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Study on Ternary Copper Chalcogenide (Cu-M-X)

Abstract

This document is the report on activity of the sulfide research group which continued to exist from April 1,
1997 to March 31, 2002. During this term the several basic researches have been conducted on the “ternary copper
and silver chalcogenides (Cu (Ag)-M-X)” and the related compounds in expectation of their potential applications
such as solid state ionics materials and electric ceramics devices. All the interesting research results have been
described in Chapters 2 to 9.

In the study of the phase relation and preparation of ternary chalcogenides, the systems Cu-M-X with M=H{, Sn,
Ge, Si, Gd and X=S, Se were selected. New compounds of Cu,HfS;, CuySnS;, Cu,SnS;, CusSnSg, CuyGeSs,
Cu,SiS;, Cu,SiSe;, and CuGdS2 have been prepared and its crystal structures have been determined from
four-circle X-ray data of CAD4 system. In application to sulfide cathode for Li-ion cell the electrochemical
behavior of AgsHf;Ss has been studied. The new phase relation of As-S-Ag system has been presented. With
respect to thin film formation the epitaxial growth of Ag,S on (001) plane of substrate MgO has been investigated
using MBE method. In the related compounds the system Ba-Nb-S has been studied in terms of the detailed phase
relation. Seven new compounds in the Ba-Nb-S system have been described about its crystal structure and
composition. The phase relation of alkaline earth containing sulfides has been investigated under the high pressure
condition.

In the study of crystal structure and phase transition of ternary copper sulfides the complicated
multiple-twinned CugGeSg has been analyzed. Its structure has been solved using the program FMLSM. The
crystal structure of CuyGdy;3S; showing diffuse scattering of electron and/or X-ray diffraction has been clarified.
In the related materials the structure model of Ta-Te quasicrystal has been presented. With respect to the structure
analysis of modulated structures the new approach has been proposed due to automatic calculation method.

In the study of physical property of ternary silver chalcogenides NMR measurements have been done. 1()()Ag
{"Ag} double-resonance signal of a super-ionic conductor, AgoGaSes, using the dipolar-dephasing difference
technique has been observed first. The electrical resistivity of ternary copper chalcogenides has been measured
from lig. N, to room temperature. Typical semiconductive behaviors have been described. In the final chapter all
the papers reported during group research terms are listed.
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Advanced Materials Laboratory, National Institute for Materials Science

1-1 Namiki, Tsukuba-shi, Ibaraki 305-0044, Japan
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Tel: +81-298-51-3354 ext 605
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2.2.1 Cu-Hf-S %
(a)& pR & HHEA (R

WINIZ DR TIEAE RV Cu,HES, D B HEE
MTCHOBREITIZD o /2. HBEIRICEIT 2 EE
BROFER, FEm A E LT 3D CuHES; FD
HFEEZRB LU EEEET — 5 2R 1R,

Table 2.1 Summary of Crystal Structure of Cu,HfS;

Crystal system  S.G Z

Monoclinic - 8

Lattice const.
a=12271(3)A
b=11.162(3)A
€=6.429(2)A
B =100,04°
a=9.611{2)A
b=6.444(1)A
c=T127(3)A
B =98.05°
a=6.4588A
c=12.1943 A

Compound
[¢4 -Cllzl’{fS3

B-CuwHES,;  Monoclinic  P2yn 4

T - Cu,HfS; Trigonal P-31c 4

B9 5 REMR XRD K% Fig.2.1 IZ7RT

BRIREE 900°C D(a)ld v #H. 650°C D ()l B #H.
550°C D)WL e TH 2. SHOLEHFEEERE
BRETHEDESMEERRLEZ. ¥Y T 4
DSCl111 ZHWTHSNE el & BMHIZDNTD
R % Fig.2.2 \ORT, IR 2|EE— 7 515°C
W AHiE LU THEELE CuS MO0 RS
(1.8CuS—Cuy S + 0.4S)I2 & B, $37%K XRD DFEIE
FEREDIISMN S, 658°C D DSC E—71d a D
BHAD, 787°C DE—7 L LD v DR
BicHERT A BOEEREINE, TNLD
CuHES; FHDBEIZ DN TOLEEBRIE o<
650°C, 650°C= B H=787°C, 787°C<r fH & 72%,

XRD patterns of CuzHfS3
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Fig.2.1 Representative XRD patterns of Cu,HfS; prepared at
(a) 900°C, (b) 700°C, (c) 650°C and (d) 550°C.



DSC curves of [t-CuzHfS3
(a)prepared at 650°C
(b)prepared at 550°C
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Fig.2.2 DSC heating curves of Cu,HfS; : (a) 8B -phase
(b) «—phase.
(b) WERF
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B A& DRIITIX
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FEERE ST D7D, Bk OIER % A IEE
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ExETAHZE12kD. 1300C. 8 B mET
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T

BZEMTER, Tty ra TOEREDH
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Table 2.2

Atomic coordinate for 7 -Cu,HfS,

Atom Site Oc X Y Z Beq
Hf1 2d 1 0.3333 0.6667 0.2500 0.93(1)
H2 22 1 0 0 025 0.90(2)
Cul 121 05 06711(6) -0009(6) 0.4464(4) 2.05(7)
Cui2 4 05 06667 03333 03650(8) 2.2(1)
S 12 1 0.0133(5) 0.3345(5) 03681(3) 127(5)

I DRERBEBEMZQIOENREL THD &
Fig.2.3 DX D072 5, HARFIIRENZ KT
972 2[HES;]D A JB & CuS DMUE{AD B fE DA
BHOBTHERIN, Hf BSEM. Cu SPUEAL &
=B EE D D, HIS6 /\HE{KIL ab HN TH
HFELTARARRKY >/ TEKET S, ZOBEE
BRid AgHES; DGE SRR TH D, MH OHIER
BWIEARAY 2T O c A FANOREAEIH D&
WIZ K 5. CuHES; DH AL Fig2. 3 ITH. 5 £ D 1T,
A B cWi AR VYT EET 5. A

[110]
Fig.2.3 View of the Cu,HfS; structure projected on the (110)

plane, where Hf-S bonds are drawn. Hf, Cu and S atoms are

illustrated by black full, small and large circles, respectively.



FEEE BE-S 13 2.552~2.562 A. Cul-S i3 2.388 A.
Cu2-S 132235 A & XCHME & F B L 7R,

BAHDRSEFATIIRE RN E S NNz, Bk
X T —4 & HWT Rietveld IBIC T /2. 55
NIRRT EREOBEEZR 23 1ITRT,

Table 2.3
Atomic coordinate for 8 -Cu,HfS,

Atom Site  Oc X Y Z Beq
Hf1 2a 05 0 0 0 1.5(2)
Hf2 4e 075 0.339(2) 0.006(5) 0.328(4)

Cul  4e 039 0575(11) 0480(28) 0.302(13) 4(1)
Cui2  4e 092 05056) 0262(5) 0.976(8)

Cu3 4e 0.69 0207(8) 0.639(13) 0.523(10) -

S1 4e 1 0.25(1) 0.853(15) 0.054(14) 3(1)
S2 4e 1 0.404(12) 0.845(17) 0.729(12) -

S3 4 1 0.929¢10)  0.335(20) 0.180(12)

2.2.2 Cu-Sn-S %
(a) BRR &HHBELR
Cu-Sn-S R OMBARIZ DN T 1970 R ITIT B
AVRT T 2 ATHRINTIERTONEZ. T0
FEM L. Wang, Moh, Khanafer 2 D& S IZERE & 1
T3, ZROMOEEPRESINTWED, £
D2 <X CuyS-SnS, DY A T4 ELITH 5,
CusSnS,, CupSnS;, “Cu,aSnsS7”, CuSnz 758, CusSnSg
72 EDHKERDMHENA S NDN, fEEENT—
FIIEK X BICELBHORETHEEIZDOWTIE
T UHMBHINTOWRNWRIICH > /2. I T
BRI U THEEIRZT), ZnROMEHE
BRICOWTHRNTAIEEHNE L T
7o 4 7 DF L WG T —F NG SN0,
TOAEREHIIUTOERD TH S,
(1) CusSnsSy6 MK 0.5mm K
CuS, SnS, — 450°C,3d — 850°C,3d —
R 5°C/h, 600°C — B
(2) Cu,SnS; (tetra) 7'\ XL 0.4x0.4x1mm’
Cu, Sn, S — 1050°C,2d —#R# 5°C/h, 700°C
—R¥F2d — BB
(3) CuySnSs (monocli) #HK  0.22x0.05x0.03mm’
CusS, SnS, — 850°C, 2d — TR 5°C, 600°C,
- {F 2w — A%
(4) CuSnSs AR 0.1x0.1x0.03mm’
Cu,S, SnS; — 600°C, 1w — +S, 400°C, 3d
R EIET 5y 7 AEITE 5,

0.54 KCI + 0.46 LiCl : Cu,SnSe = 3: 1

495°C, 60d — TR 3°C/h, 300°C — &k
BFoNHHSBT LY ORRET—F 2% 24
ICEED D,

Table 2.4 Crystal Structures of Copper Tin Sulfides

Compound Crystal system  S.G Z  Lattice const,
Cu,Sn;S;6 Trigonal R3m 3  a=7372(DA
¢=36.010(7)A
Cu,SnS, Tetragonal ~ I-42m 2 a=5.413(1)A
c=10.824(DHA
Cu,SnS; Monoclinic  Ce 4 a=6.653(1)A
b=11.537(2)A
€=6.665(1)A
B =109.39°
Cu,SnSg Trigonal R-3m 2 a=3.739(DA
¢=32.941(NA
(b) BEEMET
(1) CU4SH7S}6 @*%% 6
Table 2.5
Atomic coordinate for Cu,Sn;S4
Atom Site Oc X Y Z Ueq
Sml  18h 1 05017(1) 0.4983(1) 02513(1) 0.011
Sn2 3% 1 0 0 05 0.012
Cul 6 05 0 0 0.1884 0016
Ci2 6 1 O 0 02945 0039
3 3 19 0 0 0.054
St 18 1 04937 05063 01244 0010
s2 18 1 05074 04926 03760 0011
S$3 6¢ 1 0 0 0.1239 0.010
84 6¢c 1 0 0 0.3756 0.010

Ukq is defined as one-third of the trace of the orthogonalized Uij tensor.

20D DR CEWD> BDROTIRO ORI

(b)
Fig. 2.4 View of the crystal structures of (a) Cu,Sn;S,4 and (b)

Cu,SnS; along [110]. The small circles are Cu atoms, the

cross-hatched circles are Sn, and the large circles are S atoms.



Fig. 2.4 IZI3HIRD =8 Cu,SnSe D faAEIE & M
TR U Tz, CugSngSie DA T H S P H SRaA Y 3T
FHERAED a. & a=b=V2xa./2, c=2xV3xa. 735 BE%
N 5. Wang DNDHD D“Cu,SnsS,” & [Fl—H'H .
SARRICED TIEL . 2B R3m FA R
Fd-3m OWELSHICEL. B3 ORED
ABCABC B!, Cu3 I3 6 BofiL TR E & & 500,
XPS M CIIERFD Cu ld Cu' DA TH o /=,
(2) TEF Cu,SnS; D ©

BRI TH B IEHE CuSnS; DR T HEEE & i
EHEEIE K 2.6 & Fig.2.5 IR, FHEHEE LT
DFEFTOMER., &BY T b M1 & M21E Cu & Sn

DEBEEREL THBETE S,
Table 2.6
Atomic coordinate for tetragonal Cu,SnS;
Atom  Site Oc X Y z Ueq
M1 4d 1 0 0.5 0.25 0.019
M2 2b 1 0 0 0.5 0.019
Cu 2a 1 0 0 0 0.022
S 8i 1 0.2461 0.2461 0.1231 0.015

Notes. M1 = 43.6(2)at.% Sn + 56.4(2)at.% Cu, M2 = 46.3(3)at.% Sn +
53.7(3)at.% Cu. Ueq is defined as one-third of the trace of the

orthogonalized Uij tensor.

Fig. 2.5 The crystal structures of tetragonal Cu,SnS,
The interatomic distances and angles are in A and °.
(3) B Cu,SnS; DH#EE "

BRSO EA SO FMLSM iTic L 0 &5 h
TR &K 2.7 & Fig.2.6 IT/R Y . Cu, Sn 13 4 BifL.
(4) Cu,SnSe D& ®
EIRLER D BERHR C2/m DA E G U THESEMET L
Tl A ZEEAKRD R3m DFHEHBHLE, 7
—Z NS, SIR-92 DEBEETHIEEZMITL. 5
#{t%& SHELXL-93 12 TiTo /2. %5 7% BIEEH
%R 2.8 ITHIEHA % Fig.2.4 (D)ITRT . Bk E
TcliFRMNDOEEDIEFIZIBaABBAAY

Table 2.7

Atomic coordinate for monoclinic Cu,SnS;

Atom  Site Oc X Y Z Ueg
Sn 4a 1 0 0.0898 0 0.012
Cul  4a 1 -0253(5) 0.4125(1) -0181(5) 0.023
Cu2 42 1 -0133(6) 02563(1) 04984(7) 0.025
s1 4 1 0.3779(4) 00905(2) 0.1185(4) 0.011
s2 42 1 0.3589(4) 0.2379(1) 0.6179(4) 0.008
s3 4a 1 03545(4) 04222(2) 0.1123(4) 0012

(a)

Fig. 2.6 The crystal structures of monoclinic Cu,SnS; projected

along (a) [0 -1 0] and (b) [-1 0 1]. The large open, medium

shadowed, and small solid circles represent S, Sn, and Cu,

respectively.
Table 2.8
Atomic coordinate for trigonal CuSnSe
Atom Site Oc X Y y Ueq
Sn 32 0661 O 0 0 0.009
Cul 6¢c 0326 0 0 0.0407  0.016
Cu2 6¢ 1 0 0 0.2204 0.015
S1 6c 1 0 0 0.2896  0.012
S2 6c 1 0 0 04686  0.011

CbA ¢ C|CBBaC7B. Z ZTHEFKILS. /M6
FEALD. FU v XFII 4 BEALDOBA F A%
BT D, BRI S-S f5A THIEN. Snid 6 Fdfir
g% 585, Cul 133 EALT Sn @ 8 HfED L
TOSD3IAHOHLIIALET %, Cul-Sn DR
B3 13A THHFIHETET. FHNaHKES
T Cul & Sn DFIN 1D EAWERTHEHET S,
ERAENTIE CuS DREE IR T WS,

2.2.3 Cu-Ge-S %

(a) BER EHHEAMR

500°C LA ETOREEBARICDWTHRANZHE
Cu,GeS;, CugGeSg, CuGeSy tH DFFETED MR S /s
T T T CuyGeS M ITDNWTIIZE L /2. T DH
W Wang 1T KD, ZERHE A222 O FER
a=13.20A, b=15.24A, c=12.548 D& EME S



NTNEPHEEIIRATH o TIT CuS &
GeS, & HFEWE & U T 830°C T 1 » AREngkiE,
5°C/h T 690°C £ THRB U TR E/ER, Mg
Froaet s Lk,

(b) W&

TUtya CEEPHNC L SBENS,
T EAR R ORE THRFERIE a=9.7902)A,
b=13.205(2)A, ¢=9.942(3)A, B =100.902)° TH 5 =
ENHBH L7z, SIR92 DEHEE, SHELXLI7 ITX
BIEIC X D15 T2 CusGeS, DIRTFHEEE/NT A
— & ER 29 ITHETTIE Fig2.7 1R .

Table 2.9

Atomic coordinate for monoclinic CuyGeS,

Atom Site  Oc X Y VA Ueq
Gel de 1 0.0578(3) 0.4118(2) 0.3110(3) 0.012(1)
G2  4de 1 0.5496(3) 0.0909(2) 0.3025(3) 0.011(1)
Cul 4e 1 0.0840(4) 0.6900(3) 0.0142(5) 0.036(1)
Cu2  4e 1 01283(5) 0.0483(2) 0.4763(5) 0.035(1)
Cu3 4e 1 0.1628(5) 0.6809(3) 0.2855(5) 0.036(1)
Cud de 1 01850(4) 0.1539(2) 0.1799%(4) 0.026(1)
Cu5 4e 1 02884(5) 05801(3) 0.5298(5) 0.051(2)
Cu6  4e 1 03525(5) 03612(2) 0.0831(5) 0.045(1)
Cu7  4e 1 04194(4) 0.3369(2) 0.4275(5) 0.031(1)
Cu8 4 1 0.6746(5) 0.3478(2) 0.1719(4) 0.031(1)
s1 4¢ 1 0.0091(8) 0.0672(4) 0.2579(7) 0.015(2)
s2 4 1 0.1204(7) 03273(4) 0.1348(6) 0.013(1)
s3 4¢ 1 0.1285(7) 08319(4) 0.1423(6) 0.014(1)
S4 de 1 0.2350(7) 0.41524) 0.4888(7) 0.017(2)
85 4 1 0.2696(7) 0.5875(4) 0.0191(7) 0.016(2)
S6 4e 1 03746(7) 0.1713(4) 03638(7) 0.017(2)
s7 4e 1 05045(8) 0.4314(4) 02590(6) 0.014(1)
S8 d4e 1 0.6060(8) 0.1745(4) 0.1245(6) 0.017(2)

Ueq is defined as one-third of the trace of the orthogonalized Uij tensor.

(a) (b)

Fig. 2.7 Crystal structures of CuyGeSy projected on (a) [010]
(b) [-10-1] direction. Large circles are S atoms, medium circles

are Ge atoms, and small circles are Cu atoms,

2.2.4 Cu-Si-X & (X=S,Se)
(a) Bk &HHESRR
ZDFR T, CugSiXg. CusSizXs CupSiXs A7z
EPHEND, INHDD BERSET—5 OWE
DN CuSiXs M DICER L TAKRZIT- 72,
RAEME Cu,S+Si+S % 800°C T 1w f£5 5°C/h
T 600°C £ TF 3w L. L Mty
Cu,Se+Si+Se % KCYLICl 7 T v 77 AHIZ 550°C T
6w RFF U TRERR Z/EEL L 72,
(b) REEMRHT
BEEIZX O &L A0 WETFERIZ
a=6.332(1), b=11.230(1), c=6.273(1), B=107.49(1)°,
a=6.669(1), b=11.797(1), c=6.633(1), B=107.67(1)°,
DOHEPFRTEMET C.(No.9YTH S Z ENph
o7z HEMILORBMEER T F RO TE a,
& a, c~V6Xa,/2, b~3XvV2Xa,2 725 B{MF M7
BE{RMNBH D, Cu,SiS; & Cu,SiSe; DJHE-FHEEEZ# K
2.10 I E /2 E DRGSR Z F B D Cu,GeS; & FLE
L T Fig. 2.8 IZ/RT,

Table 2,10

Atomic coordinates for monaclinic Cu,SiSs and Cu,SiSe,

Atom Site  Oc X Y zZ Uegq
Cu,SiS;

Si 4a 1 0.0263(1) 0.0834(1) 0.0208(1) 0.008(1)
Cul 4a 1 0 0.4099(1) 0 0.019(1)
Cu2 4a 1 0.0028(1) 0.2464(1) 0.4967(1) 0.019(1)
S1 4a 1 0.3709(1) 0.0829(1) 0.1138(1) 0.010(1)
S2 4a 1 0.3851(1) 0.2654(1) 0.6158(1) 0.010(1)
S3 4a 1 0.3928(1) 0.4265(1) 0.1502(1) 0.008(1)
Cu,SiSe;

Si 4a 1 0.0312(2) 0.0835(1) 0.0249(2) 0.009(1)
Cul 4a 1 0 0.4106(1) 0 0.021(1)
Cu2 4a 1 0.0127(2) 0.2453(1) 0.5029(2) 0.021(1)
Sel 4a 1 0.3832(2) 0.0838(1) 0.1191(1) 0.011(1)
Se2 4a 1 0.3912(2) 0.2620(1) 0.6251(2) 0.011(1)
Se3 4a 1 0.3938(2) 0.4237(1) 0.1495(2) 0.009(1)

Fig. 2.8 Crystal structures of (a) Cu,SiS; and (b) CupGeSs.

Projection on [010] direction.



2.2.5 Cu-Gd-S &
(a) &k &HER

BEICK R L 2 DY B f O fEAR O i O 7
CuGdS, fHIZ DWW THE Lz, HEROERIT L
IZ & B EHIRIEIC L D, CuS & GdyS; DEEIN
BeaWweEHmiEE LT 950°C — 880°C TaARL
7o FERTESIFTVHREEEL, BT ERISZE
FAEE p21/c(No.14)D  a=6.4392(2)A, b=7.0548(2) A,
c=6.7462(2)A, B =98.245(3)°TdH 5.,
(b) RS R

BEERIC K BMBIED. Shelxl-97 AW THE
LU 7ze BRNAE TV Gaussian 1K 5. 1715 & DA
FTr—FE2HRNT 38 y DT A—FEHEENLL
R1=0.032, wR2=0.079 Z=f/z. [RFEEZE 2.11
12, FEERREEERANE Fig2.9 ITRT,
FE RS CuLlaS,, CuSmS, &, Gd V& 7 BifL
T75DSIT, SIFA4EAM T4 45D GdIT. Culd
AN T4 7D SITENENHEN TS,
F DO Hs A TR

Gd-S 2.839A, Cu-S 23814,

Cu-Gd 3.19~3.54A, Cu-Cu 2.56A
TH 5.

Table 2.11
Atomic coordinate for monoclinic CuGdS,
Atom Site  Oc X Y Z Ueq

Gd 4e 1 0.3061 0.5503 0.1969 0.007
Cu 4e 1 0.0894 0.1556 0.0611 0.015
S1 4e 1 0.4250 0.2278 0.0003 0.007
S2 4e 1 0.0900 0.8845 028335  0.008

Fig.2.9 Crystal structure of monoclinic CuGdS,.

Large circle: S, middle one: Gd, small one: Cu.

2.2.6 Cu-TM-C-S Z{L&aY
HizBEHRATOEBSEN—FRPILT 71 R
W2 B39 B IFZEAY H-Nb,SC, 1T-Nb,S,C, 1T-Cu,3Nb,
S,C IR EITDWTIThNz, WINnsE 2 Filis
R THIEERIRED 5K, 8K, <SK ThHH T &% H
H U7z, B (L2001 % < DRRENE &z, 1Y

2.2.6 HEHm LY DY

BT & (tight-binding)IT L TOILIR L 2 v 7 )Lk
X DEE SN CulGeS, & Cu,SiS; DE T
DR % Fig.2.10 2R T, BILED/NTA—F—
Hi(eV), CI1IXCHREZE V. COOP 134 hHE
DEZYEEVWEXRT, §iE TIHMAEBTFHO L
1$EIT Cu3d & S 3p DIRAKICK U EEFFIL Cu ds
& 4p, Gedsdp K D72 DN RiEIL 4.0eV TH 5,
F7z-17~-18eV DN Rid Ge-S OELFHREDITH
k9B, BEBLEFEILL DN REENRS
N, WAHEDFEMETH S, -20~-22eV I Si-S D
HERAICEDN R,

2 o
e S
B R Cu
6 1 total
7 shaded area: Ge
s 81
(]
&-10- CudGeS4
I% |
18K iz
DOS COOP
2 -
o < i
W T S ot
Lol G— cu [ R R Cu-S
-4 4 total |} Tvve- 4 —Si-8
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S a1 fQ
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Fig. 2.10 DOS and COOP curves for CuyGeS, and Cu,SiS,.



CuyGeS, & Cu,SiX3(X=S,5¢) D BRI DO WIE 4 R
% Fig.2.11 & Fig.2.12 12R$ . BHSMIWTND
FHEARTH 55 TRV F—I1L 78K M 5 300K
DT CusGeS; 0.0023eV, Cu,SiSes 0.024eV &
7207 HL CupSiS; 1dHHEB DR B h—T &7
DIEMEALOER &L TIRMOBERNEZ 5N 5.
O EHRAHICDONWTOEEBRDT —F 2R
T & CusSnsSi6 1 22°C T log 0 ~-5.01 THEMEAL
TRIIF—I3 0.42eV TH D, CusSnSeid 318K T
238Qlem! fLD o TELEEMENDIET Ty b
ISR ETR D AZ Uy VW aE ERY, ZOH
Hd CuS DFE & FRRITHEE I S,7 3 avERE L
THBTHOLEICR—IINTE, p-ROERBE
BrihsrbolTHEINS,

300 [rrrTrrT T
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Fig.2.11 Electrical resistivity of Cu,GeS; as a function of T(K).

1

08

0.4
0.2

log 0 (Q 7" vem™)

0
-0.2
-0.4
-0.6

. . Cu2Sis3 |
[ Cu28|Se3'
0.6
5

0

10
1000/T (K™

Fig.2.12 Electrical conductivity of Cu,SiX; versus 10%T.
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W, ZOBEMIZ DN TEBSILSHAIT Li OH LA

NAARETH L, ZRTHEZ DDA RSP
Y7 VIV ERBRICEMM & U TORANH

RFIND.AgHES Z IEMA & U CEMAEERL.,
Lﬂﬁk WS RMBEHERARD EEHITETD
EREEE LT DOV TR Lz, 17
alkBHE 850°C 3d THRERL . #4#2 6.35mm DX L
WHRBI U IERR & U 7. SRR IE KA A I
FD(1) IM Lil +PC (2) IM LiCl04 + PC (3) 1M
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130uA/em® TOREBETIE. PR TERICOE
D Li MEINE N5 EFFHCEMIL 2.2V £ TR
ETT 5, 0% 2.2~2.1V TN T(b)2 faHk
FDT Ty NfEEA(c)Li/AgHE:Ss=3 £ THi Z 4
THOWEMDPE T L()S5 TRTT 5, Bk X BRI
K BREIEDOHRIL. EMR Ly MIIHRMEDOE
& Ag DHrHZE-R L. n-BuLi IZ K2 U F I A1k
DEEERICTH S ENERI N,

Li DFEABETIE, Ose 2B EETS QHED
—EIE 3L END @AgIZTRTHIHT S
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Fig.2.13 First discharge curve for Li/IM LiPFs in PC/
Ag,HfSg cell at the current density of 130uA/cm?,



EEZDHERADIDITEE S,
AgHf:Ss + 5Li* + 5¢  —  LisHP*H*,Ss + 4Ag
E-> THwm IRV F—HEIL 224Wh/Kg. RINE
A TIVERBHAALZN, EEBLTLHRNFER
WBESNTWRW, BIRTIZERM & LU TomH
BEELNWHDEEZEN S,

BAEHICE S5 N7z XRD % Fig2.14 1ZRT, Li
L DfE 4 DEPETHERMZ Rz, FRIMEORE
FEIIRD 5 NRN o Tz, REKRAMHOEEETT IV
EUT, (D) ZEMBEIHFEME & [ — (No.212, P4;32)
(2) BRHEE HES IERINITH LU TRE 3) 1k
FAMED Lis5 SREL TU— ML MEICEK
LRGN E T o1z, BONIEHRER 212 1R
T LHHFE T TOMHYTT. Ry, Ry, RefB19.9, 5.4,
3.1% TH oz, HEH Hi(12d)id 6 B2 &0 S
DO B/\EROHFLIIMET S, ZD/\EEN
BeaA L T RTICREZEREEZD<
D, TOMBRIC LiBEAL Ag Wi LU CHifES
NEEDTZEDNHSNTRD Iz,

552,633,721

[ 1 v rbs it ntier
T

TOTE LIl BNEI2 NINEAEY RaKd ]
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Fig.2.14 Rietveld analysis of electrochemically lithiated

Ag,HIf;Sg,
Table 2.12
Atomic coordinate for cubic LisAgg o04Hf5Ss
Atom  Site  Oc X Y Z B (A)
Hf 12d 1 0.125 0368(1) -0.119(1) 04
s1 24e 1 0382(4) 0.125(8)  0.134(4) 14
2 B 1 0.872(8) - - 13
Ag 4b 0.094 0.625 - - 1.3
L1 8 1 0.024(6) - - 24
L2 8 1 0.551(2) N - 24
Li3 12d 033 0125 0.651(7)  0.599(7) 2.4

PAE, $fEESANIT T RO, T2 54EH
WH> TESNEREBICDOWTHBEICEEL =,
HHEARICDOWTEHSR EZSRB I N0,

HE INSOMFEIAEELZ STA 7 0—0
Xue-an Chen FG. BHEFEEBIFZE B DL EF]
KOmhickDBINZI EE2AET 5,
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3.1 AFEBEROMEIBH : CuyGeSy BIRAHD
ZE W

T=Tv A 05 A NEA F 2 BEK CuyGeSg 1
% 330K THIEE E9 5, SIEMIZZE/REE F 43m
DIMFERTH D ERME KEH) TR
ERIORFBREHBENT. BRTOHELE
X BE T — Y E2HWLENGZREL TH
&R Pmn2, (A=7.045, B=6.966, C=9.870A)DEF
W OEREICHEDORELEIT o,

BRRABICOWTIIERSE 2Rz, =MARRK
HRIITUEy a D EENSEHAERRD 2
RAA 2 REED &K D12 R A Enraf-Nonius CAD4 [8]
Pratick ¥V MoKaZ WS FHHh a=13.956,
c,=17.048 A TF—FWEN SNz, HFHEDOE
Z%(Table 3.1)0 HEE DI E L N EOEEDOH
35 F % (a=b=9.907, c=9.870A, a=p=90°, y=90.64°)
D& F 2 E I b N FRE1E0,0,0; 1/2,1/2,0)+
XY,Z; V,%,2; 1/4-%,3/4-y,1/2+z; 3/4-y,1/4-%,1/2+Z IZ K
D Pmn2, DEFIINEHR N 2, JlET—¥
W12 FAALOREBENS ERKEL 6 RILER
DIEEL hkl000, 000Kkl EREERT Fyur T BN
THELTHh N (Fig. 3.1).

BEE 7075 A FMLSM ver.3.20 (Kato) 4%
R0 12 HORERT. 1804 K& & 77 #aE/X
T A =& RN TITHI Re=8.3%, wR:=9.1% T &H
5 7% (Table 32), HIE/ST A—F DEREREIT
Rietveld T DK 1/4 TH oz, BIRMHFT Ge
& 281, S2, S3 IZEIML S FVTHNSL U 7= IE MU 4K
GeS, D<) $4,S51% Ge EFEE L TV, Cu2
& Cu4 12 S4, S5, GeS, D 28 MB/RBEAIE S-S
MEEADHIT. Cul, Cu3, CusS I E=DDEAI S-
S WMEAENEE TS S-S ZATmDHICES, Cu
1 F 21 Cu-Cu<2.9 A THIRE Cu-Cu DHEE %
o TWBE S IKRZ 5 (Fig. 3.2).

1R2EORERTIZ10.1,7.1,6.9,4.2,4.2,4.6,2.3,
1.7, 1.7, 1.0, 1.5, 1.7 TH O] TDWTORKEL
THHIEZEEZEETHEL 2 FAAL OEFEIL
106:53:48:18:18:21:6:3:3:1:2:3 £725%, HKEDE N
1 =6 FED KA L x,y,2,y,2,X; 2,X,Y; Z,-Y,-Z;

Table 3.1. Relations (M*) among reciprocal bases, -, Z-, T-
matrixes, t operation, symmetry and twin operations.

M* @ %= 342b*3+2¢%/3, b*=2a* [3-b*/3+2c*/3,
"*=2a*3+ 26*/3- ¢*/3

o-matrix (-1/32/32/3|2/3-1/32/3|2/32/3 -1/3)

Z-matrix (100000[010000]{001000)

T-matrix (000100{000010]000001]|100000]
010000]001000)

t t={T|0}
Symmetry 1.%, Y, z, u, v, w
operations 2.y, X, Z, v, u, w

3. 1/4-x, 3/4-y, 1/2+z, 1/4-u, 3/4-v, 1/2+w

4. 3/4-y, 1/4-x, 1/2+2z, 3/4-v, 1/4-u, 1/2+w

5.1/24x%, 124y,z,  1/2+u,1/24v, w

6. 1/2+y, 1/2+x,2, 1/24v, 1240, w

7.3/4-x, 1/4-y, 1/2+z, 3/4-u, 1/4-v, 1/2+w

8. 1/4-y, 3/4-x, 1/2+z, 1/4-v, 3/4-u, 1/2+w
Domain 1 Symmetry operation 1-8
Domain 2 (Twin operation y,z,x,v,w,u) x(Symmetry operation 1-8)
Domain 3 (Twin operation z,x,y,w,u,v) x(Symmetry operation 1-8)
Domain 4 (Twin opertn x,-y,-z,u,-v,-w) x(Symmetry opertn 1-8)
Domain 5 (Twin opertn -y,-z,x,-v,-w;u) x(Symmetry opertn 1-8)
Domain 6 (Twin opertn -z,X,-y,-w;u,-v) x(Symmetry opertn 1-8)
Domain 7 tx (Symmetry operation 1-8)
Domain 8 tx (Twin opertn y,z,x,v,w,u) x(Symmetry opertn 1-8)
Domain 9 tx (Twin opertn z,x,y,w,u,v) x(Symmetry opertn 1-8)
Domain10 tx(Twin opertn x,-y,-z,u,-v,-w)x(Symmetry opertn 1-8)
Domain11 tx(Twin opertn -y,-z,X,-v,-w,u)x(Symmetry opertn 1-8)
Domain12 tx(Twin opertn -z,%,-y,-w,u,-v)x(Symmetry opertn 1-8)

Table 3.2. Atomic parameters with e. s. d. in parentheses.

Atomic parameters based on the cell with a=b=9.9073, ¢=9.8703
A, 0=f=90°y=90.642°, Z=4

Atom X y z Uy
Gel 0.1247(2)  0.1247 0.5 0.009(1)
Cul 0.3677(4)  0.1567(3) 0.2493(9) 0.025(1)
Cu2 0.1534(5)  -0.0457(4) 0.8439(9) 0.029(1)
Cu3 0.1735(7)

-0.0269(5) 0.1421(10) 0.049(2)

Cu4  03006(5) 03006  0.0101(13) 0.033(2)
CuS  0.3646(5) 03646  0.4685(10) 0.024(2)
S1  0.4991(6)  0.2573(6) 0.8792(11) 0.011(2)
S2 -0.0002(7) -0.0002  0.6368(13) 0.010(2)
S3  02488(7)  0.2488  0.6331(13) 0.009(2)
S4  03876(6) 03876  0.2441(17) 0.018(3)
S5 0.1357(5) 0.1357  -0.0073(15)0.011(2)

Note. Atomic coordinates X,Y, Z based on the orthorhombic cell
with a space group Pmn2, and cell parameters 4=7.045, B=6.966,
C=9.870A can be calculated from the values of %, y, z using the
relations X=x-y, Y=x+y and Z=z.

Y, Z,X; -Z,X,-y DREIRIEICHE T B, FEODR
W7 -12 BEBOERAS T -6 BOENTH
EENARF O] EICE W 2 i TR R
o, BIBHTH 55 ROMERITEEN H
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5T ENDMNS,

L—-6FBDRALY., 7T—12 BORAL D
FRFNOBTR Ty 0¥ 1 D GeS;
PR AT EAMIZERED T I EMNTE Cu-Cu
MEOMEZTNELS (Fig. 33). £ 330K
PLETIRZERIEE F 43m O HFROEEE &0,
AgTaS, EDT7 —T v A 051 N A F 88
HERUL SDEAFLMEARINE A TENS
Pl %z Cu 14 oNRNB EHEINS, E
BICWHABHEE Cu 1 F2MEIEL TEBRIT
GeS, VLA ZEHETH 6 RAAS CORARRED
HETEEL, BIBRT2 FAS KB TH- 72
BN 12BN o EEZENS,

orthorhombic A, B, C=¢

pseudocubic a, b, ¢

domain 1

domain 9

B C
)

a c

domain 10 domain 11 domain 12

b
G a
A C
, \==, ) @a @ﬁb
-b -C

Fig. 3.1. The major twin domains 1-6 and the minor twin
domains 7-12. The minor ones are related to the major domains
1-6 by a two-fold rotation on [111], respectively.

solid and small shaded circles represent S, Ge and Cu, and Ge and
Cu are joined to the nearest S with thick and thin rods, respectively.

(a) domain 1

Fig. 3.3 Bounded projection ofCuyGeSq I along the pseudo-
cubic [111]. (a), (b), (c) and (d) correspond to twin domains 1,
2, 4 and 7, respectively.

3.2  CuyGeSe, DIHILH

T—=Iv 4051 ME Y CugGeSqn CugSiSen
CugSiSeg IR L CugGeSeg 1IN HERHR ETR DK
328K THIEBZT 5, HmiRMIL P6;me (a=7.307,
c=11.75A)TA D 6(c) 1 MTHAE 2/3, 1/3,
2/3, 1.0 D Cu 1A WADEmMEETN 9 BiRME
(EIBAE)E P6scm (A= 12.648=7.307xV 3, C=11.75A)
D2FD 6(c)& 3D 12(ITHEH 1.0 D Cu 1
FUMADESI NIz, AR TIHERE 2 iR
BDIA T a2 b — MEFREE & A7 L BSRF R
Y THIE L7z 350K, 290K OHKEH T —%
ERWCBZEMBEZLRAL TR ZT 27,

4 RILERDOTZD BB OEEE FIT a=
(2A+B)/3, b=(-A+B)/3, ¢=C ZEUEFNT ~L
q=A*=(a*+b*)3 ZHNTITRTDOKH % h=ha*+
kb*+lc*+mq TR U ARG OZERM 2 & iRHE O
P6;mc IZHiIZ %o A*=q, B*=(2b*-a)/3=b*-q KV
FERE DR X=u, Y=y-u 2V 4 DBEEEE v ZHWNT
BhN, BEEH q=(a*+b*)/3 D 4 RKITMFREEE
DHERBERT-yx-y,2u-y; -X,-y,2+1/2,-u ET2 5.

BIE ST HE ICEE L7z. Rietveld fEATIZHE
ZEfEI BRI Bl O PREMOS(Yamamoto)iZ X D175 7z,
EIRMAEERHOETN EEKRNTA—F %
Table 3.3 IZ7RY . Rietveld /N7 — 1L Fig. 3.4 O
K DITIZ D Ryp=0.074(FE{RAH), Ryp=0.056 (i
) ThHolz.



Table 3.3. Structure model of Cu,GeSe, I and II described using the
positions of P6;mc: 2Ge in 2(a), 2Se in 2(a), 4Se in two 2(b), 6Se in 6(c),
4Cu in 6(c) and 12Cu in two 6(c). The isotropic thermal parameters,
B(Ge) and B(Se), are used commion to all Ge and all Se jons respectively,
while the individual isotropic thermal parameters are adopted for Cu ions.
(a) the high-temperature phase (CugGeSe, I, 350K), a=
7.3164(4), c=11.7679(7) A.

(a) CuBGeSe6 | (350K)

Intensity (arb. units)

X y z B(A®)  occ.
L
Ge 0.0 0.0 0.202(6) 1(1) 1.0 T T TR T
Sel 0.0 0.0 0.0 116) 1.0 nimboer SRS PSRN
Se2 1/3 /3 04508) 1.1[6] 1.0 L s -
Se3 -0.179(2) 0.179[2] 0.249(5) 1.1[6] 1.0 Diffraction Vector Q@ (A ™)
Sed 13 1/3 0.084(6) 1.1[6] 1.0
{b) CuBGeSes Il (290K)

Cul 0.472(6) 0.472[6] 0.096(9) 6(2) 2/3
Cu2 0.462(4) -0.462[4] 0.306(5) 4(2) 1.0
Cu3 0.187(4) 0.187[4] 0.454(7) 5(1) 1.0

(b) the room-temperature phase (CuyGeSe, II, 290K), a=

7.2999(1), ¢=11.7570(1) A. A, and B, are the amplitudes of the
cosine and sine terms with wave vector mq=wm(a*+b*)/3 in the
modulation function expressed as a Fourier series. To obtain the

parameter values of the average structure, the values of 4, should be
added to the comresponding fundamental values.

X y z B(A?) occ.
Ge fundmntl 0.0 0.0 0.20 0.8(7)y 1.0
Ay 0.0 0.0 -0.001(3)
Ay 0.0 0.0 0.009(7)
B; 00 00 0.0
Sel fundmntl 0.0 0.0 0.0 0.2(3) 1.0
Ap 0.0 0.0 0.0
Ay 0.0 0.0 0.011(4)
B; 0.0 0.0 0.0
Se2 fundmntl 1/3 -1/3 0.45 0.2[3] 1.0
Ap 0.0 0.0 0.007(4)
45 0.027(2) -0.027(2] 0.0
B; 0.046[4] 0.046[4] 0.0
Se3 fundmntl  -0.2 0.2 0.25 0.2[3] 1.0
Ay 0.020(1) -0.020[1] -0.002(3)
A5 -0.001(3) 0.001[3] 0.012(3)
B; -0.009[5] -0.009[5] 0.0
Sed fundmntl  1/3 13 008  02(3] 10
Ay 0.0 0.0 0.005(4)
Ag 0.0093) -0.009[3] 0.0
B 0.016(6) 0.016[6] 0.0
Cul fundmntl -0.5 0.5 0.08 1.0 2/3
Ag 0.0202) -0.020[2] -0.006(3) 0.8(9) 0.0
Aj 0.0 0.0 0.0 0.0 -2/3
B; 0.041(6) 0.041[6] 0.0 0.0 0.0
Cu2 fundmntl 0.5 -0.5 0.31 1.0 1.0
Ay -0.038(1) 0.038[1] 0.006(4)  0.2(6)
A5 .0.018(2) 0.018[2] -0.046(3)  -1.1(9)
B} 0.008(7) 0.008[7] 0.0 0.0
Cu3 fundmnt] -0.2 0.2 0.45 1.0 1.0
Ay 0.015(1) -0.015[1] 0.003(4)  0.3(7)
A; 0.001(3) -0.001[3] 0.019(4)  -1.2(9)
B 0.070(5) 0.070[5] 0.0 0.0

Intensity (arb. units)

111 '

X . [ I T b T R EE (L L BREE) VDI TR e Y G L KER e

IR R T B U Hl\m\ LUREHR RRVIRUNULE SRR U S Y RIRL D8 SRR

bt

! Tté 4

1.5 3.0 4.5
Diffraction Vector @ (A ')

Fig 3.4. The Rietveld patterns of (a) CuyGeSe; I (350K,
2=0.6479(1)A) and (b) CugGeSe, II (290K, A=0.6505(1)A)
based on the data measured on the high-resolution powder
diffraction instrument installed on beam line BMIB at the
ESRF. The patterns are plotted using the diffraction vector
length Q(=27/d) A" as the x-axis. The vertical lines below
the profiles indicate the positions of (a) the reflections and (b)
the main (upper) and super- (lower) reflections.

RSO % Fig. 3.5 1ZRT . BHEADHIIL
347 RSN EIRM. =IBAAFIZ Friauf-Laves 8
O 2HBDRFREIERICTHD—FT7—I v 1
041 MNETIE Friauf-Laves D 3CEIDEF &
F U Td 5. Friauf-Laves fHEE TII T AME
CHZARBENREICEAERD 2 TORM
WO EARMLTH DEEE TENS, 13215
BIZEHED KXW BHEIE S 785, CuGeSes D
BRAETIV TR Cu i EEE 23, 1, 1 D 3ED
A SRE DS TOENERMBETIVTIE Cu,
Cud W x,y,z, x+1,y+1,z x+2,y+2,z D 3 FLEIT 50
N Cul BEELFAOER xyz THEHHEX
x+Ly+1,z x+2,y+2z D 2 BN > TilEBHIE &
7B, ZOXIDITBERBERR O RIIE
B, SEMOBEfGEIA 2L — NERD
FEICIOGATE .
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s

Fig 3.5. Structures of (a) (c) CugGeSe, I (350K) and (b) (d) CuyGeSe, II (290K) described in P6;me: 2Ge in 2(a), 2Se in 2(a), 4Se in
two 2(b), 6Se in 6(c), 4Cu in 6(c) and 12Cu in two 6(c). (a), (b) and (c), (d) are respectively the bounded projections of
0.26<z<0.76 and -0.6<x-y<0.6. Large open and medijum solid circles represent Se and Ge respectively. Small circles represent Cu
positions: light shaded Cul, dark shaded Cu2 and solid Cu3. Cul in (a) and (c) are partially occupied. Ge are joined with thick
1ods to the nearest Se, and Cu-Cu distances less than 3.0A are shown by thin rods. Thin broken lines in (b) represent the unit cell

adopted by Jaulmes et al (6).

3.3  Cu,Gdy,S, F D Gd Z2ir o 4B # F A AIlEC 51

ETHERXBEEHT—FZ AT Cu,Gd,ysS,
DIEGREE DREFALTHN 2 (Table 3.4) (P 3,
a=3.899, c=6.421A, Z=1, R=0.036, wR;=0.041). S D/~
FEFIEAE BT EAALIEIC Cu AY, J\EHADLEIC 23
OEBEETGINAS (Fig36@). T/
ZBH DA MU — ROBUEBELIIRXMRERT. BT
RREHT/N S — > ETEIRIE N (Fgs. 3.7, 3.8). HE3
& @3xav3) D a, b ENT Gd &ZEALARAIBLS
U, HAESIEN2EOL 7 M EfN 12 TD0
BETERETSEDOETI (Fig. 3.6(b), Fig. 3.9,
Table 3.5) ICEDETINEICEL U EREBELEED
PIalb—YarEfTok(70S I A FUI
(Kato)). %% & Nzt ERE R(Figs. 3.10, 3.1, 4
HH[EIHT 51T K B WAL SR B 2> A7 I 4 fE (Fig. 3.10).
BFRREH /NS — > (Fig. 3.8). ¥k XEREHT /NS
— 2 (Fig. 3.N%E K< BT X/ 8.

Table 3.4 Atomic parameters of the average structure based on the
trigonal cell with a=3.899 and ¢=6.421A with estimated standard
deviations in parentheses.

Atom X y z U,
Gd* 0 0 0 0.0244(4)
Cu 1/3 2/3 0.3698(2) 0.059(1)

S 2/3 1/3 0.2523(3) 0.027(1)

* Occupation number of Gd is 2/3.

Table 3.5 Probability table (P table) based on the layer units
shown in Fig. 3.9. P1-P1 is forbidden and P1 is followed by P2
and P3 with the same probability and so on.

| P1 P2 P3
P1 0 05 05
P2 | 05 0 05
P3 | 05 05 0

— 14 —



L vacancy Gd
=

A Ay

(a)

(b)
Fig. 3.6. (a) Average structure model (trigonal: a=3.899,
¢=6.421A) and (b) stacking model of ordered layers of Gd and
vacancy (trigonal: A=V3a). Relations between the vectors
shown above are expressed as A;=a;-a,, A,=a;+2a,. Small
solid and large open circles represent Cu and S. Medium
solid, shadowed, and open circles represent Gd, partially

occupied Gd and vacancy respectively. Cu and S are eliminated
in (b).

102

110

D N T

15 20 25 30 35 40 45 50 ab 60 65 70
Diffraction Angle (deg.)
Fig. 3.7 X-ray powder diffraction pattern of Cu,Gd,,S, for
CuKoa radiation. Reflection are assigned based on a trigonal
unit cell with a=3.899 and c=6.421A. The peaks with
asterisks are due to impurity. Rises of background indicated
by small arrows (|) are observed around the super-reflection
positions based on a trigonal cell with A=6.753=V3x3.899 and
C=2x6.421A.

Fig. 3.8. Electron diffraction patterns from Cu,Gd,;S,. The
incident beam is parallel to the [-1 1 0] of the basic cell
(trigonal: a=3.899, c=6.421A). Indices (H, K and 1) are based
on the trigonal cell with A=6.753=v3a and c=6.421A.

/: : L7LT

Fig. 3.9. Possible configurations of Gd and vacancy layer. Solid
and open circles represent respectively Gd and vacancy.

Fig. 3.10. Intensity distributions of X-ray diffuse scattering
corresponding streaks 10T (lower) and 20T (upper). Open
circles represent measured intensities. Calculated intensities
for the model of Table 3.5 are represented by curves.

PPN .

15 20 25 30 35 40 45

Diffraction Angle (deg.)

Fig. 3.11. Calculated X-ray powder diffraction pattern (CuKa).

References

1) M. Ishii, M. Onoda & K. Shibata, Solid State Ionics, 121, 11
(1999).

2) M. Onoda, X-a. Chen, K. Kato, A. Sato & H. Wada, Acta
Cryst. B55, 721 (1999); ibid 1109 (1999).

3) M. Onoda, X-a. Chen, M. Ishii & H. Wada, Solid State
Ionics 136-137, 415 (2000).

4) K. Kato, Z. Krist. 212, 423 (1997).

5) K. Kato, Acta Cryst. A50, 351 (1994).

6) S. Jaulmes, M. Julien-Pouzol, P. Laruelle & J. Rivet, Acta
Cryst., C41, 1799 (1991).

7) M. Onoda, M. Ishii, P. Pattison, K. Shibata, A. Yamamoto &
G. Chapuis, J. Solid State Chem. 146, 355 (1999).

8) M. Onoda, X.-a. Chen, A. Sato & H. Wada, J. Solid State
Chem. 152, 332 (2000).

9) M. Onoda, Ferroelectronics, 250, 83 (2001).

— 15 —



BAE SEREYTEYFI—EDORRK

4. 1 WEL®BIZ
—RICEBRILY 2 BT BT, Tk

KM EMEREDEIGICHAG L. GRED

FIZREZEE AL TS - B RS S 5 5k,

WibkFEZZFHAL TIPS E 2T
HHEN—RTH B, INS5OHER. ]k
EREE AT HCERSE B DI, A
B (K40 0ELL) BT MENHET
Hbd. TOED. BIRTAELERERBHEOYE
EINSOHETERT DI EIIAETH S,
INIHLTELXDILFEDOBEEE LS FO
FEEI o)LL TERREIE, LHEMKE
DEHRETCRBEIEDHFRIEYF —&

(MBE#) Id. KB TORGAATRER /=0,
BEBELZEEWESRTHDITEL TWS, £
7. ZOHER. BRTIHEHBEEREZENS N
DICHET HEETOEREZEEBESRKIC
EOWEOETIENTE, COAEICELDEST
TERRACIIE O BRI, fEREICE D &
R E N DTN EBEICRZSTZHD
KRB EEZOND, I5IT, ZHEBEEZERT
586, KEEKRIE. BOREITBT ST
FOWH AN TS ENTES,

F/m. MBEEIE. EREZDLEITERS
NBHEE DR TFORPOBRSECHEMOE
EHEFAL T EROBRTFREAMZB KL
FEEAE (TS F—B) 2EHTDZ &0
FRETH 2720, BRRIIGFETHYELILE
IRBERNTMEEETAHYE LS EAHT
EBHREETH A D, TDDITIEEI I %
BRIENEETHD,

EBFZEL. ZDLD7RMBEEOEHER
{EHERICHAL T, IhETERIEE
YiE., BiE. Bt OYE OEE
R, BEREBEOIEYF I —2HHTLE
REHELNMITHREOHEDS EIZfTo
TEz, HEDEMEIT, 1) FBoMgO

(001) BEE L TOIEYF v ILALE.
2) WALSBDOS r Ti O, (00 1) E£kiT
MgO (001) QRN ZHER LT
TEYF—, 3) EHFREEIEILER

SnSITESFFI—E, 4) SneEoLE
FEI—, EEZBTVWS, ZO551)
WOWTERT B8, 2) EBEIZDWTIHL.
BRaph, ERERRETHHDOT,. £h5
DWW TIERI OBERITIRRZ N,

4. 2 Ag,SEHOIEIFIYIIRE
BRL/=MgO (00 1) EREiCBIT3
Ag,SBEBOILEYF v LREIIDWTLE
TR S, FLEIIBA T REEKTHO.
WERFIIABEENRE (270—300°C)
T, BREONFHRLETOREZ B HICH<
ZEMTEDS, EREICHRELZBEORKRE
S, EROREICBITAHEERAZEL T,
B TOREINEDDBREDEHZEMED
N, AIENRER A I ORI ERE TS
ET. BELRNF—ZENTHIENTES
THA9, 5 ThHNE. Ag,SIZERIC
BOETIESF v IIVERELR TN EH
XN, TOEICIEED L DR A4 o
NEREN., BHEHZS5TTHEIIN?
COMEEEIZ, 17 7 CLUTF TILH&M
SHEARICHEEREER 50, TOBRLRE
IR OESHEENERHEINS, T
BOWREN, EREAOREBIZEDOLDITE
FINBEDONEWSHEEDDH B, INSEHE
AT, BEEZZHEZERL, 0L
S+ —DEBKFE EEGHMEZRN
BHFEEITo T2,

4. 2. 1 FEBE

MBEKICKBEEGRDOERIE, T/ T
2N () #HEOBEEEEEEZANTRE
molz. BEPOHERIIERNT v SFOMH
R T TH5, FLEzESITE. 10
Ttor rEOWSFREICHLTLIO0 %t
Or r BOWMESFHROBENKLET. 14
IR T TS TE RN, EoTFHEIE K
IVHAFO T EF4 K (p—BN) OJb
VRO FESN) 2Rl TEz. i
B THROBEL HREOERE. 58, Kt



WEREmRDT ZyF o THMOBEE - — R
INVT DREIREDAG L, ThThDK
I, B —)V RIR &SR 25T B
LD, BB AN TWS, FESTF
MEIRE L EREOFRESFIX. 20325
KEEINDEEZLNS,

MgO (00 1) FiRIZ. 1 5mmX15
mmOMg OBfFEFOy Rns, 110
WEBICHAY Y —FT1 724 TTERL .
FEEME T CERKRAZEHE T &, BH
DBBIZELCEEEZSNDRKINDAT VT
ML, BRI 5 — I &S SN ER
W, U= )b—L5HEN., 81 508
WMBEZBEDEZETF v 2 /N— T
SNz, ERIBER. BRGNS —E2EET
57— LIHEEINREN &K RER
THEL. MgOIZEEBEIN/ZS nORIAT
BEBIEZ{To /.,

ERIL = RO BRI, HOKEFETE
NFEN, 9. 8, 48. 9, 84. 9. BL&
X339nmThs. BOLESF—Id,
XBTFA T P A—=FIZLOERTIZFE
TBIU0FNICH L TEMLZREICK DA
Nz, ZOEBEIT. AblEe BT H#ESE
HLTHWRWOT, ERENOAMMIZEL T
BENEN, o T, RERED KFHEIL.
o PR Z b D XMBEMEIC L D HliEE
WHRIELZ. TOHERIT. 74757 b XA—
T OEREHRTEIHDTHo 2,

o112 SN T
8x10%[ 012 j 002 500_ ARSI A MBI R
. . 400F @
123 3
: 8‘3°°E 3 o004
6x10% |- T200f 036 1 |
- ) M 100f O
" ; :
oN N o2 TP AT At
) n ] 83 84 85 86 87 88
4x10* - : 26(°)
H i ~224
024 A
2x10% |- l ,1 \ }
A Il v
L | i |
0 A !\* . I . :E L *_ ( e /L .
20 30 50 60 70 80 90
20 (°)
Fig. 1. X-ray diffraction patiern for 339

nm film taken in the ordinary 6-26 mode.
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Fig. 2. Thickness dependence of reflection
profiles: 020, -112, and 012 reflections.
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Fig. 4. ¢ dependence of -344 reflection. (-344)

belongs to (-112) orientation crystallites. The film
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Impurity data in order of concentration from
chemical analysis’s of the synthesized samples
in this work.

Si > Mg > Fe > Cu
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A list of errata on Ref.3

1) Introduction :

Andreychin et al. D#&EIZBA LT lby a factor of

about 300] % [by a factor of about 30] &3

2) Table 1:

pre-exponential factor C (Q'em™) ZBIL T
lwith error-bars of 5 ~ 10%] %Ptz

5.4 #HBEEL

KEITIZA s 2 S sfEfMERRICHTHA gH
ANITPED FEREEEL 2B L. LFEREAE0E
BAEBRS,

Table 5.1 Typical Impurities ( ppm ) in Elements of 99.99% purity

Mg Ca Sh Si Fe

Cu Ag Pb Al Na

As 10 10 20 20
S 2 16
Ag 3 30 10

10

10 10 20

( extracted from a catalogue of High Purity Chemicals Co., Ltd . )

— 93 —



HaRAs2S3itx LT, AglMELH
RIFTH &, KA, BRL .00 &L
TV, BICHBERR AR, —F, %
OBEBAIT. AseS12B8, As3SeRE, As
SsAs. ... &L, HELHERKLTY
<HEMBROND GEMISSIOEZSR) . ¥
HARIOR L L S IR oRBERIc. 3
RERELEN-TRY, EE, AgEDE
WAL R BBRE LTESHE, Ag-richfiE
A g -poorfHDIEFLE 2 FAOELIERENEA &
n56),

WIZ, As 2 S 3fEREEDRMY L ZFLR
T5E, {-As-S-} BV Ur7RIGERL
TTE312B8BOBERAM) 2 KTHIZREH
LTBEERL., TAL b FmICiEEL T
Fig. 5.3 L 9o TCWw3hd, ZIZ T, Asld
3BANL. ST 2B OBEY A M HH T
D, EHIT, BEREFHEOMFERE ZFEMIC
FARTHRBE, TROL D ITHSERE, BE5A
DAL TW5S,

Bond Length ( As - S ) 21.5 -~ 23.4 pm

Bond Angle ( - As - ) 100 - 110 °

Bond Angle ( - S - ) 90 - 102 °

(cf., regular tetrahedron : 109 ° 28 ° )
O )

Fig.5.3. A projection of the layer structure of crystalline
As2S3. Arsenic atoms are larger circles, and sulfur atoms
smaller circles. Each circle except smaller shaded ones is
indicated strictly by two circles whose centers are apart from
each other by about 0.15 A. The size of each circle means
neither effective covalent radii nor effective ionic ones
properly (from ref 3).
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Fig.2 The om — 0o diagram of stress state
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Fig.3 Plastic deformation of cube anvil along the j110; di-
rection after unload.
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Fig.4 Record of high temperarure and high pressure run.
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Fig.5 p-T phase diagrab of Y203.
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Compounds in Ba-Nb-S system
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Fig. 7.2

(a): Powder X-ray diffraction pattern (XRD) of a specimen which was obtained by the reaction of BaCOs and
Nb2Os in CSz. The specimen is a mixture of 3R-NbSz and BaNbsSs

(b): The XRD of the specimen which was obtained by heating the specimen (a) with small amount of sulfur in an

evacuated silica tube.
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Expected XRD of a specimen which contains 7 structures. n is a integer.
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Electron diffraction patterns of type 6H. The

diffraction spots are indexed with the subcell
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(a): XRD of type 33R. Indices of some peaks are not given in the pattern because of lack of space. The indices of those

peaks can be found in reference [3].

(b): Enlarged pattern of (a). There are many small peaks which can be indexed with the unit cell of 3a x 3a x c.



Fig. 7.7

Electron diffraction of type 33R
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Fig. 7.8
(a): XRD of a sulfide prepared without iodine. The sulfide is composed of two structures, type 12H and type 18R.
(b): XDR of type 12H. (c) XRD of type 18R
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Fig. 7.9
(a)! ED of type 12H, (b) and (c): ED of type 18R
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Relationship between the amount of iodine and
18R/(18R + 12H)
Temperature: 900°C
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Fig. 7.12
(a): XRD of type 21R. Indices of some peaks are not given in the pattern because of lack of space. The indices of those
peaks can be found in reference 3).

(b): Enlarged pattern of (a). There are many small peaks which can be indexed with the unit cell of 3a x 3a x c.
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Fig. 7.13

ED of type 21R
The diffraction spots were indexed with the subcell

Table 7.1 Chemical compositions of the unknown sulfides

and the lattice parameters in hexagonal setting

a S A==t 157 a(d) c(A)

F a=8.2 c=14.8xn
H 6 H  BaNBseSios a=3.3363(2), ¢=17.680(2)
G 33R  BaNbsssSuo a=3.3339(2), ¢=100.450(7)
il a=3.3 ¢=26.7xn

Jd 12H BaNbss0S78s  a=3.3315(4) ¢=36.944(4)
J 18R  BaNbssoS7ss a=3.3333(4)  ¢=55.646(9)
K 21R  BaNb2ssSe2s a=3.3341(2)  ¢=63.714(4)
L5 a=3.3 c=31xn
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BN, HOMKLEWBOREEGEA S XE  2EEAL. PTHBE (KARR a=33A c=
ICEZeEH AL, 1200°C, SHCHEREER  188) 2Xkd =,

L7zo EROBMKXERIZIX, RAOE—VIIR AV 7= B E4(0.10x0.08x0.02 mm)id, EJ& Y
sV, BFREFCIE. FVEIERIEER RoBAE. cEHPEELEHRKRTHZ, Z2=1
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Fig. 7.14

Average structure of type 6H.

Ba atoms are indicated by large solid circles, S
atoms by large open circles, Nb atoms by
small solid circles, and partially occupied Nb

atoms by small open circle with dots.
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1: Occupation domains which generate atom
positions in the dodecagonal Ta-Te quasicrystal
model.
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2: The approximant structure obtained from
the occupation domains in Fig. 1 by introducing
the phason strain. Projections along the c axis
within (a) 0 <z <1land (b)0<2<1/2
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includegraphics[width==7.0cm]|fig3.eps

3: Diffraction patterns normal to the 12-fold
axis given by the model. (a) zelo layer (I = 0), (b)
first layer (I = 1).
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Fig. 1 Models of ion conductive motion. (a) random walk by
way of vacancies, (b) caterpillar mechanism, and (c) collective

motion with inter-cationic restraints such as chemical bonds.
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Fig. 2 Temperature dependence of the T} and T, of %Ag and
WAg Ti: A, WAg at 7.05T; A, Agat 9.39T; O, 'PAg at
7.05T; @, Agat 9.39T. T: V, 'YAgat 7.05T; V,'7Ag at
9.39T; O, '®Agat 7.05T; €, '®Agat 9.39T.
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Fig. 3 Block diag ram of the experimental armangement for the '” Ag—'" Ag double-resonance NMR measure ment. Here, / has
to be of the approprate length, M and M’ are for matching, and T and T” are for tuning. The insert shows a schematic of the

resuling doubletuning of the solenoid coil.
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Fig. 4."”Ag{'"Ag} double-resonance signal of a super-ionic conductor, AgeGaSe, using the dipolar-dephasing difference
technique (upper) and the result of the corresponding null experiment (lower).
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Fig. 5 Temperature dependences of the chemical shift of the
19Ag{Ag} double-resonance signal (O) and of the '®Ag
single frequency signal (@) of the super-ionic conductor,

AgsGaSes.

Table 1; '“Ag NMR Chemical Shifts, § (ppm)

Compound 6 (ppm) Compound 6 (ppm)
AggNbSg 12827 KAgyls 810
AgsTaSg  1287°  RbAgyls 790
AggGaSeg 1105°  AgyeligW401g 580
AggSiTeg 1056 * Agl-doped glasses 400 - 630
AggGeTeg 1040 " Agl-alkylammonium 800
AgF (solid)  -110 AgF (solution) 430
AgCl (solid) 370 AgCl (solution) 495
AgBr (solid) 350 AgBr (solution) 585

Agl (solid) 710 Agl (solution) 790

*: our data
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