Journal of Thermal Analysis and Calorimetry, Vol. 57 (1999) 807-821

SURVEY OF CHALCOGENIDE SUPERCONDUCTORS

S. Nagata" and T. Atake?

lDcpamnent of Materials Science and Engineering, Muroran Institute of Technology
27-1 Mizumoto-cho, Muroran, Hokkaido, 050-8585

Materials and Structures Laboratory, Tokyo Institute of Technology, 4259 Nagatsuta-cho
Midori-ku, Yokohama, 226-8503 Japan

Abstract

The thread that runs through all research in the field of superconductivity is new physics
through discovery of new materials. The knowledge of superconducting materials has become vo-
luminous and complex. The comprehensive review of the superconducting materials is of particu-
lar importance. The main purpose of this report is to present the results of classification for chal-
cogenide superconductors. Superconducting critical tempergfung/stal-structure type and the
references proper to these compounds are summarized. Brief survey of the superconductivity in
chalcogen elements is also given. Furthermore, as representative sulfide and selenide, supercon-
ducting characteristics of CuR®, and CuRhSe, will be shown.

Keywords: bibliography, critical temperature, crystal structure, CSRICuRhSe,, survey of
chalcogenide superconductors

Introduction

The highT, oxide superconductivity appears to have thrown new light on the
new superconducting materials. The discovery of Aigedperconductors has led to
unprecedented excitements. Intense research effort arises mainly from their potential
for significant technological applications. With a new theoretical development to
clarify the mechanism for the high-superconductivity, the challenge is still mani-
fold for the discovery of new superconductors. Much attention has been also paid to
new sulfide superconductors and to other chalcogenides. It is our dream to under-
stand and predict numerical value of the superconducting transition tempétature
Our primary purpose of this report is to survey and to present the results of classifi-
cation of chalcogenide superconductors. Superconducting compounds of oxides,
sulfides, selenides and tellurides will be listed [1-63]. Information regarding the su-
perconducting chalcogenides has been clearly systematized by our classification.
The data of superconducting materials can be reviewed comprehensibly in the light
of these classifications.
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On the other hand, the superconductivity in the elements of oxygen, sulfur, sele-
nium and tellurium is discussed [64—74]. A brief description of recent brilliant dis-
coveries of superconductivity in oxygen and sulfur under combined extreme condi-
tions of ultra-high pressure and very low temperature will be given.

In addition, as typical sulfide and selenide superconductors, the results of super-
conducting properties of CuR®, and CuRbSe will be shown with emphasis on
thermal properties [39].

Classification of chalcogenide superconductors

The superconducting transition temperafligecrystal-structure type and the ref-
erences proper to these chalcogenides are shown in Tables 1 to 4 [1-63]. The nota-
tion of the crystal-structure type is not unified in these tables, because we have re-
gard for the original author’s opinion about the notation and definition on the crys-
tal-structure type. Our notation follows the original author’s indication. Well-an-
nealed specimens usually show sharper superconducting transition than strained or
inhomogeneous specimens. It should be noted that most researchers choose the mid-
point as the transition temperaturg while the others choose the onset temperature
asT.. The occasional scattered valuesTgfjuoted in our tables may lie in the vari-
ation in sample preparation and the purity of sample itself. This survey attempts to
provide the simple and clear classification. It is stressed that this survey has mainly
focused on the conventional superconductors, not on theThigkide superconduc-
tors. With only a few exceptions, this survey does not cover (1) organic superconduc-
tors, (2) amorphous superconductors, (3) superconductors appeared only under high
pressure, (4) intercalation, (5) thin-film preparations.

Since advances in the development of new superconducting materials are largely
associated with physics and chemistry, it is hoped that this survey will lead to stimu-
lus and fruitful discussion for further researches. The world general literature pre-
viously complied and published for the superconducting materials are given [75-80].
The present paper is an advanced version of our original monograph [79]. The read-
ers should have critical eye and be careful for the conflict in the data values such as
T, in the references. Errors in all the tables are greatly regretted by the authors and
hopefully readers will point these out to be corrected.

Superconductivity in O, S, Se and Te

The oxygen, sulfur, selenium and tellurium belong to the same VI-b group in the
periodic table. These chalcogen elements become superconducting only under high
pressure, as shown in Table 5 [64—74]. Solid oxygen exhibits superconductivity at
pressure around 100 GPa wilk=0.6 K, which is a recent brilliant experimental
achievement under combined extreme conditions of ultra-high pressure and very low
temperature below 1 K developed by Amaya and co-workers at Osaka University
[64—65]. It is noted that solid oxygen shows the antiferromagnetism at low tempera-
ture with spinS=1 per one molecule, however, under high pressure the magnetic mo-
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ment of solid oxygen seems to disappear. Struzékad.[67] have shown that sulfur
becomes superconducting at 157 GPa with 17 K which is the highest transition tem-
peraturel, of an elemental solid reported so far.

Table 1 Superconductivity of oxides

Compounds Structure (type) TJK Ref.

TiO f.c.c. 0.65-0.94 [1]
NbO simple cubic 1.61 [1]
Cq, WO, hexagonal 1.4-3.4 [2]

(many Tungsten-oxide bronzes)

K,MoO, tetragonal 4.2 [3]
K,ReQ, hexagonall 3.6 [3]
Zr,V;,0 Few,C 7.5 [4]

Zr9.61RNy 28690 105 Fe;W,C 11.8 [4]

Li, M0gO,, hexagonal 1.9 [5]
Li, ,:NbO, layered 55 [6]
Ag,0OgNO, clathrate 1.04 [7]
(many anions: N@ HF,, CIO,, F, BF)

LiTi ,O, spinel 13.7 [8]
Li, ¢Ti; O, 11.2 [9]

SITiO,_, perovskite 0.3 [10]
BaPh_Bi O, perovskite 13 [11]
Ba,_[K,BiO, perovskite 34 [12]
(La,Ba),CuQ, K,NiF, 35 [13]

YBa,Cu,0,_, layered 92 [13]
Bi,Sr,CaCuy,0,,,, layered 110 [13]
Tl,Ba,Ca,Cu,0,, layered 125 [13]
HgBa,Ca,Cu,Oq,, layered 135 [14]
(many highT, cuprates)

Sr,RuQ, K, NiF, 1.0 [15]

KCa,Nb,O, (Li) intercalation ~1.0 [16]
Sr, LCa; LU0, 5 spin ladder 12 [17]

(under high pressure)
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These results of simple molecular and elemental substances may provide crucial
test of the origin and mechanisms of superconductivity.

Table 2 Superconductivity of sulfides

Compounds Structure (type) TJK Ref.
Sc§ NacCl 4.5 [18]
Cus CuS 1.62 [19]
YS NacCl 1.3-1.9 [20]
ZrS, NacCl 2.5-45 [21]
LaS NacCl 0.84 [22]
Lus NacCl 0.8-1.1 [20]
(SN), 0.33 [23]
Cus pyrite 1.48-1.53 [24]
CuSSe pyrite 1.5-2.0 [24]
Nb,S, Nb,S, 4.0 [25]
LasS, Th,P, 8.25 [22]
INg 60V 6Ss Nb,S, 3.7 [26]
Rh;S;5 Pd,Se; 5.8 [27]
Pd, ,S cubic 1.63 [28]
2H-NbsS, 2H-NbS, 6.1 [29]
2H-TaS, 2H-NbS, 0.8 [29]
TaS,(CsHgN)g 5 intercalation 3.4 [29]
SnTa$S intercalation 2.95 [29]
Csg ;MoS, intercalation 6.9 [30]
Li, Ti, S, Ti S, 10-13 [31]
SnNbS§ tetragonal 2.85 [32]
SnTa§ tetragonal 2.96 [32]
(PbS) ,;Tas misfit layer 3.08 [33]
PbNbS PbTiS, 2.62 [34]
PbTag PbTiS, 3.07 [34]
Na,Cu,S, 0.3 [35]
KCu,S; tetragonal 1.4 [35]
MogS, Chevrel 1.8 [36]
PbMo,S, Chevrel 15 [36]
LaMogS, Cheuvrel 5.8 [37]

(many Chevrel phases)
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Compounds Structure (type) TJK Ref.
K,Mo0,:S,o K,M0,:S,4 3.32 [36]
Ag,Pd;S B-Mn 1.13 [38]
CuRhS, spinel 4.70 [39]
BaTaS; hexagonal 2.88 [40]
SrTaS, hexagonal 2.75 [41]
Table 3 Superconductivity of selenides
Compounds Structure (type) TJK Ref.
ScSe 3.7 [42]
YSe NacCl 2.5 [20]
LaSe NaCl 1.02 [22]
LuSe NacCl 0.56 [20]
AgSnSg NacCl 4.5-6.9 [43]
CuSg pyrite 2.30-2.43 [24]
CuSeTe pyrite 1.6-2.0 [24]
RhSg ;5 pyrite 6.0 [4]
SbPdSe pyrite 1.0 [44]
BiPdSe pyrite 1.0 [44]
BiPtSe pyrite 1.45 [44]
RhSeTe pyrite 2.9 [44]
TaSg monoclinic 2.0 [45]
NbSnSg tetragonal 3.09 [32]
Nb,Se, Mo,S, 2.1 [46]
Nb,Se, Nb,Se, 2.0 [25]
La,Se, ThyP, 8.6 [47]
2H-NbSg 2H-NbS, 7.3 [29]
2H-TaSg 2H-NbS, 0.15 [29]
Pd,Se PdSe 0.42 [48]
Pd, ;Se 2.3 [28]
TIMo,Se, TIFe Te, 4.0 [49]
CuRh,Se, spinel 3.48 [39]
MogSe, Chevrel 6.2 [36]
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Table 3 Continued

Compounds Structure (type) TJK Ref.
PbMo,Se, Chevrel 6.7 [36]
LaMogSe, Chevrel 11.4 [36]
(many Chevrel phases)

In, Mo,:Se 4 In;Mo,.Se 4 4.24 [36]
K,Mo,:Seq K,Mo,:S€e, 2.45 [36]
(many other phases: K, Ba, In, TI)

BaNb,Se, hexagonall 2.5 [50]
Table 4 Superconductivity of tellurides

Compounds Structure (type) TJK Ref.
YTe NaCl 2.05 [20]
PdTe NiAs 3.85 [48]
InTe NacCl 3.2-3.45 [51]
LaTe NacCl 1.48 [47]
IrTe NiAs 3.0 [48]
PtTe orthorhombic 0.59 [48]
TITe tetragonal 0.19 [52]
CuTe, pyrite 1.3 [24]
NbTe, NbTe, 0.50 [53]
MoTe, MoTe, ~0.3 [46]
RhTe,(a) pyrite 1.51 [4]
PdTe, Cdl, 1.69 [48]
PdSbTe pyrite 1.2 [44]
BiPdTe pyrite 1.20 [44]
BiPtTe pyrite 1.15 [44]
BiTITe, 0.14 [54]
ZrTe, monoclinic ~3.0 [55]
AgTe, cubic 2.6 [56]
IrTe, defect pyrite 1.18 [48]
Pd,Te 0.76 [48]
Bi;Te 0.75-1.0 [57]
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Compounds Structure (type) TJK Ref.
Rh;Te, Rh,Te, 0.49 [46]
GeTe, NaCl 0.07-0.42 [58]
SnTe,_, NaCl 0.02-0.22 [58]
Pb,,,Te 5.19 [59]
Ge,Te, rhombohedral 1.55-1.80 [60]
Nb,Te, Nb,Se, 1.8 [25]
In;Te, rhombohedral 1.15-1.25 [61]
La,Te, Th,P, 5.3 [47]
AugTeg cubic 1.62 [56]

Tl Te, cubic 2.23 [62]
In,ShTe, NaCl 1.06 [63]
MogTe, Cheuvrel 1.7 [36]
Mog,Tegl, Chevrel 2.4 [36]
(many Chevrel phases)
Table 5 Superconductivity of chalcogens

Elements TJK Pressure Ref.
0] 0.6 115 GPa [64][65]
S 12 100 GPa [64][66]
S 17 157 GPa [67]
S 10 ? [68]
Se(ll) 6.95 130 kbar [69]
Te(ll) 2.5-3.9 40-70 kbar [70]
Te(ll) 2.05-3.4 43-50 kbar [71][72][73]
Te(ll) 24-5.1 38-55 kbar [74]
Te(lll) 4.15-4.28 68-80 kbar [70][71]
Te(llN) 4.1-4.2 53-62 kbar [74]
Te(IV) 3.3-4.3 80-100 kbar [70][71]
Te(lV) 4-4.72 63-80 kbar [74]
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Representative sulfide and selenide superconductors

CuRRhS, and CuRhSg,

For typical examples of sulfide and selenide superconductors, results of recent
intense systematic research on the normal spinel-type compoundsSz R

J. Therm. Anal. Cal., 57, 1999



NAGATA, ATAKE: SUPERCONDUCTORS 815

CuRhSe, are shown, which have been extensively studied in our laboratory [39].
Here, only representative experimental results are exhibited with emphasis on ther-
mal properties.
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Fig. 6 The normalized electronic part of the heat capa€iy, in the superconducting state,
plotted on a log scales. T /T. The exponential dependence of [ evident

J. Therm. Anal. Cal., 57, 1999



NAGATA, ATAKE: SUPERCONDUCTORS

816

00°€=® €L8=® (1710 -Hxa(1/e) =*
ov'y 002 80 OF°H
1€'T z8'T C1A) 1ov
€L+ GzZ+ MIAT (29099S) S
ze e nyjow/nwe , 0T X
¥9°0 890 Py
96°0 06°0 wole A9/salels (Awoup) (3)N
172 o€z x ©)
9z 14 N’} jow M/rw A
8v'€ 0LV 3 o
vS'T8 85°0L low/wo “A
78€°0 78€°0 Jajowelredn
69¢°0T /816 Y ©ISu0d aame
fasYyyno "3funo suun Aadoud

BgiunD pya s o) sonsualoeIeyD arels-jewlou pue Bunonpuoosadns g ajgel

J. Therm. Anal. Cal., 57, 1999



817

NAGATA, ATAKE: SUPERCONDUCTORS

v

G6 0L 90 WD ©OH
99 TC 193/v= ()
0T8T 0,92 Y (o)
viz 82T Y ©0)'°2
e}
15°€ 15°€ mawwﬁm_.mm%uﬁf:ovﬁ
crn
0Lt 089 20 lCLT0) 151A1 = (O°H
°14% 0L 20 (ABiaua 8aJ) woly) (O)°H
20°'T=q 05'T=9 Cis0>1)
fasyynd "3fyno snun fuadolig

panunuod g sjqeL

J. Therm. Anal. Cal., 57, 1999



818 NAGATA, ATAKE: SUPERCONDUCTORS

The normal spinel-type compounds CyRphasT=4.70 K as shown in Fig. 1.
The value of cubic lattice constant of CyRhat room temperature is 9.787 A. The
results of molar heat capacity are shown in Figs 2 to 6. The heat capdct/the
form C=C_+C¢q hereC,_ is the lattice part an@.sis the electronic contribution to the
heat capacity. The Debye temperatbref CuRhS, is 230 K and the value of elec-
tronic heat capacity constantis 25 mJ/Kmol f.u. According to the BCS theory, the
electronic contributiorCegis approximated by the next formula:

Ces(ayTc)exp[-b T /T] for T<0.5T,,

wherea andb are constants. Their magnitudes a8.73 ando=1.50, respectively.

The value of energy gap ratia@)/kg T, is 3.51. The copper nuclear spin-lattice re-
laxation rate exhibits distinctly a coherence peak. Lower and upper critical fields at
T=0 K are 70 Oe and 20.0 kOe. The thermodynamic critical figlat T=0 K is 704

Oe. The value of electron-phonon interaction paranglgs obtained to be 0.68 us-

ing the McMillan formula. This compound Cuf8) is not strong-coupling super-
conductor but exists between weak- and intermediate-coupling superconductor,
which is driven through the electron-phonon interaction. The Ginzburg-Landau co-
herence lengthg (0) is 128 A and the penetration deptf0) is 2670 A atT =0 K.

The Ginzburg-Landau paramete(0) is 21 and then CuR$, has typical charac-
teristics of type - Il superconductor which is clearly understood on the basis of the
BCS theory.
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Fig. 7T, vs y plot for various superconductors
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The summary of superconducting and normal-state properties of ,Su&id
CuRhSeg, is shown in Table 6. ThE. vs.y plot is shown in Fig. 7 as a perspective
overview of various superconductors. These sulfides GaRInd CuRkSe, are lo-
cated close to the molybdenum Chevrel-phase sulfides group.
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