobLEWIZOVWTE
LAY —BEDFANICE BNy 77570 Fo LA
H5200em™ I E TR ON B DIZH L, 80K Tik/vy
775 v FHMET L200em™ AT IZ % ¥ — 27 HYEH
ENB L% BDY, 300K &8OK O M5 G ED
AL X B 27 P AVOZEIE, FRILEBRBANRZ ML
DA CHHEIIT R S v,

Table 5912, FHE OB HEMAEIZDOWT, Ta-(Sel)
@m%&w%ﬂﬁﬁﬁ%mLtoL@@@me,a
VEIEFIETOEL Y OY A MEELCEBRLTWSL
ZZOLNTWAEDY, aYROBEWRIZL LY — 7IRE)
Bor7 MIigeASBESh R,
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Fig513. Infrared transmission spectra of Fig5.14. Infrared transmission spectra of
Ag. TaSe, I observed at 300K. a:x= Ag; TaSe; I, in the frequency region
00, b:x=0.2, ¢:x=0.3, d:x=04, ex=1.0. from 300 to 200cm™ observed at 80K.

a:x=0.0, h:x=0.2, ¢:x=0.3, d:x=04, exx=1.0.

Table 5.8. Vibrational frequencies(em™) of the tetrahedral TaSe, units in several compounds.

v,(A) v,(E) v ,(F,) )
TaSe,” 249 103 277 103
TaSe,” 243 280
TaSe,” 246 266
TaSe,” 231,250 (87) 261,267 (87)

a):T1,TaSe, (From Ref.19),
b):Cu,TaSe, (From Ref.20),
¢):Ag,TaSe,(300K) (From Ref5),
d):Ag,TaSe,(80K) (From Ref5).
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Fig5.15. Raman spectra of Ag, TaSe, I ob- Fig.5.16. Raman spectra of Ag, TaSe;,l  ob-
served at 300K with 5145nm excita- served at 80K with 514.5nm excita-
tion. a:x=0.0, b:x=0.2, ¢:x=0.3, d:x=04, tion. a:x=0.0, b:x=0.2, ¢x=0.3, d:x=04,
e:xx=1.0. exx=1.0.

Table 5.9. Observed frequencies(cm™) of the Ta-(Se, I) stretching modes of the Ta(Se, I),
units in Ag, TaSe,I. ¥, and ¥, denote v, (A) and v,(F,) modes of the tet-

rahedral Ta(Se, I), units, respectively.

IR: infrared transmission spectra, R: Raman spectra.

Y \ Y 3
X IR R IR R
0 300K 218 246 259,265 266
80K 229 231,250 261,267,272 261,267
0.2 300K 246 265 266
80K 229 234,248 261,267 268
0.3 300K 246 265 267
80K 229 249 261,267 268
04 300K 246 264 267
80K 228 248 260,266 268
1.0 300K 245 264 266
80K 245 266 267

5. 2. 5 #¥E & MX,(M=TaNb,Ti,Ga; X=S,Se) MNVDY — 2 SR OXFR, MX A~ OxH iR % S
2=y D M-X {EHEHRED LTy 7 b, #RELRY, ThE TOETIIHNHT
INFTIHBERALHE, T—IVxA4084 MERIL HOAEEZ TWZH, TOHTIE, AgTaS,
EYFRo MX, 2=y b O M-X HIEREN I BIE  AgNbS;, AgTiS, AgTaSe M OF Ag,GaSe l Dy TH
LTBY, ZOREIFESNDHRIN - T~ AR FhE#ENEELZTY, BEOELICE Y- DY



IR E SeT R se

7 b aEE LY EEIIIRETT S & &b, R
MOFINRIL, T~ CEELOMARE L REDL D, FE
AME & DB A FE A IFERIZOWTHEND , M-X A
RO AT EZET 0T, FEEM-XEEOH,
b ARBH BRI O WT, 2 EFH(M-XX-X)
DOHEAERIZXIST 5 NOERE, M-XEaH DM
BRI T 2 HOEBRO A% ZER LI2HELRET
ICEDWTITo /o XRTFHEOIOERIE, Eif-
MART-HH HAEF (charge-dipole interaction), M UTREE
A HAEFH (steric repulsion) # EfE L7z R T > ¥ v po®
WHEDWTHRRES o720 VR, 7~ > BIAEL O
BREORHEIL, ZTOETFVIZLARERRLHNT,
PRI Z DT BT TV (point charge model)”
&Y, I rEELC oW TIEHE A AR ERE L (bond
polarizability approximation)®®* |k NfTo72, T~
LR TR IO W TS, BiE L — - dicx L
90° FHROEELEEEE L7cHm ez Rm Lz,
Ag,TaS,D Ta-S (H#EHRENIC DV T, 300K D &
253K DFEE (IR AR 12 EE D 2 BHER R % Sl
B LSS &4 T Table 5.1012R L7z, (KiR I AHOMEE
T, FimAH & L T, RIS ENS TaS,
=y bORIT2REICR Y, BEMHITETL TV

Table 5.10. Ta-S stretching frequencies

#9955

(Table 54), RIRDOFHEFERIZZOK Db DTH LAY,
X AREHTAIE W & A80K TR (IR I AH) o FMliE
BMEhThH Y, FEMFRN - T AT FVIZDH
IR TAH LARIR AT & A BB RS N7
B, KR TAEOREE ICESFHEMEER Lz, R
EFNTH LD, FHEBREEMGRE L HISLT
W5, Ag TaSOMRIR T AHO M S EIL, IR L
UCHLYER L2 Wi Ch b 7m0, BN TEIRM
D2 EDOIREABNAZFOE T IVHEEE LT, AgNbS,
B AgTiSHZ DWW T H ZOREIC L AEE T TV,
IRIEA O ERE & xS S8k R% FNEN, Table
5.11% U Table 5.121Z7R L7z,

FRAMVIN, T~ v EGELOMI RE, REMHEOET
WIEEBIC L AT EHRICLEDOWTEE L, T
AL O EICH W B EN T A — & — DI
Table 5131278 L 72, Bl E# R I% Fig5.17, Fig5.18
B Figh102m L7z, AgTaSkoonTid, sHESh
TR E RIS EEAE R A B L T b, AgNDS,
B Ag,TiSs2 2T, KRBT A M-X ff#EiRE)

DB, TR, T < > EELOMR R E O BT R
i3, %M%%&ﬂmtfm&w%‘#%b,;w%?
WG EIXEBE OB EDET LV E L TIAR ST

(em™) of TaS, units in AgTaS, observed in

Raman(R) or infrared transmission(ir) spectra and the calculated frequencies

(em™ (I) and (II). (I):

Frequencies (cm™”) calculated on the basis of the

erystal structure at 300K (F43m(T)). (I): Frequencies{em™) calculated on the
basis of the crystal structure at 253K (Pn(CJ)).

obs. cale.
300K 80K I II
424 (R) v, 424(A")
424 (R) v, 424 (A,)
415(Gr) v, 420(A")
397 (R,ir) v, 397(A°),398 (A7)
392(A"),391(A7)
392 (ir) v, 392(F,)
384 (Rjir) v, 384 (A ),384(A")
Force constants used in the calculation (X10*°N/m).
Cale.(I)
K(Ta-S) 1.970 (s-9), 0.289
F(S-S) 0.078 1(S-S), 0.027
p(TaS, TaS’) -0.016
Cale. (1)
K(Ta-S), 2.190 p(TaS, TaS") 0.040
K(Ta-S), 2.100 £(S-9), 0.195
K (Ta-S), 2.010 £(S-9), 0.050
F(S-S) 0.102
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Table 5.11. Nb-S stretching frequencies (cm™) of NbS, units in Ag,NbS, observed in Raman
(R) or infrared transmission(ir) spectra and the calculated frequencies (cm™)
(I) and (I). (I): Frequencies (em™) calculated on the basis of the crystal
structure at 300K (F43m (T,5).(II): Frequencies(cm™) calculated on the basis of

the monoclinic structure (Pn(C2)).

obs. cale.
300K 80K I II
(428 (R))
423 (ir) 430(A")
413(R,ir) 416 (A" ) 412(A7)
409 (ir) 409(A")
408 (ir) v, 408 (F,)
406 (R) v, 406 (A,)
401 (ir) 405(A")
397 (R) 396 (A )
395 (ir) 397 (A7)
377(A")
Force constants used in the calculation (X10°N/m).
Cale. (1)
K (Nb-S) 1.819 1(S-9), 0.292
F(S-S) 0.080 1(S-9), 0.027
p (NHS,NbS') -0.066
Cale. (1)
K(Nb-S), 2.020 p (NbS,NbS') 0.020
K(Nb-S), 1.920 £(S-S), 0.197
K(Nb-S), 1.880 £(s-S), 0.050
F(S-S) 0.105

Table 5.12. Ti-S stretching frequencies (cm”) of TiS, units in AgTiS, observed in Raman (R)
or infrared transmission(ir) spectra and the calculated frequencies (cm™) (I)
and (I). (I): Frequencies (cm™) calculated on the basis of the crystal struc-
ture at 300K (F43m(T>)).(1): Frequencies(cm”) calculated on the basis of the

monoclinic structure (Pn(CY).

obs. cale.
300K 80K I II
439 (ir) v, 421(A")
416 (R, ir) v, 415(A" ) 413(A7)
410(A")

410 (ir) v, 410(F,)
395 (ir) v, 397 (A" ) 397 (A")
364 (R) v, 364 (A")

362 (R) v, 362(A,)
3B5(R, ir) v, 345(A7)
Force constants used in the calculation (X10*°N/m).
Cale. (1)

K (Ti-S) 1.522 £(S-9), 0.156

F (S-S) 0.114 £(s-S), 0.024

p (TiS,TiS") -0.044

Cale. (1)

K (Ti-S), 1.540 p (TiS,TiS") -0.010

K (Ti-S), 1.540 (s-S), 0.105

K (Ti-S), 1.540 1(s-9), 0.044

F(S-S) 0.149
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HEHEZERRLTVEEEZ NS,

EARBMEIZ4BOM L=y NIHBBLEL L
T, AgTaSe, U Ag,GaSesll DWW T EFIVETERAT
vy, M-Se(M=Ta,Ga) [ #EIREN D 5 F, RYVRIL - 5
T U EELO M R (C DV THRET L7z, AgTaSe,ME
T OSSR, Bl L7z &9 bR (R
‘P23) T b, AgGaSedd Eif Tl EEM GLHF &R,
ZofE] BE -F43m) T 5 A%, 280K 135 THIEAM (L5 &
F, ZEHBEP2IICERBT S, ZOLEYOIRIVE
B TTUANRTZ PLOWTRIZH, 300emh S
200cm™ DIREN BRI 150 Y — 7 BN S 7, GaSe,

2=y MO Ga-Se HFEIREIICE A DD EIFESIND
AN TN SO - 7 IHMEREMHATESR T RT, 5T
BT M P23 EICE D &, M-Se(M=Ta,Ga) &
WD I 7 BB 2 FEER IC DWW TIT o 72, R
Table 5.14, Table 515K UF Fig.5.20, Fig521iZ7~ L
770 AgTaSedl DWW TIE, HRIRIL, 7~ HELOAE
SBREOREAERIIEEAICENERE LRl T
Wb, AgGaSe 2DV Tid, FRIMRINOMR B DE
BRI, FUEREEITHELTRED, v
GLOERREFRITFEFE, S FHENLE -7 D5
KPR ONT,

Table 5.13. Raman polarizability parameters used in the calculations of the Raman intensities
of the M-S(M=TaNb,Ti) stretching modes in Ag,TaS, AgNbS, and AgTiS,.

Ag,TaS, Ag,NbS, Ag.TiS;
@, 70 A° 79 A 74 A°
a, 27 A® 22 A® 28 A°®
a, 93 A’ 110 A® 100 A®
a 30 A? 40 A? 40 A?
a): «, and «, are parallel and perpendicular components of the M-S bond

polarizabilities, respectively. M=Ta for Ag,TaS; M=Nb for Ag,NbS; and M=Ti for

Ag.TiS,.

Table 5.14. M-Se(M=Ta,Ga) stretching frequencies(cm”) of AgTaSe, and Ag,GaSe, observed
in infrared transmission(IR) or Raman(R) spectra. Frequencies{cm™) calculated
based on the cubic structure (P2,3(T")) are also listed. I:IR(300K), II:IR(80K),
II:R(300K), IV:R(80K). ¥, and v, denote ¥,(A,) and ¥,(F,) modes of the tet-
rahedral MSe, units, respectively.

Ag,TaSe,
obs. calc. mode
I il [If v A E F
272 274 v,
265 267 266 267 265 265 v,
259 261 261 257 259 v,
246 250 246 v,
218 229 231 227 v,
Ag,GaSe,
obs. calc. mode
I I 1 Y A E F
281 v,
280 280 v,
265 267 Y,
265 265 v,
260

256 250 v,
253 256 v,

253

238
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Table 5.15. Force constants (X10°N/m) used in the calculation of the lattice vibration fre-

quencie of TaSe, framework in Ag,TaSe, and GaSe, framework in Ag,GaSe;
(Space group: P2,3(T"), Z(P.U.C.):4(MSe,)”). Raman polarizability parameters used

in the calculations of the Raman intensities are also listed.

TaSe, GaSe,

1.K (M-Se) ” 1.930 1.620
2.K (M-Se), 1.700 1,530
3.F(Se-Se), 0.087 0.091
4.F (Se-Se), 0.067 0.118
5.p (MSe,MSe"), 0.030 0.340
6.p (MSe,MSe”), -0.030 0.280
7.£(Se-Se), 0.194 0.065
8.£(Se-Se), 0.140 0.070
9.1(Se-Se), 0.048 0.025
10.£(Se-Se), 0.033 0.029
a, (M-Se)” 82 A® 89 A®
a , (M-Se) 33 A® 25 A®
a  (M-Se)’ 100 AZ 110 Az
a , (M-Se)’ 0.0 A® 00 A’

a): Z(P.UC.) denotes the number of MSe, in a primitive unit cell. M=Ta for TaSe, in Ag,TaSe;

and M=Ga for GaSe; in Ag,GaSe,
b):

bond polarizabilities, respectively.

a(M-Se) and @ . (M-Se) are parallel and perpendicular components of the M-Se
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denotes the calculated relative inten-
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Infrared transmission(IR) and Raman
(R) spectra of AgTiS, in the frequen-
cy region from 450 to 350cm™.
aIR(300K), bIR(80K), c:R(300K), d:R
(80K). Vertical bars denote the fre-
quencies of Ti-S stretching modes cal-
culated based on the monoclinic struc-
ture(Pn{C2). Length of

denotes the calculated relative inten-

each bar

sity.
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Infrared transmission (IR) and Raman
(R) spectra of AgTaSe;, in the fre-
quency region from 300 to 200cm™.
aIR (300K), b:IR(80K), c:R(300K), d:R
(80K). denote the

infrared active (F)

Vertical bars
or Raman active
(AEF) frequencies calculated based on
the cubic structure (P2,3(T")). Length
of each bar denotes the calculated rela-

tive intensity.
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Fig.5.21. Infrared transmission(IR) and Raman

(R) spectra of AgGaSe, in the fre-
quency region from 300 to 200cm™.
aIR (300K), biIR(80K), c:R(300K), d:R
(80K).

infrared active (F)

Vertical bars denote the

or Raman active
(AEF) frequencies calculated based on
the cubic structure (P2,3(T")). Length
of each bar denotes the calculated rela-

tive intensity.

5 2 6 SMMEFOREFRTIEERISHE—F

BEELT Vv A 0F A MEEEMOEEF DY
PRy B5E— FIE, Ag-SHFIZOWTIE300em ELT,
Ag-Se #&F 122\ Tid200em LT D IREYEL5H 8 12 B
HENBH, Inbid, sSROWEE - b B4R L CEB
BhHb, TNHDE—FIZOWTHIRZ2BE 02,
TZIRARBANATFART, SGRIEBATHIZLLE
A4 VEBEWEIRT AgS B AgSe DFM « F< >~
ARG AT DOWTHES L7z, IR O AgS 13 st
iR HE A (2B P2, /n(C,Y)) THEAHARIL
4 (AgS)P LR, T VIEWE —~ FIZIAIIB,
AT — NIZBATB, &b, Fiz, KERID Ag,Se
IR dh R ORG fh i (22 P2,2,2, (D)) THARH
fifid 4 (AgSe)™ &Y, < IEEE— FIZ9A+SB,
+8B,+8B,, #AMEM:E— NIX8B48B,+8B, & b, Th
50EEWIZonT, R - TV UIEEIREN R,
27— A HE Y5 (Coulomb interaction), i - AR
TFHHEAER (charge-dipole interaction) J OV SSAH B AE
H (steric repulsion) #ZREL72RF v I ¥ VIZETE
FHE L7, BRA 4V EMIE AgS 2oV Tid Z(Ag) =+
045, 7(S)=-0.90, AgSe 122 Tt Z(Ag)=+045,
Z(Se)=-090& L7z, #=3RI% Fig5.22, Fig5.23% f Fig.
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Fig5.22. Raman spectra of AgS observed at
80K (a) with 514.5nm excitation. Cal-
culated frequencies {em™) of the Raman
active modes of the low temperature
form of Ag,S(fB-AgS) are also shown
by vertical bars (b:A, ¢:B).

5.2l R L7ze TOXRT VY ¥ Ilid AgS & UF Ag,Se
DFTFENFEFECH SN DOTH LA, 5t
BRERPIEWNERLETRBLTYS, 209 B
100em ™ AT OIREFFBICBEM SN A K — 7 " E L
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Fig5.23. Infrared reflectivity of AgS at 62K™*’
(a). Calculated frequencies (cm™) of
the infrared active modes of the low
temperature form of AgS (B-AgS)
are also shown by vertical bars (A,
(TO), ¢:A,(LO), d:B,(TO), eB,(LO),
£:B,(LO),, gB,(LO),).

*): From Ref37.
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80K (a) with 514.5nm excitation. Cal-
culated frequencies (ecm™) of the Raman
active modes of the low temperature
form of AgSe (AgSe(Il)) are shown
by vertical bars (b:A, «B,(TO), d:B,
(LO), eB,(TO), £B,(LO), gB,(TO),
h:B,(LO)).
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WL o THFEDLWHEANTE 7,
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AN T —FEEDES A, A% & b 10krad/s LED
RESWE LRI WIS brb, ZOfEL,
BEBEMNTHObLT L, 16kHz TH D, Ag-Ag A
W T — A O EMEI0~50HZ7 12 < 5%, FEFICRE
LEPRONTZ, AH T —REEORE S, HHEHE
WREKFL, HHPENCERE(RALDOT, 20
B DA & ORI SUOSE LR L T
LhEwEEbRS,

Ag,GaSetZ D\ T™Ag K UN"7"Ag NMR D T, % #t5E
LT 2R Ag-Ag IO A 1 7 —#EEDHES
EWLBE—TEAN T —FNTHY, FRICZOFEE
b=tV F—HE (Ag NMR, T,)=012eV CTH5H I &
nh, ZOEEETRIVF -1, R U HEOEDE
R E 7SR E R T AV F IS T A EE R B,

6. F £&&
INFTOMREFTIE, £ DA+ VEBEROE
EpiE B E (Ag NMR, T)<E(o)rhpHEHE L
T, Ag NMR D HIE i E DY 0 DM E T TR
EWIZENRBERERTHAL ESINTEY, L,
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AgGaSe,D¥5E, FEBHERIZOWTRA(T7) DBLEBR
B LD DD,

E(Ag NMR, T)<E(0c)=FE(Ga NMR, T,) (7)
012V < 025¢V = 026eV
~15MHz ~1Hz ~100MHz

WREEERL o TRV ETHE, €2 T, E(Ga
NMR, T,)=E(0) A + > OibEEF O E ML
FNF—REGZTVAEDIIN L, E(Ag NMR, T,
HOFEHALZ AN F -2 BEZ T ERH6THELEER
7o F72, Ag OFEFIEEM, T3, EROMEHICH
B IANT T FORFHICLBBITIIR L, B4
T MDA T —REEDERERICEAFENTHS L
LCHBETE L, 202 Ehb, E(Ag NMR, T) i
BAA HDRA N T —FEEOER T - IZEROEHL
IANFE—-%5 2 TOAHEEEDEV,

6. G EIh/MEA

Ag NMR O T, D/MED 5 RIED o 7288 1 4 [
DAN T —FEEDKE E1.6kHz 7%, LHLE30~50Hz
WL ORTIFFICKRERMBETH LD, ZOEORLNHE
&, FEMICHRE T ALENDH S, Ag NMR D T 122
WTiE, FEDOB VN TELAN, Ag NMRD T,
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bo WEFERICLDZEBILZ AN F—DH P NI,
Ag,GaSe & RO L b D 1 4 v BEEA L T
B ETEY, XD AEIRETE B,
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7. 1.1 [EUBIC

CuSe (Klockmannite) 13393K KL ECRAFHTH 1,
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12393K % 5323K D TIIA T4, 323K LT THU
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X MREHTEE % 297K A 6 420K O THIE L 7245 5,
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7. 1. 2 EBE®
ﬁﬂ@@ﬁﬁ& 72%V%ﬁttﬁ&tﬁﬁ
CuKa%ﬁFJw, /\413‘}7‘4‘/7 77774’ ]\(002)
DEME/ 70 XA—F 6T A TR 54
FAYy NEMFRL, SRy =g, K711
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HOAINTHDLIZL b 5, 7»5?@%7&%‘5&'%4’
W E, ERIEEIER 2T 100K BEF DI

Lih, Ziud, XBEFTIZES 3 5E4%5 ﬁﬁﬂ@ﬂ

#958

BB EBRALYOREHEE L o ICERSANTEEICET 5 W%

Fig. 7.1 Schematic illustration of specimen holder

for X-ray powder diffraction. a: Al
block, b: Al frame, ¢: specimen, d: CA

thermocouple, e: Cu block, fi heater,

and g thermometer for temperature

control. The surface of specimen is

covered by an Al foil.
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* CuSe OB @
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(N A)e NER/ BHEOERBRESEET S & X,
ST e D116 FEHEF T D136 L U206 41124554
T5, TOFELIIRELZDT, TNEDOREMT %5
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El7ze THEEKIBAYICI23K 12 BT A AR L5
ERTALERT,

B 7.4 1CHFERL S IR FRBEOREESLE

Unit
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HICEAL L T %, ZDRER, BRI ERTAYIZHE/
LTwh,

BREN S RB L OCRBEANT RO o & T 5
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&, SFHAYITIE CuSe BN D Se-Se HEEEIZXI ST 5
EEZONEH S, KR CIEERENIET, EA
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HREOREELE, 32K ICBVWTHR—XEBTH
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Fig. 7.2 X-ray diffraction patterns of as grown CuSe (A) and its pulverized specimen (B) at

297 K without the Al foil. The mark "s” represents superlattice reflections.

3
s 008 33 s 202')°

0010 203

206

s oote 128

Artittsry  Umit

222

206
136
3 0010

222
)
24 32 40 48 56
28 (%)

Fig. 7.3 Temperature dependence

* 17 oz 206
022 113
376K 200
Al 136
023 008 222
it
- 0010
E o008 M
> 1z ortho. 206
> 022 113 196K [LESNNNTT
& 023 AL oos 16
= "
] vo10
<
hex. 97
. 102 407K to 108 200 46
103 A 0010
At
008 oz
:
24 32 40 48 56
28 (9

of X-ray diffraction patterns.



IR ET ST e

4‘04 1 4 ¥ L} i ] H
o b/V3
° o
— © o
<
~ 4.00 " hex ortho. o hex. -
g o o ]
2 O a
hel h
g . o
Q
© 3.96 | o © 4
= a
© ® olo
a
L h
3'92 I 1 1 i L 1 s H 1 1 i 1
290 310 330 350 370 390 410 430
T (K)
(a)
240 LN LS S S S SN Jam Bas By ™
238 oo © o
o © ©
o3
236 | .
< hex ortho. hex. |
> 234 | 4
[ [e]
2
232 |- R
230 1 i 1 i H L ]
290 310 330 350 370 390 410 430
T (K)

(c)
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Fig. 74 Temperature dependence of lattice
parameters. (a) a, a and b / 3, (b) ¢
and {¢) cell volume corresponding to

the hexagonal subcell.
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Table 7.1 Indexing of Superlattice

Monoclinic Hexagonal
h Xk 1 dcal dobs Iobs™* h k 1 dcal dobs Iops™™
0 2 O 8.6087 8.665 <1 0 0 2 8.6210 8.623 1
0 4 0 4.,3044 4,288 1 0 0 4 4.3105 4.288 <1
2 0 2* 3.5639 3.559 7 2 2 0% 3.5544 3.559 7
1 3 0 3.4150" 3.420 2
-4 1 3 3.4118 3.411 1
3 1 1 3.3701 3.373 7 1 3 1 3.3499 3.348 11
-1 1 4 3.3664 3.373
-4 2 3 3.2270 3.224 6 - - 3.195 3
3 2 1 3.1916 3.190 20 1 3 2 3.1749 3.179 18
-1 2 4 3.1885
-2 5 1% 3.1095
-1 5 2% 3.1048 3.113 5
1 5 1= 3.1006 1 1 5% 3.1026 3.113 4
-4 3 3 2.9762 2.976 4
3 3 1 2.9484 2.947 2 1 3 3 2.9358 2.938 4
-1 3 4 2.9459
0 6 O 2.8696 2.873 100 0 0 6 2.8737 2.877 100
1 0 4% 2.6906 2.6924 <1 4 1 0Ox* 2.6869 2.6845 <1
1 2 4% 2.5681 2.5652 2 4 1 2% 2.5652 2.5688 1
3 0 3= 2.3759 2.3811 1 3 3 0% 2.3696 2.3720 <1
0 3 5% 2.2675 2.2658 4 5 0 3% 2.2635 2.2631 4
3 6 1 2.2026 2.1996 1 1 3 6 2.1988 2.1990 2
0 8 0 2.1522 2.1495 1 0 0 8 2.1553 2.1544 2
0 4 5% 2.1413 2.1373 2 5 0 4% 2.1382 2.1397 1
3 7 1 2.0001 2.0003 17 1 3 7 1.9977 1.9969 9
2 0 5 1.9743 1.9755 3 5 2 0 1.9716 1.9714 11
0 3 6% 1.9364 1.9337 1 6 0 3% 1.9326 1.9357 1
3 3 4% 1.9126 1.9126 3 4 3 3% 1.9093 1.9088 3
-5 3 7 1.8882 1.8883 1
3 6 3% 1.8301 1.8285 3 3 6% 1.8282 1.8295 3
-1 8 4 1.8234 1.8244 14
3 8 1 1.8240 1.8244 1 3 8 1.8226 1.8227 17
5 2 4 1.7930 1.7926 <1
4 0 4% 1.7820 1.7779 4 4 4 0% 1.7772 1.7769 4
0 10 0 1.7217 1.7219 <1 0 0 10 1.7242 1.7240 1
2 6 1 1.6992 1.6996 <1
6 2 2 1.6850 1.6838 1 2 6 2 1.6749 1.6738 1
-2 2 8 1.6832
2 6 3 1.6368 1.6381 1
-7 6 2 1.6418 1.6408 7
-5 6 7 1.6405
2 6 5 1.6265 1.6274 3 5 2 6 1.6258 1.6248 6

The Indexing of d spacings of a monoclinic superlattice (pseudo-
hexagonal) at 333 K and that of a hexagonal superlattice at 297 K
are shown. Superlattice reflections are marked by *. The lattice
parameters are described in the Text.

** No correction for absorption nor preferred orientation were made.
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DRI BT CuS % 5 U CuSe DN &b/ #HA &
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RT D (M7 .5a) FREIHEAZ, (LT o)B
LU FEREOREELICE, HEREE (XHhEE
XRHITRTICBVWTIEEAEELIRR O W (K
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Fig. 7.5 Temperature dependence of lattice parameters in CuS, . Se, (0<x<1). (a), (b), and (¢)

show a, (a and b/ 3), ¢ (¢) and V., (V/2), respectively. Open arrows show the

hexagonal/orthorhombic transition temperature. A solid arrows shows another transi-

tion temperature at 323K for CuSe.
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(0<x<1) and that of hexagonal cell
volume (inset). Data marked by open
circles were taken at 298K and those
by solid circles were taken just above
transition temperatures which are 358,
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Fig. 7.7 Hexagonal/orhtorhombic transition

temperature versus occupancy of Se at
S2 sites. A dotted line is fitted to a
quadratic equation by the least-squares
method. The inset shows the composi-
tion dependence of transition tempera-

ture.
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Table 7.2 Comparison of Sublattice parameters, Superlattice Reflections, Superconducting, and

Normal State Properties.

Superlattice

Sublattice parameters reflections
- . T, Volume ratio (%)
Specimen a (A) ¢ (A) S2 (K) at 1.5 K
A 3.3204(5) 25.005(4) ++ ++ 3.14 65
B 3.3203(5) 25.083(4) — 2.88 38
C 3.3258(5) 25.208(4) ++ + - 2.88 38
Magnetoresistance at Magnetic
Resistivity at S K 9.5k0Oe and S K Hall coefficient at S K susceptibility at 5 K
Specimen (1Q cm) (%) (107% cm*/C) (1077 emu/g)
A 28 10 3.8 0.4, Pauli para
B — — —_ 3.8, C.W. para
C 96 1.9 2.0 2.3, C.W. para

Note. Sl represents the superlattice reflection (a* + 2b*)/14 x (—2a* + 3b)/14 and S2 the reflection (2a* + b*)/14 x (—a* +
3b*)/14. The marks *'++"" and **+—""imply “*dominant’" and “*scarce,’’ respectively. The mark ‘‘—"" represents ‘‘no measurements.”
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