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I. INTRODUCTION

ECENTLY, as a result of the interest in super-
conductivity there has been a renewed effort in

the search for superconductors. The possibility of
evaluating current theories, particularly the BCS
theory, by observing the systematic occurrence or
absence of superconductivity has also contributed
greatly to the current interest in superconductivity.

Previous review papers and compilations of super-
conductors have generally been descriptive in nature
and presented very few conclusions. In the present
paper, we mention some of the conclusions that we
have reached as a result of the occurrence of super-
conductivity and as a result of recent experiments on
the isotope effect in transition metals and com-
pounds.

II. MECHANISMS FOR THE OCCURRENCE

OF SUPERCONDUCTIVITY

When the occurrence and behavior of supercon-
ductors is systematically investigated, they fall nat-
urally into three different groups —the nontransition
elements, the transition elements, and intermetallic
compounds. Conclusions drawn from the behavior of
one group should not be generalized to include the
other two without further consideration.

A. Nontransition Elements

Originally it had been assumed that the electron-
phonon interaction described by the theories of
Frohlich, ' Bardeen' and later by the modified BCS'
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theory was the urnversal cause of superconductivity.
One of the most impressive confirmations for this
interaction is the isotope effect, according to which
the transition temperatures for diferent isotopes of
the same element vary inversely with the square root
of the atomic mass:

T. 0- I/QM

The effect was first observed by Reynolds, Serin, and
co-workers' ' and by MaxwelP for the isotopes of Hg.
Since then, the isotope shift has been observed for
XII ' Cd ' SII ""Tl ""alld Pb """This was the
first direct proof of a lattice —electron interaction as a
mechanism for the occurrence of superconductivity.

108, 1175(1957);J.Bardeen and J.R. Schrieffer, "Recent De-
velopments in Superconductivity, "Progress in Low Tempera-
ture Physics, VoL III, edited by C. J. Gorter (North-Holland
Publishing Co., Amsterdam, 1961), p. 170.

4 C. A. Reynolds, B. Serin, W. H. Wright, and L. B. Nes-
bitt, Phys. Rev. 78, 487 (1950).

5 B.Serin, C. A. Reynolds and L. B.Nesbitt, Phys. Rev. 78,
813 1950).

. A. Reynolds, B. Serin, and L. B. Nesbitt, Phys. Rev.~

~

~

~

~

~

~

~ ~

~

~

~

~

~

84 691 (1951).
~' E. Maxwell, Phys. Rev. 78, 477 (1950).
8T. H. Geballe and B. T. Matthias, IBM J. Research

Develop. 6, 256 (1962).
9 E. Bucher, D. Gross, and J. L. Olsen, Helv. Phys. Acta

34, 775 (1961).
&c E.Maxwell, Phys. Rev. 79, 178(1950);ibid 86, 285(1952.).

W. D. Allen, R. H. Dawton, J. M. Lock, A. B. Pippard,
and D. Shoenberg, Nature 166, 1071 (1950).

~2 W. D. Allen, R. H. Dawton, M. Bar, E. Mendelssohn, and
J. L. Olsen, Nature 166, 1071 (1950).

&3 J. M. Lock, A. B. Pippard, and D. Shoenberg, Proc.
Cambridge Phil. Soc. 4/, 811 (1951).

~4 B. Serin, C. A. Reynolds, and C. Lohrnan, Phys. Rev. 86,
162 (1952).» E. Maxwell and O. S.Lutes, Jr., Phys. Rev. 86, 649 (1952).

Is N. E.Alekseevskii, Zh. Eksp. i Teoret. Fis. 24, 240 (1958).
II M. Olsen, Nature 158, 245 (1951).
~8 R. R. Hake, D. E. Mapother, and D. L. Decker, Phys.

Rev. 112, 1522 (1958).» R. W. Shaw, D. E. Mapother, and D. C. Hopkins, Phys.
Rev. 121, 86 (1961).

Copyright 1963 by The American Physical Society.



B. T. MATTHIAS, T. H. GEBALLE AND V. B. GOMPTON

An unnoticed, but important, limitation of the uni-
versality of this mechanism was that the isotope
effect had been observed only for nontransition ele-
ments.

B. Transition Elements

Netzel and Dillinger" investigated the supercon-
ducting transition temperature of the best available
Ti isotopes and found that the temperature varied by
a factor of 5. As recognized by the authors, the
changes in the transition temperature were probably
due to other factors, such as the presence of im-
purities in the samples, rather than to variations in
the isotopic mass.

The next transition elements to be studied for an
isotope shift were Ru "'"and Os' whose isotopes are
readily available and are inert with respect to carbon,
oxygen, and nitrogen at elevated temperatures. The
latter is an important consideration, since small
amounts of these elements dissolved in the isotope
could cause shifts in the transition temperature,
which would considerably exceed the shift expected
from an isotope effect. No isotope effect at all was
observed; the accuracy of the experiments is such
that any dependence of the transition temperature
upon mass would have to be at least an order of
magnitude smaller than for the nontransition ele-
ments. The absence of an isotope e8ect in Ru and
in 08 seems to indicate that the electron —phonon
interaction is not the only mechanism for the occur-
rence of superconductivity.

Several years ago, when the systematic variation
of the transition temperature with the number of
valence electrons was discovered for the transition
elements and compounds, it became clear that there
was another mechanism for the occurrence of super-
conductivity. High transition temperatures always
coincided. with an odd number of electrons, thus
indicating the inBuence of a net spin and, conse-
quently, a magnetic interaction. This will be dis-
cussed later in the paper.

Recent experiments, in which the transition tem-
perature of Ti and of Zr were raised by the addition
of magnetic impurities only, point to a spin-exchange

20 R. G. Netzel and J.R. Dillinger, "Superconducting Tran-
sition Temperatures of Titanium and Titanium Isotopes, "
Proceedings of the VIIth International Conference on Ion
Temperature Physics, edited by G. M. Graham and A. C.
Hollis Hallett (University of Toronto Press, Canada, 1961),
p. 389.

2& T. H. Geballe, B. T. Matthias, G. W. Hull, Jr., and E.
Corenswit, Phys. Rev. Letters 6, 275 (1961).

~~ Pote addedin proof. D. E.Finnemore and D. E.Mapother
[Phys. Rev. Letters 9, 288 (1962)j con6rm the absence of an
isotope eGect in superconducting Ru.

interaction mechanism for superconductivity. The
experiments of Andres, Olsen, and Rohrer, "which
show a change in sign for the interaction constant vs
volume dependence in going from nontransition ele-
ments to transition elements, also indicate the exist-
ence of this mechanism. Further evidence that the
phonon mechanism is not applicable comes from a
consideration of the relationship between the heat
capacities and transi. tion temperatures of supercon-
ductors in the 3rd, 8th, and 9th columns of the
periodic table. For these elements, the transition
temperature varies inversely with the electronic heat
capacity which is contrary to the behavior expected
from the B('S theory. "The recent discovery that
superconductivity in Mo is suppressed by the pres-
ence of few parts per million of Fe may be another
indication of this mechanism.

C. Intermetallic Compounds

The results of the isotope effect experiments in
intermetallic compounds point to a combim. ation of
the two mechanisms mentioned above or possibly to
a third mechanism for the occurrence of supercon-
ductivity. Devlin and Corenzwit" examined the
variation of the superconducting transition tempera-
tures of NbsSn, containing different isotopes of Sn,
and found that the eGect was almost an order of
magnitude less than the calculated value based on
the 1/QM relationship. It was not obvious whether
these results obtained by varying the Sn mass were
significant, since it could be argued that the super-
conducting wave functions were associated primarily
with the Nb. Therefore, an investigation of the iso-
tope effect in the compound Mo3Ir was undertaken
substituting the various isotopes of Mo."In this way
the mass was varied at the sites, where the supercon-
ducting wave functions should be at a maximum. The
effect observed is intermediate between that of the
nontransition elements and that of the Ru and Os.
Strangely enough, the isotope effect in the element,
Mo has the same value namely, 7, ~ 3f-'~'. It seems
reasonable, therefore, to assume that there is a
mechanism causing superconductivity in compounds
and in Mo, which may be intermediate between the
electron —phonon interaction for nontransition ele-
ments and the spin-exchange mechanism for Ru and
Os.
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III. OCCURRENCE OF SUPERCONDUCTIVITY

A. Empirical Rules

While it does not seem possible at present to en-
compass all superconductors with a unified descrip-
tion or theory, it has been possible to establish em-
pirically the necessary conditions for the occurrence
of superconductivity and a criterion for the transition
temperatures. ""

U X is defined as the number of valence electrons
per atom, counting as such alt the electrons outside of
a filled shell, then superconductivity is found only
when X is appreciably greater than 1 or less than 10.28

Almost all the superconductors known to date follow
this rule. In the superconducting range the transition
temperature is usually an oscillatory function of Ã.
This applies only to the transition elements. Ã can be
changed continuously by forming solid solutions or
intermediate phases of elements within the same
group. In contrast to this, solid solutions of nontran-
sition elements in transition elements or vice versa
destroy superconductivity rather rapidly. This again
is a clear indication of the difference in mechanisms
leading to superconductivity.

B. Elements

Elements which have less than two or more than
nine valence electrons per atom are not supercon-
ducting at the lowest temperatures measured to date.
Elements with two valence electrons are borderline
cases. The transition temperatures of the transition
elements may be represented by an oscillatory func-
tion of X:

T. ~ V f(X)
where T, varies for the different crystal systems, for
the atomic volume, and for the atomic mass. The
limitations of this formulation have been discussed
previously. "

The transition temperatures of the elements have
been reviewed by Shoenberg, "by Eisenstein, "and by
Roberts. "Recently, Goodman" discussed the possible

2 B. T. Matthias, "Superconductivity in the Periodic Sys-
tem, " Progress in Loco-I"emperature Physics, Vol. II, edited
by C. J. Gorter (North-Holland Publishing Co., Amsterdam,
1957)) p. 138.

sr B.T. Matthias, Phys. Rev. 97, 74 (1955).
~8 The earlier formulation of this rule, which stated that

superconductivity above 1'K occurs only for 2 ~ N ~ 8 is
essentially correct but must be extended somewhat when
temperatures below 1'K are considered.

ss D. Shoenberg, Superconductivity, (Cambridge University
Press, Cambridge, 1960), p. 222.

se J. Eisenstein, Rev. Mod. Phys. 26, 277 (1954).
3~ B. W. Roberts, "Superconducting Materials and Some of

Their Properties, " General Electric Co. Rept. No. 61-RL-
2744M, June, 1961.

ss B.B. Goodman, Compt. Rend. 250, 683 (1960).

existence of superconducting elements with extremely
low transition temperatures.

The transition temperatures of the superconduct-
ing elements arranged according to crystal-structure
types are given in Table I (references 33 to 78). The

ss G. Seidel and P. H. Eeesom, Phys. Rev. 112, 1083 (1958).
34 J. F. Cochran and D. E. Mapother, Phys. Rev. 111, 132

(1958).
35 N. E. Phillips, "Heat Capacity of Copper and Aluminum

between 0.3' and 4.2'K, " Proceedings of the Fifth Inter-
national Conference on Lol Temperature Physics and Chemistry,
edited by J. R. Dillinger (University of Wisconsin Press,
Madison, Wisconsin, 1958), p. 414.I D. L. Martin, Proc. Phys. Soc. (London) ')8, 1489 (1961).

si W. B.Pearson, A Handbook of Lattice Spacings and Struc
tures of 1lletals and Alloys (Pergamon Press, New York, 1958).
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Rev. 109, 70 (1958).
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Rev. 109, 243 (1958).
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Eleber (The Macmillan Co., New York, 1961), p. 158.
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TxsLE I. Transition temperatures and crystal-structure data of superconducting elements.

Superconductivity data Crystal-structure data

Element

Transition
temper aturea'K References

Structure
type

Lattice Constants
a, A 6) A c, A References

A1

Ir
Pb

a-Th
V
Nb

Mo
Ta

Zr
Tc
Ru

Hf
Re

Os

Tl
a-La

In

o.-Hg

Ga
n-U
p-Hg

5.4-6.8

0.14
7.175-7.208-7.23

1.37
8.08-5.18
0.00-9.465

0.92
4.39-$.$88

0.887-0.49

2.36-2.39
4.8-$.0-5.0

2.087-1.103
0.68-0.7
3.949

33) 34)
35) 36
38, 39,
40, 41, c
42
83) 43)
44
45) 46
33, 47
33, 48,
49
25) 50
38) 51)
52, 53,
54
55, 56,
57

0.825-0.8M-0.875 8, 33,
58, 59
57
60, 61,b
21, 62)
63) 64
33, 57,
65

0.165 78
2.600-2.42 63, 66,

67
8, 62,
68) 64
33, 68
39, 40,
41, c
38, 52,
69
33, 52,
70, 71
68, 72,
73'
33, 58
74, 75
72 73

Al —Cu

A2-Cu

Cubic

Cubic

A2-CU
A2 —CU

A2 —Cu
A8—W
A8—8'

Cubic
Cubic

Cubic
Cubic
Cubic

Cubic
Cubic

A8—Mg

A8—Mg

A8—Mg
A8—Mg
A8—Mg

A8—Mg
A8—Mg

A8—Mg

A8—Mg
A8'—La

Hexagonal

Hexagonal

Hexagonal
Hexagonal
Hexagonal

Hexagonal

Hexagonal
Hexagonal

Hexagonal

Hexagonal
Hexagonal

A6—In

A20—Hg

A22 —Ga
A80—a—U

Tetragonal

Rhombohedral

Orthorhombic
Orthorhombic
Tetragonal

AG—White Sn Tetragonal

4.0496

5.296

8.8889
4.9502

5.0843
3.0282
3.3007

3.1468
3.298

8.8389
2.9504

2.6649

3.2312
2.735
2.7058

2.9788

3.1946
2.760

2.7353

4.5198
2.8586
3.995

7.6602
5.8698

8.4566
3.770

5.8314

4.5979

2.9863 n = 70'44.6'

4.6883

4.9468

5.1477
4.388
4.2816

5.6167

5.0511
4.458

4.8191

5.5248
12.159

3.1814

4.9467

4.5258
4.9555
2.825

37
87

87
37
37

37
37

87
87
87

37
37

37

37
76
77

a In our opinion the italic values of Tc appear to be the most reliable.
b Note added in proof. M. L. Picklesimer and S. T. Sekula [Phys. Rev. Letters 9, 254 (1962).] recently reported the transition temperature of

99.995 jo Tc as 8.22'K.
o Note addedin proof. K. Schwidtal, Z. Physik 169, 564 (1962).

tc H. Meissner and R. Zdanis, Phys. Rev. 109, 681 (1958).
n M. D. Reeher, Phys. Rev. 11'7, 1476 (1960).
72 J. E. Schirber and C. A. Swenson, Phys. Rev. 123, 1115

(1961).
73 C. A. Swenson and J. E. Schirber, "Superconducting

Properties of the Two Modifications of Mercury, "Proceedings
of the VIIth International Conference on Low Temperature
Physics, edited by G. M. Graham and A. C. Hollis Hallett
(University ot Toronto Press, Canada, 1961), p. 888.

&4 R. A. Hein, W. E.Henry, and N. M. Wolcott, Phys. Rev.
107, 1517 (1957).

75 T. G. Berlincourt, "Size Effect in the Hall CoefFicient of
Cu, and Superconductivity of Metastable U-Base Mo Alloys, "
Proceedings of the Fifth International Conference on Lou Tem-
perature Physics and Chemistry, edited by J. R. Dillinger
{University of Wisconsin Press, Madison, Wisconsin, 1958),
p. 492.

7s A. S. Cooper, Act Caryst. 1.5, 578 (1962).
~7 M. Atoji, J. E. Schirber, and C. A. Swenson, J. Chem.

Phys. 31, 1628 (1959).
7s R. A. Hein (private communication. )

occurrence of superconductivity seems to be most
favorable in structure types Al, A2 and A3.

A1—Cu type, face centered cubic-

The fact that Mo became superconducting after
purification in an arc furnace" "prompted an investi-
gation of the superconducting properties of Ir treated
in a similar manner. Pure Ir is superconducting at the
relatively low temperature of 0.14'K,4' and this indi-
cates that superconducting transition temperatures
cannot be predicted from the value of the electronic
specific heat. For example, the electronic specific
heat" y of Ir is 3.1 mj/mole-deg, ' and the transition

&9 N. M. Wolcott, "The Specific Heat of Transition Metals, "
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temperature" is 0.14'E; for Os y is 2.35,"and the
transition temperature' is 0.655'K; and for Mo y is
1.91,"and the transition temperature is 0.92 K.""

The superconducting properties of the two forms of
La indicate that the cubic close-packed structure is
more favorable for the occurrence of superconduc-
tivity than the hexagonal close-packed structure. The
face-centered cubic form of La has a transition tem-
perature of 6.3'K, whereas that of the hexagonal
close-packed form is 4.9'E."Results of an investiga-
tion of superconductivity in Os—Ir solid solutions also
show that for the same valence-electron concentra-
tion the cubic close-packed structure is more favor-
able than the hexagonal close-packed structure. " In
both structures, however, the transition temperature
is proportional to 1/y.

The following elements have been investigated for
superconductivity and have been found normal at the
temperatures given: n-Ca —0.35'K," Co—1.36'E,"
Ni —0.35'K "Cu—0.05'E "n-Sr—0 35'K "Rh—0.086'
K85 Pd~ 1POK62 Ag 0 35oK82 Ce 0 250

0.35'K,"Pt—0.10'K,"and Au —0.05'K."
A8-W type, body-centered cubic

Most of the nonferromagnetic elements with this
structure and with a favorable number of valence
electrons are superconducting. Cr, Mo, and % each
with six valence electrons are located in a minimum
in a plot of the number of valence electrons vs. tran-
sition temperature. "The superconducting properties
of very dilute solutions of Re in Mo suggested that
pure Mo would be superconducting and in fact, pure
Mo becomes superconducting at about 0.92'E.""
Wolfram can become superconducting if its X is
slightly changed; for example a few percent of Rh'"
or of Pt" dissolved in it will render the metal super-
conducting. However, strictly speaking, the super-
conducting property is associated with the solid solu-
tion and not with the element.

The following elements have been investigated for
superconductivity and have been found normal at the
temperatures given: Na —0.09'E," E—0.08'K,"Cr—

Conference de Physique des Basses Temperatures (Centre de la
Recherche Scienti6que and UNESCO, Paris, 1956), p. 286.

8O C. A. Bryant and P. H. Eeesom, J. Chem. Phys. 35, 1149
(1961).

8 T. H. Geballe, B. T. Matthias, V. B. Compton, E.
Corenzwit, and G. W. Hull, Jr., Phys. Rev. (to be published).

82 Results of present investigation.
ss N. Eiirti and F. Simon, Proc. Roy. Soc. (London) A151,

610 (1985).
84 W. H. Eeesom, Commun. Eamerlingh Onnes Lab. Univ.

Leiden 21, No. 280, 1 (1984).» N. E. Alekseevskii and L. Migunov, J. Phys. (U.S.S.R.)
11, 95 (1947).

0.082'K," Fe—0.75'E " Rb-0.8'K " Cs—0.35'K "
Ba—0.15'K,"and W—0.035'K "

A8-3IIg type, close-packed hexagonal

This structure is particularly favorable for the oc-
currence of superconductivity among the transition
elements with X ( 6. Technetium (X = 7) has the
highest known transition temperature for an element,
namely 11.2'K."'"For X ( 6, Ti, Zr and Hf are
superconductors. Recently, Hein"' has determined
that various samples of highly purified Hf become
superconducting at 0.165'K.

These elements have been investigated for super-
conductivity and have been found normal at the
temperatures given: Li—0.0S'K,"Be—0.064'K,"Mg—
0 05'K "Sc—0.08'E,"Co—1.36'E "Y—0 07'K "Er—
0 SOK „Tm 0 35oE,2 and Lu 0 35oK

The occurrence of superconductivity in the ele-
ments with A3'-, A4-, A7-, AS- and A12-type struc-
tures has been investigated. Alpha-Pr and n—Nd
which crystallize in the hexagonal La-type structure
(A3') are not superconducting above 0.25'K."The
semiconducting elements Si, Ge, and Sn (grey) have
the diamond-type A4 structure and are not super-
conducting above 0.07385 P P583 and 132oE88 Ie
spectively. For the semimetals the rhombohedral As-

type structure (A7) seems to be unfavorable for the
occurrence of superconductivity. Arsenic is normal
down to 0.8'K,"Sb to 0.152'K" and Bi to 0.05'K."
Selenium and Te have the trigonal Se-type structure
(A8) and are normal above 1.26'K."Although cubic
cz-Mn (212-type structure) is not superconducting
above 0.15'E," this structure is a favorable one for
the occurrence of superconductivity in transition
metal compounds. This is the 6rst example of super-
conductivity occurring in a structure which lacks a
center of symmetry.

The absence of superconductivity in many of the
elements investigated may be due to the presence of
extremely small amounts of impurities as illustrated
by the behavior of Mo. For this reason it is im-
portant that further investigations work in the direc-
tion of higher purity as well as lower temperatures.

Several elements occur in two modifications, one of
which is superconducting. The first one to be dis-

ss E. Justi, Neue Phys. Blatter 8, 207 (1946); data quoted
in reference 29.

8~ M. Strongin and H. A. Pairbank, "A Search for New
Superconductors, " Proceedings of VIIth International Con
ference on Iol Temperature Physics, edited by G. M. Graham
and A. C. Hollis Hallett (University of Toronto Press, Canada,
1961},p. 377.

s7' Note added in proof The transitio. n temperature has re-
cently been determined as 8.22'I (see Table I).

ss G. Sharvin, J. Phys. (U.S.S.R.) 9, 850 (1945).
ss W. Meissner and B. Voigt, Ann. Phys. 7, 892 (1980).



B. T. M A T T H I A S, T. H. G E B A L L E A N D V. B. C 0 M P T 0 N

covered was tin. Grey tin, which has the cubic A4
diamond-type structure is a semiconductor and does
not become superconducting above 1.32'K";whereas
white tin with a tetragonal A5-type structure is a
superconductor. Beryllium and Bi, which are nor-
mally nonsuperconductors, become superconducting
when condensed as thin films at about 4'K. The tran-
sition temperature for Be in this form is 8.0'K,""
and for Bi, 6.0'K.""It is possible that Mg and Sc
might show similar behavior. The transition tem-
perature of thin films of Ga condensed at about 4'E
is 8.4 K""compared with 1.09'E for the usual form
of Ga. Two high-pressure superconducting

modificat-

ionss of Bi have been observed. One formed at 25 000
atm has a transition temperature of 3.93'K and the
other formed at 25 000 to 29 000 atm has a transition
temperature of 7.25'E."

C. Alloys

1. Solid Solutions

Xontransition elements. Representative examples of
complete solid solutions between nontransition ele-
ments are somewhat limited by the lack of any ex-
tended solid solubility between them. For this reason
it has not been possible to follow the relationship be-
tween the valence —electron concentration and the
transition temperature through any maxima or
minima, if present, without a change in crystal struc-
ture. However, in the systems investigated to date,
the transition temperature never changes appreciably
with composition.

Superconductivity in the Hg —In system has been
investigated by Reeber" and by Merriam and Jen-
sen. '" Reeber restricted the study to solid solutions
containing up to 7 at. % In and found that the tran-
sition temperature did not vary appreciably with
composition. Merriam and Jensen studied supercon-
ductivity in the system up to 85 at. % In. The tran-

9O B. G. Lazarev, A. I. Sudovtsev, and A. P. Smirnov,
Soviet, Phys. —JETP 6, 816 (1958).

9& B. G. Lazarev, A. I. Sudovtsev, and E. E. Semenenko,
Soviet Phys. —JETP 10, 1085 (1960).

92 R. Hilsch, "Superconductive Properties of Metal Layers, "
Proceedings of the International Conference on Lou Tempera-
ture Physics, edited by R. Bowers (Oxford, 1951), p. 119.

93 N. V. Zavaritskii, Doklady Akad. Nauk S.S.S.R. 86, 687
(1952).

s4 W. Buckel and R. Hilsch, Z. Physik 138, 109 (1954).
95 W. Buckel, "Superconductivity and Free Electron Con-

centration of Condensed Bismuth and Gallium Films, " Pro-
ceedings of the Fifth International Conference on Lou Tempera-
ture Physics and Chemistry, edited by J. R. Dillinger (Univer-
sity of Wisconsin Press, Madison, Wisconsin, 1958), p. 326.

96 N. B. Brandt and N. I. Ginzberg Soviet Phys. —JETP
12, 1082 (1961).

97 M. F. Merriam and M. A. Jensen, Bull. Am. Phys. Soc.
7, 176 (1962); Private communication.

sition temperature ranged from less than 3.2'E for a
20 at. % In alloy to 4.5'K for a 80 at. % In alloy.
However, the solid-solution range is not appreciable,
and the relative insensitivity of the transition tem-
perature to changes in crystal structure seems re-
markable.

Stout and Guttman" have investigated the super-
conducting properties of solid solutions containing up
to 50 at. % Tl in the In—Tl system. The transition
temperature decreases with increasing amounts of Tl
and the transition temperature of the 50 at. % alloy
is 2.652'E. The transition temperatures of solid solu-
tions in the Sn—Sb and in the Sn—Bi systems have
beell studied 111the composltloII range 0 tio 8 at. % Sb
and 0 to 10 at. % Bi."In both systems the transition
temperature increases with increasing values of X
and for an alloy containing 10 at. % Bi the transition
temperature is 4.18'E.

Shoenberg'" has summarized much of the data for
solid solutions of nontransition elements.

Transition elements. The superconducting prop-
erties of solid solutions of transition elements have
received considerable attention which is due to the
very extensive range of solid solutions formed be-
tween these elements. In addition, the transition
temperatures of these solid solutions changes ap-
preciably with variations in the valence-electron con-
centration which is in marked contrast to the effect
in nontransition element solid solutions.

Hulm and Blaugher'" have investigated the super-
conducting solid solutions of the transition elements.
Plots of transition temperature vs composition are
given for binary alloys of neighboring elements in a
row, for binary alloys of diagonal neighbors, and for
alloys of neighbors in columns.

The transition temperature of all superconducting
elements may be raised or lowered by solid-solution
formation in accordance with the described empirical
rules. The transition temperature of Ti is raised by
the addition of any transition element to the right of
it in the periodic table. Solid solutions of Ti with
P 101,102 gr 101 Nb "'"' and Mol03, 104 have been in) 7 )

vestigated. The depression of the transition tempera-

ss J. W. Stout and L. Guttman, Phys. Rev. 88, 708 (1952).
ss W. F. Love, Phys. Rev. 92, 288 (1958).
re" D. Shoenberg, Superconductivity (Cambridge University

Press, Cambridge, 1960), p. 230.
I0I J. K. Hulm and R. D. Blaugher, Phys. Rev. 123, 1569

(1961).
1"2 E. Bucher and J. Muller, Helv. Phys. Acta 34, 410(1961).

3 R. R. Hake, D. H. Leslie, and T. G. Berlincourt, J. Phys.
Chem. Solids 20, 177 (1961).

R. D. Blaugher, B. S. Chandrasekhar, J. K. Hulm, E.
Corenzwit, and B.T. Matthias, J. Phys. Chem. Solids 21, 252
(1961).
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ture of V by solid-solution formation with Cr,"'
Mn"' I'e '" Co'" Ni, '" Nb"' and Mo'" is also due
to changes in the valence-electron concentration. The
addition of almost every transition element to the
right of Zr in the periodic table will increase its tran-
sition temperature. This has been observed in solid
solutions of Zr with Ru iov Rh 2v Pd ~ Os iov Ir iov

Pt, '" and even with Au'" which is a borderline ele-
ment. The largest increase in the transition tempera-
ture occurs in a Zr alloy containing 15 at.

%%uoRh
which has a transition temperature of about 9'K.

The transition temperature of Nb is increased by
additions of Ti,"' Zr, '""' or Hf. '" In Xb-Zr solid
solutions the maximum transition temperature occurs
near 11'K for an alloy containing 20 to 30 at. %
Zr. '"The transition temperature of Nb is lowered by
solid-solution formation with any transition element
to the right of it in the periodic table. This effect has
been reported for solid solutions of Nb with Cr,"'

0 ' ' Ta an
The variation of transition temperature with com-

position for Nb —Mo solid solutions has been in-
vestigated to temperatures below 0.25'E. Blaugher
and Hulm"' describe the superconducting behavior
down to 1'K; Hulm, Blaugher, Geballe, and Mat-
thias'" for the temperature range 0.3 to 1.0'K; Hein
and co-workers'" for temperatures below 0.25'K. The
depression of the transition temperature for solid so-
lutions containing up to about 42 at. % Mo is roughly
proportional to the concentration. The transition
temperature vs composition data for alloys contain-
ing more than 42 at. % Mo (temperatures below
0.25'K) seemed to indicate that the transition tem-
perature vs composition curve was no longer linear
and suggested that the temperature was approaching
zero in an asymptotic manner. However, we do not
believe that this is valid, since the deviation from
linearity begins only at temperatures of the order of
the width of the transition itself (( 0.1'K). In-
homogeneities or any deviation from a perfect solid
solution would give such an effect. In addition, the
effect of magnetic impurities will be appreciable in
this temperature range and therefore, the present
data should be considered with some caution.

The transition temperature of Mo is raised when

cs J. Miiller, Helv. Phys. Acta 32, 141 (1959).
E. Bucher, G. Busch and J. MQller, Helv. Phys. Acta 32,

818 (1959).
07 B. T. Matthias and E. Corenzwit, Phys. Rev. 100, 626

(1955).
~cs B. T. Matthias, Phys. Rev. 92, 874 (1958).
I09 J. E. Hulm, R. D. Blaugher, T. H. Geballe, and B. T.

Matthias, Phys. Rev. Letters 7, 302 (1961).
R. A. Hein, J. W. Gibson, and R. D. Blaugher, Bull. Am.

Phys. Soc. "l, 822 (1962).

any of the elements listed below are dissolved in it:

Tc Ru Rh Pd

Re Os Ir Pt .

The underlined elements are superconducting. The
variation of the transition temperature with composi-
tion and therefore with X has been studied for the
solid solutions Mo—Tc"Mo—Ru ""'Mo—Rh '" and
Mo —Re.'" Rather high transition temperatures have
been observed for Mo—Re solid solutions; the maxi-
mum transition temperature is somewhat above 12'K
for an alloy containing 40 at. % Re. In solid solutions
of Mo and Rh, in which the maximum solubility is
16 at. % Rh, the transition temperature is 8'E for
this concentration.

The transition temperatures of solid solutions of
Ru containing 50 at. % Mo or W have been reported
as 9.5 to 10.5 and Z.5'E, respectively s'

Anderson, Legvold, and Spedding" studied the
superconducting properties of solid solutions in the
La—Y and in the La—Lu systems. In both systems the
transition temperature decreases with decreasing
amounts of La in the alloys.

Blaugher, Taylor, and Hulm"'report that the P—Hf
region in both the Mo—Hf and Re—Hf systems is
superconducting. For Mo—Hf alloys the maximum
transition temperature is 2.5'K and in the Re—Hf sys-
tem an alloy containing 87.5 at. % Hf has a transition
temperature of 1.70'K. The variation in the valence-
electron concentration accounts for the increase in
the transition temperature of Ta by the addition of
Hf"' and for its decrease by the addition of W."'

It has been possible to induce superconductivity in
an element which is normal in the observable tem-
perature range by the formation of a solid solution.
For example, W which is normal down to 0.035'K"
becomes superconducting when a few percent, Pt is
dissolved in it."Similarly 30 at. % of W dissolved in
Pt will render this element superconducting at
0.40'K. The same elements which raise the transition
temperature of Mo should also form superconducting
solid solutions with W. The transition temperatures
of solid solutions of W—Re '" W—Os, '" and W—Pt,"
have been investigated as a function of composition.
The transition temperature of a W solid solution con-
taining 25 at. % Re is about 4.6'E; for a, 10 at. % Os

&& B. T. Matthias, T. H. Geballe, V. B. Compton, K.
Corenswit, and G. W. Hull, Jr. , Phys. Rev. (to be published).

B. T. Matthias, E. A. Wood, E. Corenzwit, and V. B.
Bala, J. Phys. Chem. Solids 1, 188 (1956).'3 R. D. Blaugher, A. Taylor, and J. E. Hulm, IBM J.
Research Develop. 6, 116 (1962).
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solid solution it is about 1.5 E; and for 5 at % Pt it
is about 2.2'K.

Solid solutions of V in Re raise the transition tem-
perature of Re rather sharply. For an alloy contain-
ing 10 at.

%%uq V th e transitio n temperatur e is9.4'E.ss

Solid solutions of Hf in Re also show this very re-
markable behavior and for a Re solid solution con-
taining 2.5 at. % Hf the transition temperature is
7.3'K.'" The superconducting properties of Os—Ir
solid solutions have been described earlier in the
paper.

The superconducting properties of Th—Y solid solu-
tions in the composition range of 0—55 at. % Y have
been investigated. "There is a maximum in the tran-
sition temperature at 1.76'K for an alloy containing
25 at. % Y. At the present time, it is not clear
whether this maximum is due to the variation in
electron concentration or to the onset of a depression
in the transition temperature by a magnetic inter-
action introduced by Y.

The variation of the transition temperature with
composition has been investigated for V—Mo and
U—Xb solid solutions "4 "' Chandrasekhar and
Hulm'" obtained a hypothetical transition tempera-
ture of 1.8'K for p-body-centered cubic U by extra-
polating their U—Nb solid solution data. An extrapo-
lation of the data in the orthorhombic 0.—U region
yieMs a transition temperature of 0.7'K for n—U
which agrees reasonably well with the measured
value of 0.68'K."4

Solid solutions of the ferromagnetic and of the
antiferromagnetic elements in Ti, '" and also to some
extent in Zr, "' raise the transition temperature of Ti
and of Zr, respectively. The increase in the transition
temperature of Ti by adding small amounts of Cr,
Mn, Fe, or Co is larger than that expected solely from
a change in the valence —electron concentration. This
is seen by comparing the transition temperatures of
solid solutions of Ti with elements having a magnetic
moment with those of the corresponding solid solu-
tions containing nonmagnetic elements but having
the same valence; for example, Ti—Fe vs. Ti—Ru or
Ti—Co vs Ti—Rh. The transition temperature vs com-
position curve for Ti—Fe and for Ti—Ru solid solutions

B. S. Chandrasekhar and J. K. Hulm, J. Phys. Chem.
Solids '7, 259 (1958).

ns T. G. Berlincourt, J. Phys. Chem. Solids 11, 12 (1959).
&~6 B. B. Goodman, J. Hillairet, J. J. Veyssie, and L. Weil,"A Study of the Band Structure and Superconducting Prop-

erties of Several p-Uranium Alloys from Measurements of
Their SpeciGc Heats between 1'E and 4 E, Proceedings of the
VIIth International Conference on Low Temperature Physics,
edited by G. M. Graham and A. C. Hollis Hallett (University
of Toronto Press, Canada, 1961), p. 350..

j 7 B.T. Matthias, V. B. Compton, H. Suhl, and E. Corenz-
wit, Phys. Rev. 115, 1597 (1959).

is given in Fig. 1.This is also illustrated by the effect
of identical amounts of Fe and of Ru on the transi-
tion temperature of a Tio.60 V0.40 alloy. "' The tem-
perature is lowered much less for additions of Fe
than for Ru. Therefore, it would seem that the super-
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conductivity of dilute Ti and Zr solid solutions with
the magnetic elements is enhanced by some kind of a
magnetic interaction.

On the other hand, the transition temperature of a
Mp. 8p Reo.20 solid solution is lowered drastically by the
addition of small amounts of metals belonging to the
fj.rst rom of the transition series. '" For example, the
temperature decreases linearly with the concentra-
tion of Fe at a rate of 22' per at. % Fe. This lowering
of the transition temperature of Mo0.s0 Rep.pp by a 3d
eleinent is due to a localized magnetic moment and is
analogous to the effects produced by the magnetic
rare-earth ions in La, which will be described later
in the paper. The addition of small amounts of Fe to
Nb —Mo solid solutions (containing up to 40 at. %
Mo) does not, however, result in any appreciable re-
duction in the transition temperature indicating that
Fe does not exhibit a localized moment in these al-
loys. However, as the amount of Mo is increased a
localized moment appears. Clogston and co-work-
ers'" have investigated the occurrence of a local mag-
netic moment of an Fe atom dissolved in transition
metal alloys of the entire second-row transition
metals. The appearance and disappearance of a
localized moment resembles somewhat the variation
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peratures of solid solutions of La containing 1 at. %
of rare-earth element are shown in Fig. 3. It was also
concluded from these studies that the depression was
essentially symmetrical with respect to Gd. The re-

B. T. Matthias, H. Suhl, and E. Corenzwit, Phys. Rev.
Letters j., 92 (1958).

~22B. T. Matthias, H. Suhl, and E. Corenzwit, S. Phys.
Chem. Solids 13, 156 (1960).

'ss J. H. Van Vleck, The Theory of Electric and Magnetic
Susceptibilities, (Oxford University Press, London, 1932), p.
243.

of the transition temperature with valence-electron
concentration. However, the maxima for the mag-
netic-moment plot coincide with the minima for the
transition-temperature plot.

An interesting case is the depression of the transi-
tion temperature of Ru by the addition of small
amounts of Cr, up to 20 at. % Cr, which also seems
to be due to a magnetic interaction. For higher con-
centrations of Cr the magnetic interaction disap-
pears, as had been observed in the Cr—Ir system, and
for Ru solid solutions containing more than 30 at. %
Cr the variation in transition temperature with com-
position is in accord with the empirical rules. "'

The effect of magnetic rare-earth elements on the
superconducting transition temperature of La has
been investigated in detail. """The lowering of the
transition temperature by the rare-earth element
seems to be correlated chief with the projection of
the spin on the orbit of the solute atoms and not
with an increase of the effective moment. "' The ef-
fective magnetic moments and spins of the rare-earth
elements follow Van Vleck's"' well-known curve,
given in Fig. 2. The superconducting transition tem-

suits of additional studies indicate that a deviation
from the symmetrical behavior occurs in La—Nd and
in La—Er solid solutions. '" The transition tempera-
ture of La is lowered much more rapidly by Nd than

by Er. Both elements have the same spin but the ef-

wr

()

0
La Ce Pr Nd Prn Sm Eg Gd Tb Dg Ho Et Trn Yb,Lu

Fre. 3. Superconducting transition temperatures of 1 at.
'Po rare earth solid solutions in La~2&.

fective magnetic moment of Er is much larger than
that of Nd. Here again a larger effective moment in-

creases the transition temperature rather than de-

creasing it. Theoretical calculations"' "' which at-
tribute the lowering of the transition temperature by
the rare-earth solute to the lowering of the free energy
of the normal state by the polarized spins give a
reasonable interpretation of the data.

Transition —nontransition elements. The supercon-

ducting transition temperature is always lowered by
the formation of solid solutions between transition
and nontransition elements, regardless of how X
varies. For example, the transition temperature of
Nb is increased by solid-solution formation with any
transition element with X ( G. The addition of Zr

(X = 4) raises the transition temperature to about
ll'E for a solid solution containing 20 to 30 at. %
Zr, '"whereas the addition of Sn (X = 4) lowers the
transition temperature to 5.6 K for a solid solution

containing 8 at. % Sn."
8. Intermediate I'kases

Xontransition elements. The variation of transition
temperature with composition has been studied for

~s4 W. Baltensperger, Helv. Phys. Acta 32, 197 (1959).
~ H. Suhl and B. T. Matthias, Phys. Rev. Letters 2, 5

(1959).
~~6 A. Maradudin and J. Peretti, Compt. Rend. 248, 2856

(1959).
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alloys in the In—Sn system. ""The system contains
two intermediate phases, P and y. The P phase has an
ideal composition of InoSn and exists over a wide
range of composition from about 14 to 28 at. % Sn.
The hexagonal y phase, InSn4, has a homogeneity
range from about 78—90 at. % Sn. According to the
literature the structure of the P phase is still some-
what uncertain. A maximum in the transition tem-
perature occurs at 7.30'K for the P alloy Ino.7o

Sno.3p. This composition corresponds to a valence-
electron-per-atom ratio of 3.3. Meissner"' reports
that Inp. 75 Sno, 25 has a transition temperature of 5.5'K.

According to the results of Merriam and Jensen, "
it would seem that the valence-electron concentra-
tion is relatively unimportant in determining the oc-
currence of superconductivity in alloys of nontransi-
tion elements. Superconductivity will always occur,
regardless of crystal structure and composition,
whenever the valence-electron concentration is con-
siderably greater than one.

Transition elements. The occurrence of supercon-
ductivity in intermediate phases between transition
elements is in accordance with the empirical rules
stated previously. Super conducting intermediate
phases of Cr with Rh and with Ir have been re-
ported. '" In both systems the two cubic elements
form a superconducting hexagonal close-packed alloy
which has a homogeneity range. The maximum tran-
sition temperature for the Cr—Rh intermediate phase
is 1.1'K for a Cro.7oRho. so alloy (6.9 valence electrons)
and also for a Cro.75Rho. oo alloy (6.75 valence elec-
trons); for the Cr—Ir phase, it is 0.83'K for a Cro. '/o

Iro.os alloy (6.84 valence electrons).
The hexagonal close-packed intermediate phases

in the Mo—Rh," Mo—Pd" Mo—Ir," and %—Rh"
systems are superconducting. The transition tem-
perature for a Mo0.&ORho. 50 alloy is 1.97'K; for a
Moo. ooPdo. oo, 3.52 E; Moo.ooIro.4o, 8.4 E and for
Wo.5oRho. 50) 2 64 3 ~ 37 K.

Blaugher, Taylor, and Hulm'" report that a Re
alloy containing 33 at, %Hf, .which is in the hex-
agonal region of the phase diagram, has a transition
temperature of 5.61'K.

favorable for superconductivity include the cubic
P—W type structure (215), the cubic NaCl type (Bl)
and the cubic MgCuo type (C15).With the exception
of NbC and NbX, which have the Bl type structure,
most of the high-temperature superconductors have
the P—W type structure. However, not all cubic crys-
tal structures are favorable; for example, the CsCl-
type structure (82) has been shown to be one of the
least favorable.

To date only one superconductor has been found in
the trigonal system, PdTe&, "' and only one in the
monoclinic system, n-Bi2Pd. "' '" The occurrence of
superconductivity in orthorhombic compounds is not
too common —only thirteen have been reported to
date.

In order to facilitate the discussion of the supercon-
ducting behavior of compounds, they have been ar-
ranged and tabulated according to their crystal-
structure types. Both superconductors and nonsuper-
conductors whose crystal structures have been identi-
Aed are included. In addition to the compounds re-
ported in the literature, the results of our recent in-
vestigations of the occurrence of superconductivity in
compounds particularly in the temperature range of
0.35 to 1..0'K are also given. The crystal structures of
these compounds were identified from x-ray diffrac-
tion powder photographs and the observed intensities
were compared with those published or with those
calculated from the published structural data.

Several new compounds were discovered in the
course of our studies. These include ScA12, VZn3,
ZrCuAl, "'Zr, Au, Zr, Pb, and NbVCo. ScAI„ZrCuA1,
and Zr3Au were prepared by reacting appropriate
amounts of the elements in an arc furnace; Zr, Pb and
NbVCo by reacting the elements in an arc furnace
followed by annealing at about 900'C; and VZn& by
reacting the elements in a quartz tube at 900'C.
Both ScA12 and ZrCuAl have the cubic MgCu2-type
structure ((.'15) and neither is superconducting above
1.02'K; VZn, has the cubic Cu, Au-type structure
(Ll,) and is not superconducting above 1.02'E; Zr, Au
has the tetragonal sigma phase-type structure (D8o)
and is not superconducting above 1.02'K; and Zr&Pb

8. Compound8

The inHuence of crystal structure on supercon-
ductivity is more pronounced in compounds than in
solid solutions or in intermediate phases, particularly
if the compound contains at least one transition ele-
ment. The crystal structures which are particularly

~ 7J. H. Wernick and B. T. Matthias, J. Chem. Phys. 34,
2194 (1961).

&os H. Meissaer, Phys. Rev. 109, 686 (1958).

I 9 J. Guggenheim, F. Hulliger, and J. Muller, Helv. Phys.
Acta 34, 408 (1961).

~3o N. E. Alekseevskii, N. B. Brandt, and T. I. Kostina,
Izvest. Akad. Nauk S.S.S.R., Ser. Fiz. 16, 288 (1952).

'o' N. E. Alekseevskii, Zh. Eksp. i Teoret. Fiz. 23, 484(1952).
~3 N. N. Zhuravlev and G. S. Zhdanov, Zh. Eksp. i Teoret.

Fiz. 25, 485 (1958).
33 N. E. Alekseevskii, N. N. Zhuravlev, and I. I. I.ifanov,

Zh. Eksp. i Teoret. Fiz. 2'7, 125 (1954).
~34 N. N. Zhuravlev, Soviet Phys. —JETP 5, 1064 (1957).
~35 E. A. Wood suggested the preparation of this compound

and correctly predicted that it would have the C15 type
structure.
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Tash, z II. Superconductivity and crystal-structure data for
compounds with the A2-type structure.

Superconductivity data

T, T~
Compound 'E 'K References

Crystal-structure
data

Lattice
constants

0
a,A References

TiFe
TiCo
TINl

0.71
0.30

1.02

82
82
82

2.973 37,82, 188
2.99 37,82, 138
3.02 37,82, 138

a Superconducting transition temperature.
b The compound exhibited no superconductivity above this temperature.

has the cubic P—W type structure (215) and is super-
conducting at 0.76'K. The sigma phase ZrsAu com-
pound has the cubic P—W type structure (A15), as
reported"'"' after an anneal at 900 C and has a tran-
sition temperature of 0.91'E. NbVCo has the hex-
agonal MgZn&-type structure ((;14) and is not super-
conducting above 1.02'K.

Ib', P. —W ty pe, cubic. This is by far the most favor-
able crystal structure for the occurrence of supercon-
ductivity not only because of the large number of 215
type superconducting compounds, but also because
the transition temperatures of many of the com-
pounds are above 10 K. The compound NbsSn which
has the highest transition temperature known,
18.05'K, crystallizes in this structure.

The formation of solid solutions between supercon-
ducting compounds with this structure always re-
sults in a lowering of the transition temperature of
the compound with the higher temperature. For ex-
ample, V3Si and Vaoa are superconducting at 17.1
and 16.5'K, respectively, and yet the transition tem-
perature of Vs(Sic soas, s) is 8.6 to 11.9'E."This effect
also occurs in solid solutions of Nb3Al and NbsSn
whose transition temperatures are 17.5 and 18.05 E,
respectively. A solid solution with the composition
Nba(Ale. sSns, s) has a transition temperature of
16.3'E." The transition temperature of Nb3Sn is

A8, W-type, body-centered cubic. The supercon-
ductivity and crystal structure data for TiFe, TiCo
and TiNi which have a disordered body-centered
cubic, W type, structure are given in Table II (ref-
erences 37, 82, and 138).Of these only TiCo is super-
conducting and has a transition temperature of
0.71'K.

818, e—Mn-type, body-centered cubic. This is con-
sidered a favorable structure for the occurrence of
superconductivity in transition metal compounds
since all the 812-type binary compounds with suit-
able valence-electron concentrations, investigated to
date, are superconducting. These include compounds
of Tc with Zr and with Nb, compounds of Pd with
Nb, compounds of Re with Ti, Zr, Nb, Mo, Iif, Ta,
and W, and compounds of Os with Nb and with Ta.
The transition temperatures of compounds in this
structure type range from 1.58'E. for Tao.» Rep.« to
10.5'K for NbTc3. The superconductivity and crystal
structure data are given in Table III (references 60,
82, 113, and 139—143).
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~ss P. Duwez and S. L. Taylor, Z. Metals 2, 1178 (1950).
I39 F. Laves, K. Lohberg, and P. Rahlfs, Nachr. Ges. Wiss.

Gottingen. Jahresber. GeschMftsjahr. Math. —Physik El. 1, 67
(1984).

l4P B. T. Matthias, V. B. Compton, and E. Corenzwit, J.
Phys. Chem. Solids 19, 180 (1961).

l4l E. Bucher, F. Heiniger, and J. Muller, Helv. Phys. Acta
34, g48 (1961).

l42 E. I. Gladyshevskii, P. I.Eripyakevich, M. Yu. Teslyuk,
et aL, Soviet, Phys. —Cryst. 6, 207 (1961).

l 3 R. D. Blaugher and J. E. Hulm, J. Phys. Chem. Solids
19, 184 (1961).

Txsl.z III. Superconductivity and crystal-structure data for
compounds with A 12-type structure.

Superconductivity data Crystal-structure data

Compound

Lattice
T„Hefer constants

'E 'E ences a,A References

MgsA12
T15Re24
Tlo.17Reo.s3
VsFe5Si2
V2.sCo5.28i2
VSNi~Ge2
Zl'TC6
ZrRe6
NbTcs
Nbo. 6oPdo. 4o
Nbo. 4oReo. oo
Nbo. l sRe0.82
NbOs
NbOs2
MoRe3
Hfp. spRep. 5p
Hf 0.14Reo.86
Tao.s6Re0.64
Tap. 85Rep. 65
TaRe3
TaOs
WRe3

6.6
5.1

9.7
7.4

10.5
2.04-2.47

2.36
9.7; 8.89

2.86
2.52
9.26

5.86
1.46
1.58
6.78
1.95
9.00

0.35

0.37
1.02
0.35

1.02

82
140
141
82
82
82
60
140
60
141
141

140; 143
141
140
143
113
113
140
141
143
140
143

10.55
9.587
9.595
8.851
8.774
8.928
9.636
9.698
9.625
9.77
9.781
9.641
9.760
9.655

9.765
9.762

82, 139
140
141

82, 142
82, 142
82, 142

60
140
60
141
141

140; 143
141
140
143
113
118
140
141
143
140
143

l44 G. D. Cody, J. J. Hanak, G. T. McConville, and F. D.
Rosi, "Superconducting Properties of the (NbTaV)sSn
System, "Proceedings of the VIIth International Conference on
Low Temperature Physics, edited by G. M. Graham and A. C.
Hollis Hallett (University of Toronto Press, Canada, 1961),
p. 382.

lowered by the formation of solid solutions with
V Sn '" with VsSn —Ta Sn '" with Nbsoa" and with
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Ta3Sn.'" '" Recently, the superconducting behavior
of the binary systems Nb3A1 —Nb3Sb'4' and Nb3Sn-
Nb3Sb"' has been studied as a function of composi-
tion.

In addition, it has not been possible to raise the
transition temperature of an 315-type supercon-
ductor by the addition of other elements. For ex-
ample, Hardy and Hulm'" found that the transition
temperature of V3Si was always lowered when part of
the V or Si was replaced by other elements. '"'

The superconductivity and crystal-structure data
for 215 structure-type compounds are given in Table
IV (references 2e, 27, 82, ill, 112, 136, 137, 140, 141,
144, and 149—163).

B1,XaCl type, face centere-d cubic Th.e only super-
conducting compounds with this type structure are
the interstitial carbides and nitrides. Giorgi and co-
workers'" studied the transition temperatures of NbC
and TaC as a function of composition and found that
the highest temperature is reached for the stoichio-
metric compositions. In the case of NbC the com-
position ranged from NbCp. g77 which has a transition
temperature of 11.1'K to NbCp. 7p which is not super-
conducting above 1.05'K. For TaC the composition
ranged from TaCp. ps7 with a transition temperature of
9.7'K to TaCp. is4 which is not superconducting above
1.05'K. Rogener'" investigated the transition tem-
perature of NbN as a function of composition and re-

I45 H. J. Jansen and E. J. Saur, "Superconductivity in the
System Niobium-Tin, " ProceeChngs of the VII International
Conference on Lour Temperature Physics, edited by G. M.
Graham and A. C. Hollis Hallett (University of Toronto Press,
Canada, 1961},p. 879.

i4s H. G. Jansen, Z. Physik 162, 275 (1961).
~47 F. Rothwarf, C. C. Dickson, E. Parthe, and H. Boiler,

Bull. Am. Phys. Soc. /, 822 (1962).
~48 T. B.Reed and H. C. Gatos, Bull. Am. Phys. Soc. 7) 322

(1962).
&4P G. F. Hardy and J.K. Hulm, Phys. Rev. 93, 1004 (1954).

9' Note addedin proof. This has recently been confirmed by
N. E. Alekseevskii et al. tDoklady Akad. Nauk SSSR 145, 82
(1962)].

'ss P. Duwez and C. B. Jordan, Acta Cryst. 5, 218 (1952)
isi P. Duwez, J. Metals 3, 564 (1951).

E. A. Wood, V. B. Compton, B. T. Matthias, and E.
Corenzwit, Acta Cryst. 11, 604 (1958).'» P. Greenfield and P. A. Beck, J. Metals 8, 265 (1956).

~54 S. Geller, B.T. Matthias, and R. Goldstein, J.Am. Chem.
Soc. '7'7, 1502 (1955).

'ss E.A. Wood and B.T. Matthias, Acta Cryst. 9, 584(1956).
~56 E. Corenzwit, J. Phys. Chem. Solids 9, 93 (1959}.

~ J. H. Carpenter and A. %. Searcy, J. Am. Chem. Soc. 78)
2079 (1956).

58 M. D. Banus, T. B. Reed, H. C. Gatos, et al. , J. Phys.
Chem. Solids 23, 971 (1962).' g B.T. Matthias, T. H. Geballe, S. Geller, and E. Corenz-
wit, Phys. Rev. 95, 1485 (1954).

iPP W. Wiedmann, Z. Physik 151, 807 (1958).
isr E. Raub, Z. Metallk. 45, 28 (1954).ls A. G. Enapton, J. Inst. Metals 8'7, 28 (1958).'» S. Geller, Acta Cryst. 9, 885 (1956).

A. L. Giorgi, E. G. Szklarz, E. K. Storms, Allen I.Bow-
man, and B.T. Matthias, Phys. Rev. 125, 887 (1962).

tss H. Rogener, Z. Physik 132, 446 (1952).

ported that NbNp. g6 has a transition temperature of
15.63 K.

The face-centered cubic carbides of Ti, V, and Zr,
which are normal down to 1.20'K, will form super-
conducting solid solutions with hexagonal MoC. The
transition temperature of NbC is also raised to
12.50'K by solid-solution formation with MoC '"The
transition temperatures of the Bl-type solid solutions
are:

(TiC)p.17 (MOC) p.ss

(VC)p.sp(MoC) p.sp

(Zr C)p .ii (MOC) p .ss

10.20'E
9.30
9.50

Compound
Tc'E

Lattice
T~ Refer-'E ences a,A References

Ti3Sb
Ti3Ir
Ti3Pt
TisAu
V3Si
V3Co
V.Ga
V3Ge
V3As
V3Rh
V3Sn

VSSb
V3Ir
(Vs prlrp ss)Ir
V,Pt
VSAu
CrsSi
Cr3Ga
Cr3Ge
Cr3Ru
Cr3Rh
Cro.seIro. ls
Cr3Pt
Zr3Au
Zr3Pb
Nb3Al

Nb3Ga
Nb3Ge
Nb3Rh
Nb3In
Nb3Sn
Nb3Sb
Nb30s
Nb3Pt
Nb3Ir
Nb3Au
Mo3Al
Mo3Si
Mo3Ga
Mo3Ge
Mo30s
Mo3Ir
Mop. 74»o.26
Ta3Sn

5.8

0.58

17.1

16.5
6.01

0.88
7.0
3.8
0.80

1.89
2.83
0.74

0.77

0.92
0.76

17.5
16.8—18.0

14.5
6.90
2.50
9.2

18.05

1.05
9.2
1.7

11.5
0.58
1.30
0.76
1.43
7.2

8.85; 8.8
9.05
6.0
6.4

140
140
82

1.20 149
149

0.85 82
112,152

149
1.02 112

82
154
144
82

0.35 82
140
140
82

1.20 149
0 85 82
1.20 149

ill
0.80 111

111
0.80

82
82

152
156,a
152
82

112
158

159,160
1.02 112,152

112
154
154
155
82

. 149
82

149
27

25; 27
141

154,159
144

5.217
5.009
5.082

4.722
4.684
4.816

4.74
4.784
4.94
4.96
4.941
4.786
4.794
4.814
4.883

4.645

5.483
5.656
5.187

5.171
5.166
5.115
5.303
5.289
5.262
5.121
5.153
5.131
5.21
4.950

4.943

4 974
4.972
5.276
5.278

140
140

82)150
149
149

82,151
152
149
112

82)153
154
144

82, 186,152
82) 136)163

140
140

82, 155
149

82, 152
149
ill
111
111
111

82) 136,137
82
152
156, a
152

82) 136,157
112
158
154
152
154
154
154
155

82, 152
149

82, 152
149
27

82, 161,162
141
154
144

a ¹teadded in proof. K. Raetz and E. Saur, Z. Physik 169, 315 (1962).

TxsLF. IV. Superconductivity and crystal-structure data for
compounds with A15-type structure.

Superconductivity data Crystal-structure data
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The transition temperature of NbN is raised by the
formation of a solid solution with NbC and a transi-
tion temperature of 17.8'K is reported for NbN con-
taining 25 to 30 at.

%%uoNbC. "'
Hardy and Hulm'" studied the effect of oxygen on

the transition temperatures of Ti, V, and Zr nitrides
and found that the transition of TiN and VN are
affected by the presence of oxygen in the sample,
whereas that of ZrN is not. Schroder'" also found that
oxygen lowered the transition temperature of NbN
and reported that Nb(N + O)p, Q7 has a transition
temperature of 7.66'K.

The superconductivity and crystal-structure data
for Bl type c-ompounds are listed in Table V (ref-
erences 82, 149, 164, 166, and 167—176).

Txszz V. Superconductivity and crystal-structure data for
compounds with B1-type structure.

Superconductivity data Crystal-structure data

Compound

ScN
TIC
TiN
TiO
VC
VN
VO
CrN
YSb
YTe
ZrC
ZrN

NbCp. g77
NbC
NbNp .g6
NbN
NbO
LaNp. gg
LaSb
CeBi
PrBi
HfN
TBC0.987
TaC
UC
UN

5.6) 4.86

8.2; 7.5

8.9; 9.05
10.7
11.1

6.0; 10.3
15.63

14.7) 16.0

6.2
9.7

2.40-3.55

Lattice
Z' Refer constants
'K ences a,A

1.40 167 4.45
1.20 149

149; 168
1.20 149
1.20 149

149;168
1.20 149
1.28 168
1.02 82 6.161
1.02 82 6.120
1.20 149

149;168
176
164

149;170 4.40
165 4.377-4.381

168;171 4.38
1.20 149
1.8 172 5.295
1.02 82 6.498
1.28 168 6.487

b 174 6.448
176
164
175 4.455
149 4.952
149

1.20
1.20

References

167
149

149;168
149
149

149;168
149
168

82, 169
82)169

149
168

a

164
170
165
171
149
172

82, 173
174
174

164
175
149
149

a See section on superconducting compounds of unknown structure.
b Not stated.

B8, CsCt type, cubic. Superconductivity and crystal

rss E. Schroder, Z. Naturforsch. 12A, 247 (1957).
rs" W. Meissner and H. Franz, Z. Physik 65, 80 (1984).

68 B. T. Matthias and J. K. Hulm, Phys. Rev. 87) 799
(1952).

I6g A. Iandelli, "Cell Dimensions and Magnetical Suscepti-
bilities of the MX Compounds of Rare Earths with P, As, Sb,
Bi, S, Se, Te," Rare Earth Research, edited by E. V. Kleber
(The Macmillan Co., New York, 1961), p. 185.

I7P F. H. Horn and W. T. Ziegler, J. Am. Chem. Soc. 69,
2762 (1947).

structure data for compounds with this type struc-
ture are given in Table VI (references 37, 82, 140,
and 177—181). Only TiRu and TiOs are superconduct-
ing at 1.07 and 0.46'K, respectively. '"' This structure
is considered to be one of the least favorable for the
occurrence of superconductivity.

Txarz VI. Superconductivity and crystal-structure data for
compounds with 82-type structure.

Superconductivity data Crystal-structure data

Compound

Lattice
Refer constants

0'K ences a,A References

MgRh
MgAg
MgAu
AlOs
ScRh
ScPt
TiRu
TiOs
VOsp. 40
HfRu

0.89

1.07
0.46

1.02
1.02
0.35

1.02
1.02

0.37
1.02

177
82
82
82

177
140
82
82
82
82

3.099
3.31
3.252

3.206

3.067
3.077

3.22

178
37,82, 179

37)82
140
178
140

82, 180
82, 180

140
82,181

B8g, lA'As type, hexcgonaL Most NiAs type com-
pounds that have favorable valence-electron concen-
trations and are not ferromagnetic are superconduct-
ing. The data for 881-type compounds are given in
Table VII (references 37, 82, 108, 180, 168, 174, and
182—189).

I7 W. T. Ziegler and R. A. Young, Phys. Rev. 90, 115
(1958).

I72 R. A. Young and W. T. Ziegler, J. Am. Chem. Soc. 74)
5251 (1952).

I73 A. Iandelli and E. Botti, Atti. Accad. Naz. Lincei, Rend. ,
Classe sci. 6s., mat. e nat. 25, 498 (1987).

I"4 N. N. Zhuravlev, G. S. Zhdanov, and N. E. Alekseevksii,
Vestn. Mosk. Univ. , Ser. Mat. , Mekhan. , Astron. , Fiz. i Khim.
14, 117 (1959).

I7~ G. Lautz and D. Schneider, Z. Naturforsch. 17A, 54
(1962).

I76 E. G. Szklarz and A. L. Giorgi, Bull. Am. Phys. Soc. 7,
176 (1962).

B. T. Matthias and E. Corenzwit (private communica-
tion) quoted in reference 178.

&7s V. B. Compton, Acta Cryst. 11, 446 (1958).
79 H. R. Letner and S. S. Sidhu, J. Appl. Phys. 18, 838

(1947).
rsc C. B. Jordan, J. Metals '7, 882 (1955).
rsr A. E. Dwight, Trans. AIME 215, 288 (1959).Is' Note added in proof. Recently, we have found that AlOs

is superconducting at 0.39'K.
rss B. T. Matthias (private communication) quoted in ref-

erence 183.
rs3 S. Geller, J. Am. Chem. Soc. ')7, 2641 (1955).
I84 V. P. Glagoleva and G. S. Zhdanov, Zh. Eksp. i Teoret.

Fiz. 2S, 248 (1958).
I ~ B. T. Matthias, E. Corenzwit, and C. E. Miller, Phys.

Itev. 93, 1415 (1954).
86 S. Geller and B. T. Matthias, J. Phys. Chem. Solids 4,

156 (1958),
rsr B. T. Matthias, Phys. Rev. 90, 487 (1958).

8 W. O. J. Groeneveld Meijer) Am. Mineralogist 40, 646
(1955).

»9 N. N. Zhuravlev and L. Kertes, Soviet Phys. —JETP 5,
1073 (1957).
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8107PbO type, tetragonal. Jones and Ittner"' report
that BiIn which has this type structure is not super-
conducting above 1.55'E.

Bf2,y—CuTi type, tetragonal. y CuTi is not super-
conducting above 1.02'E."

up ere onducting compounds are known, namely,
PdSi, IrGe, and PtSi.""Since both RhGe and IrGe
have the same number of valence electrons, the dif-
ference in their superconducting behavior is some-
what surprising; H,hoe is not superconducting above

Tash E VII. Superconductivity and crystal-structure data for
compounds with B81-type structure.

Tash, x VIII. Superconductivity and crystal-structure data for
compounds with B20-type structure.

Superconductivity
data

Crystal-structure
data

Superconductivity data Crystal-structure data

Compound

Lattice
Refer constants

'E 'K ences a,A c,A
Refer-
ences

T; T
Compound 'K 'K References

Lattice
constants

a,A References

CrSb
MnSb
MnBi
CoTe
NiSb
NiTe
NiBi 4.25
RhTe
RhBi 2.06
(Pdp 75Nlp. 25)As 1.6
PdSb 1.5
PdTe 2.3
IrTe
PtSb
PtBi

2.1
1.21
2.4

108
108
168
108
82

108
180

1.06 182
130,184

185
108,187
108,187

0.35 82
108,187
187,189

174

1.00
1.00
1.28
1.00
0.85
1.00

3.942' 5.155'

4.070
3.99
4.094
3.66

5.35
5.66
5.668
5.03

3.930' 5.386'

4.315
4.20

5.49
5.55

108
108
168
108

37,82
108
174
183
184
186

108,187
108,187

82, 188
108,187

174
174

a Powder patterns in present investigation were indexed based on these
reported lattice constants.

CrGe
RhSi
Pd4A13Si
OsSi
AuBe

1.20
0.85
1.02
0.60

149
82
82
82

195

4.678
4.840
4.728

149
82, 192
82, 193
82, 194

195

1.00'E,'"and Iroe is superconducting at 4.7'E. This
was another indication that the assignment of the
same number of valence electrons to all the elements
in the same column of the periodic system was an
oversimplification. In general, the number of valence
electrons for the 5d elements seems to be shifted
somewhat to the right with respect to the correspond-
ing 4d elements.

B18,Cu8 type, hexagonal. The compounds CuS and
CuSe crystallize in this structure type, and their
superconducting properties have been investigated.
CuS is superconducting at 1.66'E, '" and CuSe is not
superconducting above 1.28'K.'"

890,Fe8i type, cubic. The only superconducting
compound with this type structure is AuBe. A num-
ber of other compounds with favorable valence-elec-
tron concentrations are not superconducting in the
temperature range measured. The data for 820-type
compounds are given in Table VIII (references 82,
149, and 192-195).

B81,3IxnP type, orthorhombic. This structure is a
distortion of the NiAs-type structure (B8&) and seems

to be favorable for the occurrence of superconduc-
tivity. The superconductivity and crystal-structure
data for B31-type compounds are listed in Table IX
(references 82, 108, 187, 194, 197, and 198). Three

R. E. Jones and W. B. Ittner, Phys. Rev. 113, 1520
(1959).

rs~ W. Buckel and IL Hilsch, Z. Physik 128, 824 (1950).
rPP S. Geller and E. A. Wood, Acta Cryst. 7, 441 (1954).
&93 E. Schubert, W. Burkhardt, P. Esslinger, et al. , Natur-

wissenschaften 43, 248 {1956).
W. L. Eorst, L. N. Pinnie, and A. W. Searcy, J. Phys.

Chem. 51, 1541 (1957).
~Ps B.T. Matthias, L Phys. Chem. Solids 10, 848 (1959).

Tzaz, F. IX. Superconductivity and crystal-structure data for
compounds with B31-type structure.

Superconductivity
data

Crystal-structure
data

Com- T,
pound 'K

T„Refer-
'K ences

I attice constants
a,A b, A c,A

Refer-
ences

RhGe
RhSb
PdSi 0.98
PdGe
IrSi
IrGe 4.7
PtSi 0.88
PtGe 0.40
AuGa

0.96
0.85

0.35
1.02

1.02

82
82
82
82
82

108,187
82
82
82

5.70'
6.840'
6.183
6.259'
5.558'

6.48'
5.955
5 599a
5.782
3.211

3.25'
8.876
3.381
3.481'
6.273

5.982 5.595 3.603'
6.088' 5.783' 3.701'
6.397 6.266. 3.421-

82, 197
82, 198
82, 198
82, 198
82, 194

108,187
82, 198
82, 198
82, 198

Bf, l CrB type, orthorhombic. —The Br-type com-
pound NbB is the only reported superconductor with
this structure. The data are given in Table X (ref-
erences 149 and 168).

rPP B. T. Matthias (private communication) quoted in ref-
erence 197.

S. Geller, Acta Cryst. 8, 15 (1955).
rss H. Pesterer and K. Schubert, Z. Metallk. 41, 858 (1950).' Note added in proof. RhGe and PtGe are also supercon-

ducting at 0.96 and 0.40k, respectively.

a Powder patterns in present investigation were indexed based on these
reported lattice constants.
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8„3foBtype, tetrogonat. MoB and WB crystallize
in this type structure and are not superconducting
above 1.28'K '"

Bh, WC type, hexagona/. MoP and WC are not

Txsrz X. Superconductivity and crystal-structure data for
compounds with By-type structure.

Superconductivity
data

Crystal-structure
data

Com- T, T„Refer-
pound 'E 'E ences

Lattice constants
a,A b, A c,A

Refer-
ences

VB
CrB
NbB 8.25
MoB
TaB

1.20
1.28

1.28
1.28

149
168
168
168
168

3.058 8.026 2.971 149
168
168
168
168

TxsLK XI. Superconductivity and crystal-structure data for
compounds with C1-type structure.

superconducting above 1.03'" and 1.28'E,"' respec-
tively.

8;, y' —MoC type, hexagonaL. Schroder'" found that
NbN remained normal down to 1.94'E. The lattice
constants of the sample were a = 2.950 A and
c = 11.252 A.

C2, Cps type, face centered cu-bic. CoSis is the only
superconductor reported and has a transition tem-
perature of 1.22'E. The data for Cl-type compounds
investigated for superconductivity are given in Table
XI (references 108, 185, and 199).

Clo, MgAgAs type, face-centered cubic. Matthias
and Hulm'" report that CuMgBi which crystallizes

ductivity occurs both in compounds with the ideal
composition and also in those which deviate from the
ideal 1:2 stoichiometry.

C6', Cd' ty pe, trigonal. Recently, Guggenheim,
Hulliger and MQller"' investigated the superconduct-

TxsLK XII. Superconductivity and crystal-structure data for
compounds with C2-type structure.

Superconductivity
data

Crystal-structure
data

Compound

Lattice
T. T constants
'E 'E References a,A References

RhSe1.75 6.0
n-RhTe2 1.51
(Pdo. ssNio. gs)As 1.89
(Pd0, 75Nip. 25)As 1.34
PdSbg 1.25
IrTe2.67
O.-PtBi2
AuSb2 0.58

0.35

271185
27, 185

186
186
82
82

174,189
82

6.015
6.441

6.459
6.410
6.683
6.658

27,200
183
186
186

82,201
82, 188

174
82)202

a NOt Stated.

ing properties of some C6-type compounds and re-
ported that PdTes is superconducting. This is the
only superconductor with this type structure re-
ported to date. The compound has a homogeneity
range from PdTe2 to Pd1.7~Te2 and the corresponding
transition temperatures are 1.53 and 2.25'K, re-
spectively. Mixed crystals of PdTe2 containing small
amounts of Ni or Rh or Pt are also superconducting.
The compound PdSeTe which crystallizes in this
structure is not superconducting above 1.2'K.

The data for C6-type compounds are given in
Table XIII (references 129, 182, and 183).

Superconductivity
data

Tc Tn
Compound E 'E References

Crystal-structure
data

Lattice
constants

0
a,A References Superconductivity

data
Crystal-structure

data

Topaz, z XIII. Superconductivity and crystal-structure data for
compounds with C6-type structure.

CoSi2
NiSi2
Rh2P
PtA12
AuAl2

1.22
1.00
1.03
1.00
1.00

199
108
185
108
108

199
108
185
108
108

Lattice
T. T constants

Compound 'E 'E References a,A c,A References

in this structure is not superconducting above 1.28'K.
C8, Fes~ type, cubic. The superconductivity and

crystal structure data for C2-type compounds are
given in Table XII (references 27, 82, 174, 183, 185,
186, 188, 189, and 200—202). A number of the com-
pounds have a wide homogeneity range. Supercon-

B. T. Matthias and S. E. Hulm, Phys. Rev. 89, 439
(1958).

0 S. Geller and B. B. Cetlin, Acta Cryst. 8) 272 (1955).

NiTe2
P-RhTes
PdTe2
PtTe2

1.53

1.2
1.06

1.2

129
182
129
129

3.92 5.41
129
183
129
129

Cl 1b, 3IIo8i~ type, body-centered tetrogonot Hardy
and Hulm'" report that P—MoGes is not supercon-
ducting above 1.20'K.

so'L. Thomassen, Z. Phys. Chem. 135, 888 (1928).
202O. Nial, A. Almin, and A. Westgren, Z. Phys. Chem.

B14, 81 (1931).
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Tash. E XIV. Superconductivity and crystal-structure data for
compounds with C14-type structure.

Com-
pound

Superconductivity data Crystal-structure data

Lattice
r constantsn 0 0'K References a,A c,A References

CaMg2
ScRu2
ScOs2
TIZQ2
YRu2
YRe2
YOs2
ZrA12
ZrCr2
Zr2VCo3
ZrRu2 1.84
ZrReq 6.8
ZrOs, 3.00
NbVCo
LuRu2 0.86
LuOs2 3.49
HfRe2 4.8
HfOs2 2.69

1.52
1.83
4.7
0.30b

1.02

1.02

0.35
0.35

1.02

82
121,203

203
82

203
203
203

82
82
82

140
82

140
82
82

203
203
203

6.23
5.119
5.179
5.064
5.256
5.396
5.307
5.282
5.102
4.982
5.144
5.262a
5.219
4.928
5.204
5.254
5.239
5.184

10.12
8.542
8.484
8.210'
8.792
8.819
8.786
8.748'
8.239"
8.114
8.504
8 593a
8.538
8.008
8.725
8.661
8.584
8.468

82,204
203
203

82,205
203
203
203

82,206
82,207
82,207

140
82,208

140
82

203
203
203
203

a Powder patterns in present investigation were indexed based on these
reported lattice constants.

b Beginning of transition.

data for C15-type compounds are given in Table XV
(references 37, 82, 113, 114, 121, 140, 174, 203, 207,
and 212—229).

2O3 V. B. Compton and B. T. Matthias, Acta Cryst. 12, 651
(1959).

ze4 H. Witte, Naturwissenschsften 25, 795 (1937).IP. Pietrokowsky, J. Metals 5, 219 (1954).
see C. G. Wilson, Acta Cryst. 12, 660 (1959).

R. P. Elliott and W. Rostoker, Trans. Am. Soc. Metals
50, 617 (1958).

z s H. J. Wallbaum, Naturwissenschaften 30, 149 (1942).
B. T. Matthias, H. Suhl, and E. Corenzwit, Phys. Rev.

Letters 1, 449 (1958).
R M Bozorthf D D. Davis, and A. J. Williams, Phys.

Rev. 119, 1570 (1960).

Clg, MgZnz type, hexagonal (Laves Phase). This
structure is favorable for the occurrence of super-
conductivity. In addition, ferromagnetism also oc-
curs in the C14 rare-earth Laves phases in which the
rare-earth atom contains 4f electrons. "' Solid solu-
tions between C14-type rare-earth compounds with
4f electrons and those without 4f electrons are both
superconducting and ferromagnetic simultaneously.
Superconductivity and ferromagnetism have been
studied in the YOs&—GdOs& system for compositions
contammg up to 14 at. % GdOss 1I1 YOS2.

The superconductivity and crystal structure data
are given in Ta,ble XIV (references 82, 121, 140, and
203—208).

Cj.b, 3IIgCu~ type, cubic (Laves Phase). Since many
compounds with this type structure are supercon-
ducting, it is considered a very favorable one. The

The simultaneous occurrence of superconductivity
and ferromagnetism was investigated by solid-solu-
tion formation between a superconducting Laves
phase and a ferromagnetic one. The rare-earth sys-
tems which have been studied in this respect include
the CeRu& —PrRus and CeRus —GdRus C15-type solid
solutions""" and the C15—C14-type LaOs&—GdOs2
solid solutions. "' These phenomena have also been
investigated in the ThRus —GdRuz solid solutions. "'

Cea, u& is the only known superconductor which
contains a rare-earth element that usually has 4f
electrons. However, based on the lattice constant of
this compound, it was concluded that, most of the 4f
electrons have been squeezed into the outer 8 and d
shells. "'

CI o&, AuBce typ. e, face centere-d cubic. No supercon-
ducting compounds with this type structure have
been reported. The compounds which have been
investigated a,re listed in Table XVI (references 82,
230—232).

Cl'6, CuA t2 ty pe, body-centered tetrcgonat. The
transition temperatures of the isomorphous series of
Th compounds with Cu, Ag, and Au indicated, as
stated earlier, that the assignment of the same num-
ber of valence electrons to all the elements in the
same column should be considered as a rough ap-
proximation. Since Ag Th, has the optimum volume/
mass ratio, it should have the highest transition

I R. M. Bozorth, B. T. Matthias, and D. D. Davis,
"Superconductivity and Ferromagnetism in the System
GdRu2-ThRu2, " ProceeChngs of the VIIth International Con-
ference on Lom Temperature Physics, edited by G. M. Graham
and A. C. Hollis Hallett (University of Toronto Press, Canada,
1961), p. 385.

z'z W. Haucke, Z. Elektrochem. 43, 712 (1937).
zrs H. Perlitz and E. Aruja, Z. Erist. 100, 157 (1938).
z'4 J. B. Friauf, J. Am. Chem. Soc. 49, 3107 (1927).
ere N. E.Alekseevskii, Zh. Eksp. i Teoret. Fiz. 20, 868 (1950).
~~6 N. N. Zhuravlev, G. S. Zhdanov, and R. N. Kuz'min,

Soviet Phys. -Cryst. 5, 532 (1961).
H. Nowotny and A. Mohrnheim, Z. Krist. 100) 540

(1938).
8 B. T. Matthias and E. Corenzwit, Phys. Rev. 107', 1558

(1957).
I E. A. Wood and V. B. Compton, Acta Cryst. 11, 429

(1958).
zze L. Misch, Metallwirt. 15, 163 (1936).

N, N. Zhuravlev, T. A. Mingazin, and G. S. Zhdanov,
Soviet Phys. —JETP '7, 566 (1958).

2 2 E.E. Cherkashin, E.I. Gladyshevski, et at. , Zh. Neorgan.
Khim. 3, 650 (1958).

zzs N. N. Zhuravlev, Soviet Phys. —JETP '7, 571 (1958).
zs4 F. Laves, Naturwissenschaften 31, 96 (1943).
sse S. E. Haszko, Trans. AIME 218, 958 (1960).

W. J. de Haas and T. Jurriaanse, Proc. Acad. Sci.
Amsterdam 35, 748 (1932).

zz7 T. Jurriaa~nse, Z. Krist. 90, 322 (1935).
sss A. E. Dwight, Trans. Am. Soc. Metals 53, 479 (1961).
zzs T. J. Heal and G. I. Williams, Acta Cryst. 8, 494 (1955).
zse L. Misch, Metallwirt. 14, 897 (1935).
»& S. S. Sidhu and C. O. Henry, J. Appl. Phys. 2lp 1036

(1950).
232 N. C. Baenziger, R. E. Rundle, A. I. Snow, and A. S.

Wilson, Acta Cryst. 3, 34 (1950).
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TxsLz XV. Superconductivity and crystal-structure data for
compounds with C15-type structure.

Compound

Superconductivity data Crystal-structure data

Lattice
T constants
'E References a,A References

NaAug
MgCug
EBig
CaAlg
CaRhg
CaPdg
CaIrg
CaPtg
ScAlg
ScIrg
TiBeg
RbBig
SrRhg
SrPdg
SrIrg
SrPtg
YAlg
YRhg
YIrg
YPtg
ZrCuAla
ZrVg
ZrCog
ZrV0. 5Nig 5
ZrMnNi
ZrWg
ZrIrg
CsBig
BaRhg
BaPdg
BaPtg
LaMgg
LaRug
LaRhg
LaOsg
LaIrg
LaPtg
CeRug
CeRhg
CeOsg
CeIrg
LuAlg
HfMog
HfWg
BiAug
ThRug
ThOsg
ThIrg
UA4
UFeg
Uosg
UIrg

3.57

6.4

4.0-6.15

1.03

4.25
6.2

5.7

2.18
1.57

8.8

2.16
4.10
4.75
6.0

1.68

6.5

49

1.84
3.56

6.5

1.02
1.02

1.02

1.02

1.02
1.02

1.02

1.02

1.02
1.00
0.35

1.02

1.02

0.35

1.02
1.02
1.02

1.00

1.00
1.00

0.35
0.62
0.37
1.02
1.02
1.02

1.02

1.12
1.06
0.37
0.35

82
82

215
82

218
218
218
218

82
203

82
221
218
218
218
218
203

82
203
203

82
140
82
82
82

140
140
223
218
218
218
82

121,203
208
203
203
203
203

82
82
82
82

113
82

226
140
82

140
114
114
82
82

7.814
7.034
9.501
8.085
7.525
7.665
7.545
7.629
7.579
7.348
6.451
9.609
7.706
7.826
7.700
7.777
7.860
7.459

7.500-7.520
7.590
7.322
7.439
6.935
7.068
7.070
7.621
7.359
9.746
7.852
7.953
7.920
8.763
7.702
7.646
7.737
7.686

7.763—7.77
7.535
7.538
7.593
7.571
7.744

82,212,213
87)82,214
174,216
82,217

219
219
219
219
82

203
82)220

221
219
219
219
219
203
203
203
203

82
140

37,82,207
82,222
82)222

140
140
223
219
219
219

82)224
203
203
203
203

4 203
208
203
203
203

82,225
113

37,82
227
140

81,228
140
114
114

82,229
82,229

7.594
7.958
7.651
7.704
7.664

7.509
7.496

a E. A. wood suggested. the preparation of this compound and correctly
predicted that it would have the C15-type structure.

in Cu or Au. Copper, Ag, and Au nominally contrib-
ute one electron/atom when the d band is full.

The superconductivity and crystal-structure data

temperature. Actually its transition temperature is
lower than that Of CuThs and that of AuTh„and
this would seem to indicate that the number of
valence electrons in Ag is either more or less than that

for 016-type compounds are given in Table XVII
(references 82, 140, 149, 168, alld 233—237).|.88, AtB& type, hexagonal. The only known super-
collductor with this type structure ia P—ThSis. The
data for C32 compounds are given in Table XVIII
(references 82, ll4, 149, 168, 171, 233, and 238—240).

TxsLz XVI. Superconductivity and crystal-structure data
for compounds with C15b-type structure.

Compound

Superconductivity data Crystal-structure data

Lattice
7 constants
'K References a,A References

PdBe5
AuBe5
UCu5

0.35
1.02
1.02

82
82
82

5.995 82,230
6.097 82)280)231
7.037 82,232

C86, MgNi& type, hexagonal (Lanes Phase). HfMo,
is not superconducting above 1.02'K.'"

C$9, Zr8i2 type, orthorhombic. The C49-type com-
pounds investigated for superconducting properties
include ZrSig and ZrGeg. ZrSig is not superconducting

Txsz,z XVII. Superconductivity and crystal-structure data
for compounds with C16-type structure.

Lattice Constants
Com-
pound

7'E References a,A
0

c,A References

BCrg
BMog
BWg
AlThg
MnSng
FeGeg
CoSng
CuAlg
CuThg
RhPbg
PdPbg
AgIng
AgThg
AuPbg
AuThg

4.74
3.10

1.20

0.85
1.12
1.02

1.02;1.12
1.02;1.066

3 49
2.66
2.95

2.30—2.46
2.26
4.42
3.08

149
168,234

149
82

234
82

82 234
82;234

140
234
234
284
140
234
140

7.614 5.857

5.911' 4.951'
6.361' 5.452'
6.066' 4.874'
7.28 5.75

7.56 5.84

7.42 5.95

149
168,234

149
82)233

234
82)235
82)236
82,237

140
234
234
234
140
234
140

a Powder patterns in present investigation were indexed based on these
reported lattice constants.

above 1.02'K and ZrGeg is not superconducting
above 0.35'K "

sas J. R. Murray, J. Inst. Metals 84, 91 (1955—1956).
»4 M. F. Gendron and R. E. Jones, J. Phys. Chem. Solids

23, 405 (1962); Bull. Am. Phys. Soc. 6, 122 (1961).
&~~ H. J. Wallbaum, Z. Metallk. 35, 218 (1948).
»6 O. Nial, Z. Anorg. Allgem. Chem. 238, 287 (1938).
2'7 A. J. Bradley and P. Jones, J. Inst. Metals Sl, 131(1938).
sas F. Laves, Naturwissenschaften 31, 145 (1943).
»9 I. P. Mayer, E. Banks, and B. Post, J. Phys. Chem. 66,

698 (1962).
g40 C. P. Eempter and R. J. Fries, J. Chem. Phys. 34, 1994

(1961).
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C5'$, Ti Sir type, orthorhombic. Tioes is not super-
conducting above 1.20'K. '4'

C., TA8i2 type, body-centered tetragonal. The data
for compounds with this type structure are given in
Table XIX (references 82, 149, 241, 242). To date

TABLE XVIII. Superconductivity and crystal-structure data
for compounds with C32-type structure.

Superconductivity data Crystal-structure data

Com-
pound

Tc'K T Lattice constants
'K References a, A c,A References

CaGa2
TiB2
TiU2
YSi2
ZrB2
NbB2
TaB2
OsB2
ThA12
P-ThSi~ 2.41

1.02
1.28
1.06
0.35
1.8
1.28
1.28
1.02
0.35

82
168
114
82
171
168
168
82
82
149

4.323' 4.323 82,238
168
114

3.85 4.14 82,239
171
168
168

2.876a 2.871a 82,240
4.388 4.162' 82,233

149

a Powder patterns in present investigation were indexed based on these
reported lattice constants.

type compounds are given in Table XXI (references
82, 233, 244, and 245). The only superconducting
compound is A13Th which has a transition tempera-
ture of 0.75'K.

Superconductivity data Crystal-structure data

Com-
p ourld

Tc'K
T Lattice constantsn 0 0'E References a,A c,A References

Na3Bi
Si3Ir
n-E3Bi

1.39
1.02
1.40

130
82
130

5.448 9.655 130
4.350 6.630' 82,243
6.178 10.933 130

a Powder patterns in present investigation were indexed based on these
reported lattice constants.

D022, Ficta type, tetragonat. No superconductors
have been reported with this type structure. The
data for the compounds investigated are given in
Table XXII (references 82, 246, and 247).

TABLE XX. Superconductivity and crystal-structure data for
compounds with DO&8-type structure.

only two superconductors have been reported, YOe&
and n—ThSi2.

DOq, BiF3 type, face centered -cubic. Alekseevskii,
Brandt, and Kostina'" report that BiLi3 is normal
down to 1.43'K. The reported lattice for the com-
pound is 6.708 A '"

Superconductivity data Crystal-structure data

Com-
pouIld

T. T Lattice constants
'K 'K References a,A c,A References

TABLE XXI. Superconductivity and crystal-structure data
for compounds with DO»-type structure.

A13Th
Ti3Ga

TABLE XIX. Superconductivity and crystal-structure data Ti3Sn
for compounds with |;type structure.

0.75
0.35
1.02

82
82
82

6.500' 4.626' 82)233
5.76' 4.64' 82,244
5.916 4.764' 82,245

Superconductivity data Crystal-structure data
a Powder patterns in present investigation were indexed based on these

reported lattice constants.

Com-
pourld

Tc'E T Lattice constants
0K 8efer nces A ~ A Ref r n TABLE XXII. SuPerconductivity and crystal-structure data

for compounds with DO22-type structure.

YGe2 3.8
LaSi2
CeSi2
NdSi2
cx-ThSi2 3.16
USi2

241
1.20;1.00 149;241
1.20;1.00 149;241

1.00 241
149
82

241
149)241
149;241

241
149

3.98' 13.74' 82,242

Corn-
pound

Superconductivity data Crystal-structure data

T. T Lattice constants
'K 'E References a,A c,A References

a Powder patterns in present investigation were indexed based on these
reported lattice constants.

TiA13
TiGa3
ZrGa3

1.02
1.02
1.02

82
82
82

5.436 8.596' 82,246
5.558 8.109' 82,247
5.616 8.730a 82,247

DOrq, Xa+s type, hexagonal. The data for Dogs-
type compounds are given in Table XX (references
82, 130, and 243). No superconductors have been re-
poI'ted.

DO79 Xi38n type, hexagonat. The data foI' D01g-

24~ B. T. Matthias, E. Corenzwit, and W. H. Zachariasen,
Phys. Rev. 112, 89 (1958).

&4s W. H. Zachariasen, Acta Cryst. 2, 94 (1949).
s43 L. N. Finnie, J. Less-Common Metals 4, 24 (1962).

a Powder patterns in present investigation were indexed based on these
reported lattice constants.

DOqq, Zrd/q type, body centered tetragonal. -ZrAls is
not superconducting above 1.02'K."

244K. Anderko and U. Zwicker, Naturwissenschaften 44,
510 (1957).

s45 P. Pietrokowsky, J. Metals 4, 211 (1952).
s4~ G. Brauer, Z. Anorg. Allegem. Chem. 242, 1 (1989).
~4~ H. J. Wallbaum, Z. Metallk. 34, 118 (1942).
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TABLE XXIII. Superconductivity and crystal-structure data
for compounds with D8&-type structure.

Com-
pound

Superconductivity data Crystal-structure data

T T Lattice constants
C n 0 0E 'E References a,A c,A References

Ti5Ge3
V5Si3b
V5Ge3
Zr~Ge3
Zr5Pb3
Nb5Si3b

4.60

1.20
0.35
1.02
0.35

1.02

149
82
82
82
82
82

7.135a
7.295
7.993
8.529'
7.536

4.842a
4.970
5.597
5.864
5.249

149
82)248
82,249
82,250
82,251
82)248

' Powder patterns in present investigation were indexed based on these
reported lattice constants.

b Stabilized by the addition of 5 at. 'Po C to the knelt.

149, and 248—251). The only superconductor is
Zr5Pb3 which has a transition temperature of 4.60'K.

DO„Xi3P type, body-centered tetragonal. Mo3P has
a transition temperature of 7.0'K."'

D1'~, Basil~ type, body-centered tetragonal. Ca%14 is
not superconducting above 1.02'K."

Dl'„Pt8n~ type, orthorhombic. Recently Gendron
and Jones"' investigated the occurrence of super-
conductivity in D/;type compounds and reported
that PtPb4 and AuSn4 are superconducting at 2.80
and 2.38'K, respectively. PdSn4 and PtSn4 are not
superconducting above 1.30'K.

D8., U~3In ty pe, body-centered tetragonal. The
superconducting properties of D2;type U compounds
with Mn, Fe, Co, and Ni were investigated by
Chandrasekhar and Hulm. "4The transition tempera-
ture of U,Mn is 2.32'K, of U&Fe, 3.86'K, of U&Co,

2.29'K and UONi is not superconducting above
1.12'K.

D8'z, La20~ type, trigonal. The compound n—Bi2Mg3
is not superconducting above 1.5'K.'" The lattice
constants for the compound are a = 4.666 A and
c = 7.401 A.

D58, 8b283 type, orthorhombic. Alekseevskii, Brandt,
and Kostina'" report that Bi283 is not superconduct-
ing above 1.3'K. The lattice constants are a = 11.13
A, b = 11.27 A and c = 3.97 A.

D7l„Ta&B~ type, orthorhombic. Nb384 and Ta3B4
are not superconducting above 1.28'K.'"

D88, 3fn58i& type, hexagonal. The data for Dss
compounds are given in Table XXIII (references 82,

TABLE XXIV. Superconductivity and crystal-structure
data for compounds with D8s-type structure.

Superconductivity data Crystal-structure data

Compound
Tc'E Ref Lattice constants

0 0'E erences a,A c,A References

Cr2Ru
CrRe
MnRe
Zr3Au
Nb —Al
Nbp. 60Rh0. 40
Nb —Rh
Nb —Pd
NbRe
Nb —Re
Nb30s2
Nb30s2
Nb —Os
Nbp. 63Irp. 37
Nb3Ir2
Nb —Ir
Nb5Pt3
Nb0. 62Ptp. 38
Nb-Pt,
Mop. 60Ru0. 40
Mo—Ru
Mop. 5pRep. 5p
Mop. 42Rep. 5s
Mop. 35Rep. 65
Mo—Re
Mop. 620sp. 3s
Mo—Os
Mo3Ir
Mop. 74Irp. 26
Ta3Al
Tap. 60Rhp. 40
Ta-Rh
Tap. 4pRep. 6p
Ta-Re
Tap. 700sp. 30
Ta—Os
Tap. 65Ir0.35
Ta—Ir
Tap. spPtp. 20

Tap. 70Pto.30

Ta—Pt
Tap, 67Aup. 33
Wp. 6pRup, 4p
W—Ru
Wo. 5oRe 0.50
W—Re
Wp. 80Osp. 20
W0.66Osp. 34
W0.640sp. 36
W—Os
Wp. 72Irp. 2S

2.0
1.02
1.02
1.02

7.0—12.0
4.04
4.1
2.0

2.0—3.8
2.0
1.78
1.85
]..4
2.40
9.8
7.9
3.73
4.01
2.4
7.0
6.9

7.3/6. 4
8.4
8.6
6.0
5.65
5.2
6.8
6.7

1.02
2.35
2.0
1.4
1.3

1.2
1.0
1.2
1.0
1.2

1.45
1.5

1.0
1.2

4.67
5.2
5,03
5.2
2.5
3.81
3.8

4.46

111
82 9.20 4.78
82 9.23 4.79
82 10.58 5.53

156
141 9.80 5.07
143
143
141 9.79 5.10
143
140 9.844 5.056
141 9.85 5.06
143
141 9.86 5.06
140 9.834 5.052
143
140 9.91 5.12
141 9 91 5.13
143
141 9.55 4.95
143
141
141
141
143
141 9.60 4.93
143

9.631
141 9.63
82 9.97

141 9.80
143
141 9.77 5.09
143
141 9.88 5.14
143
141 9.86 5.09
143
141 10.02 5.20
141 9.93 5.16
143
141
141 9.57 4.96
143
141 9.63 5.01
143
113
141 9.63 4.98
113
143
141 9.67 5.00

9.61 4.98
9.59 4.97
9.57 4.97

4.956
4.96
5.19
5.09

111
82)153
82,252

82
156
141
143
143
141
143
140
141
143
141
140
143
140
141
143
141
143
141
141
141
143
141
143

25,82, 162
141

82,253,254
141
143
141
143
141
143
141
143
141
141
143
141
141
143
141
143
113
141
113
143
141

D8~, CrFe type, tetragonal (Sigma phase) .This
structure seems to be favorable for the occurrence of
superconductivity. Blaugher and Hulm'" and Buch-
er, Heiniger and Miiller'" have plotted the transition

8 H. Schachner, E. Cerwenka, and H. Nowotny, Monatsh.
Chem. 85, 245 (1954).

249 E. I. Gladyshevskii and Yu. B.Euz'ma, Dopovidi Akad.
Nauk Ukr. RSR 1958, 1208; Chemical Abstracts 53, 9010
(1959).

2ss E. Parthe and J. T. Norton, Acta Cryst. 11, 14 (1958).
25~ H. Nowotny and H. Schachner, Monatsh. Chem. 84, 169

(1953).

temperatures against the average number of valence
electrons per atom for a=type phases and for o.—Mn
type (A. 12) phases of transition metal compounds.
The maximum in the transition temperature occurs
at about 6.5 valence electrons in the former's and at
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6.65 in the latter's plot. These values are in agree-
ment with the empirical rules derived for the occur-
rence of superconductivity and the criteria for the
maximum transition temperature.

Txszz XXV. Superconductivity and crystal-structure data
for compounds with D102-type structure.

Ru783
Rh783
Th7Fe3
Th7Co3
Th7Ni3
Th7Rh3
Th7Os3
Th7Ir3
Th7Pt,

2.58

1.86
1.83
1.98
2.15
1.51
1.52

0.35

1.02

140 7.465
82 7.47

140 9.823
140 9.833
140 9.885
82 10.031'

140 10.02
140 10.06
82 10.126

4.715
4.78
6.211
6.200
6.225
6 287'
6.285
6.290
6.346'

140
82,255

140
140
140

82)256
140
140

82,256

a Powder patterns in present investigation were indexed based on these
reported lattice constants.

The superconductivity and crystal-structure data
are given in Table XXIV (references 25, 82, 111,
113, 140, 141, 143, 153, 156, 162, and 252—254).

D8;, 3fo28q type, rhombohedra/. Mo2B5 is not super-
conducting above 1.28'K.'"

Ddt, Th7I'e3, hexagonal. Superconductivity has
been observed in several compounds with this type
structure. The data are given in Ta,ble XXV (refer-
ences 82, 140, 255, 256).

E93, Fe3WSC type, face centered cu-bic The sup. er-
conducting properties of some recently reported
Ti&Ni type phases (isomorphous with FesWsC type)
are given in Table XXVI (references 82, 140, 257,
and 258). This is the only structure known in which
the presence of oxygen, required for the stabilization
of some of these compounds, is not detrimental to the
superconducting behavior.

Llo, CuAu type, tetragonal. The compounds n—LiBi
and NaBi crystallize in this structure and are super-
conducting at 2.47'K»' and 2.25'K, '" respectively.
The reported lattice constants for o.—LiBi are a
= 3.361 Aand c = 4.247 A»'and for NaBi) a = 3.46
A and C = 48{)A»0»2

252 E. M. Savitskii, M. A. Tylkina, et al. , Russ J. Inorg.
Chem. 6, 755 (1961).

'-ss K. P. Gupta, Trans. AIME 221, 1047 (1961).
254H. Nowotny, C. Brukl, and F. Benesovsky, Monatsh.

Chem. 92, 116 (1961).
255 B. Aronsson, E. Stenberg, and J. Aselius, Acta Chem.

Scand. 14, 733 (1960).
s J. R. Thomson, Nature 189, 217 (1961).
7 M. V. Nevitt, J. W. Downey, and R. A. Morris, Trans.

AIME 218, 1019 (1960).
sM N. Karlsson, quoted in K. Kuo, Acta Met. 1, 301 (1953).

Superconductivity data Crystal-structure data

Lattice constants
Compound 'E 'K erences a,A c,A References

I /~, Cu~Au type, cubic. The data for L12compounds
that have been investigated for superconductivity
are given in Table XXVII (references 82, 140, 168,
216, and 259—264). The superconductors are SrBis,
Zr3A1, and La3In.

Tahar. z XXVI. Superconductivity and crystal-structure data
for compounds with E93-type structure.

Superconductivity
data Crystal-structure data

Compound

Lattice
H ef constants

'E 'K erences a,A References

TI2Co 3.44
Tio 573Cu0. 2870o. 14
Tio, 573Rho 28700.14
»0.573Ir0.287O0. 14
Zr3V30 7.5
Zro, 61Rh0.285O0, 105 11 8
Zro. 61Pdo. 285OO. 105
Zro, 65Iro, 265OO. 085
Hf2Fe
Hf2Co
Hf o.67NIo. 233Ruo. 1o
Hf0. 63NIO. 25Reo. 12

140 11.30
1.02 82 11.446

82 11.588
82 11.620
82 12.160
82 12.408
82 12.470
82 12.430

0.35 82 12.043—12.065
0.56 82 12.067
1.02 82 12.183
1.02 82 12.173

140
82,257
82,257
82,257
82,258
82)257
82,257
82)257
82,257
82,257
82,257
82,257

L2b, ThH2 type, body-centered tetragonal. ZrH2 which
crystallizes in the L2&-type structure is not supercon-
ducting above 1.02'K ""

L&, W~C type, hexagonal. Mo2C, Ta2C, and W2C
have been reported superconducting at 2.78)'"

Trace, m XXVII. Superconductivity and crystal-structure data
for compounds with L12-type structure

Compound

Superconductivity data Crystal-structure data

Lattice
constants

'E References a,A References

VZn3
SrBi3
ZrsAl
Zr3In
NbZn3
La3In
LaIn3
UGe3

5.62
0.73

10.4

1.02

1.02
1.02

1.02
0.35

82
168
82

'

82
82
140
82
82

3.846
5.042
4.37
4.46
3.932
5.07
4.734
4.206

82
216

82,259
82,260,261

82,262
140

82,263
82,264

s~s J. H. Keeler and J. H. Mallery, J. Metals '7, 394 (1955).
60 E. Schubert, H. G. Meissner, M. Potzchke) et al. ,

Naturwissenschaf ten 49, 57 (1962).
J. O. Betterton, Jr. and W. E. Noyce, Trans. AIME,

212, 340 (1958).
sss C. I . Void, Acta Cryst. 13, 743 (1960).
263 A. Iandelli, "Intermetallic Compounds of the Rare Eaith

Metals, " Proceedings of Symposium on Physics, Chemistr j of
3fetallic Solutions and Intermetallic Compounds (Chemical
Publishing Company, New York, 1960), Paper No. 3F.

264 B. R. T. Frost and J. T. Maskrey, J. Inst. Metals 82)
171 (1953).
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3.26 "'"' and 2.74'E "' respectively. However, re-
cently Giorgi and Szklarz'M report that Ta2C is not
superconducting down to 2.0'E, and in our opinion
this is the more reliable value.

Cubic compounds. The superconductivity and
crystal-structure data for various cubic compounds
which have been investigated are given in Table
XXVIII (references 82, 114, 168, 171, 174, 191, 265,
and 267-277).

TxaLz XXIX. Superconductivity and crystal-structure
data for tetragonal compounds

Superconductivity
data Crystal-structure data

tered tetragonal Nb —N compounds as a function of
composition and found that the maximum transition
temperature, 11.8'K, occurred in NbNp. 7g. Lautz and
Schroder"' reported that NbNO, S had a transition

TxaLE XXVIII. Superconductivity and crystal-structure
data for cubic compounds.

Com- 7.', F„Ref-
pound 'K 'E erences a, A

Lattice Lat-
constants tice

c,A type' References

Superconductivity data Crystal-structure data

Lattice
T„Ref- constants Lattice

Compound 'K 'K erences a,A type References

Mg2A13 0.8
TiH2
CrGa4
Cu1 88
Cu18As48b3
Mo2N 5.0
MoA112
Pd178e15
Cs3Bi
LaH2 45
LaCd11
W2C
W2N
ReNp 34
AuZn3
o.-Bi4Rh
UCo

40
1.21

1.70

82 28.28
82 4.444
82 5.648

191
82 7.540

168
1.02 82 7.580
1.00 272 10.606

b 174 9.305
1.8 171 5.636
0.35 82 9.331

265 4.25
1.28 168

275
82 7.893

0.10 276 14.928
114

1.02
1.02
1.3
0.35

fcc 82,267
fcc 37 82
bcc 82,268
fcc 191
p 82,269
fcc 168
bcc 82,270,271
p 273
fcc 174
fcc 171
p 82,274
fcc 265
fcc 168
fcc 275
p 82,269
bcc 277
bcc 114

a fcc—face-centered cubic; bcc—body-centered cubic; p—primitive.
b Not stated.

Tetragonal compounds. The superconductivity and
crystal-structure data for tetragonal compounds are
given in Table XXIX (references 82, 114, 132, 133,
149, 165, 168, 216, and 278 to 284). Rogener"' deter-
mined the transition temperature of the face-cen-

265 G. Lautz and D. Schneider, Z. Naturforsch. 16A, 1368
(1961).

A. L. Giorgi and K. G. Szklarz, Bull. Am. Phys. Soc. 'V,

176 (1962).
67 H. Perlitz, Trans. Chalmers Univ. Technol. , Gothenberg

50, 8 (1946).
68 E. Schubert, T. R. Anantharaman, et al. , Naturwissen-

schaf ten 47, 512 (1960).
269 K. Schubert, H. Breimer, et a/. , Naturwissenschaften

44, 229 (1957).
zrc J. Adam and J. B. Rich, Acta Cryst '7, 818 (19.54).
zn J. W. H. Clare, J'. Inst. Metals 89, 282 (1961).
~72 8. T. Matthias and S. Geller, J. Phys. Chem. Solids 4,

818 (1958).
z"z S. Geller, Acta Cryst. 15, 718 (1962).
z74 A. Iandelli and R. Ferro, Gazz. Chim. Ital. 84, 468 (1954).
275 B. T. Matthias and W. H. Zachariasen, J. Phys. Chem.

Solids '7, 98 (1958).
7 N. E. Alekseevskii, G. S. Zhdanov, and N. N. Zhuravlev,

Soviet Phys. —JETP 1, 99 (1955).
V. P. Glagoleva and G. S. Zhdanov Soviet Phys. —JE&.TP

3, 155 (1956).

V58i3
Cr3Ge2
CuGa2
Nb —N
Nb58i3
Nb5Ge3
Nb38ng
RhIn3
P-PdBi2
BaBi3
HgCd
Th38i2
U38i

0.30
1.20
1.27

8.90/11.8
1.02
1.02

16.6
1.02

4.25
5.69
1.77

1.20
1.10

82 9 429b
149
82 2 836b

165,278
82 10.018b
82 10 148b
c 6.90

82 7.0lb
133 3.362
168 5.188
82 3.940b
149
114

4.757b

5 847b

5.072b
5.152b
9.53
7.15b

12.983
5.157
2 916b

bc 82,279
bc 149
p 82,280
fc 165,278
bc 82,279
bc 82,281

p 82 282
bc 132,133

216
bc 82,283,284
p 149
bc 114

a bc—body-centered; fc—face-centered; p—primitive.
b Powder patterns in present investigation were indexed based on these

reported lattice constants.
Note added in proof. T. B. Reed and H. C. Gatos, S. Appl. Phys. 33,

2657 (i962).

278 G. Lautz and K. Schroder, Z. Naturforsch. 11A, 517
(1956).

2» E. Parthe, H. Nowotny, and H. Schmid, Monatsh.
Chem. 85, 885 (1955).

zsc E. Zintl and O. Treusch, Z. phys. Chem. 34B, 225 (1986).
8 H. Nowotny, A. W. Searcy, and J.E. Orr, J. Phys. Chem.

60, 677 (1956).
282 E. Schubert, H. L. Lukas, H. G. Meissner, and S. Bhan,

Z. Metallk. 50, 584 (1959).
zsz R. F. Mehl, J. Am. Chem. Soc. 50, 881 (1928).
zs4 K. Schubert, U. Rosier, et aL. , Z. Metallk. 45, 648 (1954).

85 N. N. Zhuravlev and G. 8. Zhdanov, Izvest. Akad. Nauk
SSSR, Ser. Fiz. 20, 708 (1956).

N. E. Alekseevskii and Yu. P. Gaidukov, Zh. Eksp. i
Teoret. Fiz. 25, 888 (1958).

zs~ K. Schubert and H. Pfisterer, Z. Metallk. 41, 488 (1950).
288 V. P. Glagoleva and G. 8. Zhdanov, Zh. Kksp. i Teoret.

Fiz. 26, 337 (1954).
R. N. Kuz'min and G. S. Zhdanov Soviet Phys. —Cryst.

5, 880 (1961).
zgc B. A. Hatt„Acta Cryst. 14, 119 (1961).

temperature of 8.9'K. Hardly and Hulm'" found that
Nb4N3 was superconducting at 7.2'K and Schroder'"
reported that face-centered tetragonal Nb (N + 0)D.77

had a transition temperature of 6.80'K.
IIexagonal compounds. The data for hexagonal

compounds are given in Table XXX (references 149,
166, 168, 174, 190, 266, 276, 285, and 286).

OrthorhomNc compounds. The superconductivity
and crystal-structure data for orthorhombic com-
pounds are given in Table XXXI (references 82, 108,
130, 131, 133, 134, 149, 196, 197, 241, 276, and 287-
290) .
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TABLE XXX. Superconductivity and crystal-structure data
for hexagonal compounds.

TxsLE XXXI. Superconductivity and crystal-structure
data for orthorhombic compounds.

Superconductivity data Crystal-structure data Superconductivity
data Crystal-structure data

Com-
pound

T.'E T'E
Lattice constants Ref-

0 0
erences a,A c,A erences Com- T, T„Ref-

pound 'E 'E erences
Lattice constants Ref-

0 0 0
a, A b, A c,A erences

V2C
V5N2
Nb2C 9.18

Nb2N
MoN 12.0
Ta2N
y-Bi4Rh 2.7
BiIn2 5.6
P-Bi2Pt 0.155

149 2.944
149
149 3.105

2.0' 266
1.20;1.94 149;166 3.050

168
1.20 149

276
190
286 6.44 6.25

4.608 149
149

4.970 149
266

4.954 166
168
149
285
190
174

CoGe3
NiBi3 4.06
Ge3Rh5 2.12
YSi2
Rh2B
LaGe2 1.49
p-Bi3Rh 3.2
BiPd 3.7
URe2

0.35

1.02

82 566 5 66
130 8.875 4.112
108 5.42 10.32

1.0 149,241
1.0 196

241
276 9.027 4.24

131,133 7.203 8.707
82 5.600' 9.178'

10.82a
11.477
3.96

11.522
10.662
8.463'

82,287
288
197
241
197
241
289
134

82,290

a In our opinion this is a more reliable value. a Powder patterns in present investigation were indexed based on these
reported lattice constants.

TxsLE XXXII. Superconductivity and crystal-structure data for monoclinic
compounds.

Superconductivity data Crystal-structure data

T.
Compound E

T Ref-'E erences a,A

Lattice constants
b, A c,A erences

o.-Bi2Rh 1.34 276,285 6.96 6.83
P-Bi2Rh 1.27 276 16.2 7.0
a-Bi2Pd 1.70—1.75 130—134 12.74 4.25

7 01 1182' 291
10.5 92'30' 292
5.665 102 35' 133,134

3IIonoclinic compounds. The data for monoclinic
compounds which have been investigated for super-
conducting properties are given in Table XXXII
(references 130—134, 276, 285, 291, and 292).

Superconducting compounds of unknown crystal
structure. Many superconducting compounds whose
crystal structures were not specifically stated or
were not determined have been reported. Data for
these are given in Roberts' compilation. "

Recently we have found that ZrsSb& is supercon-
ducting at 1.74'K and Zrp 7Bip.3 at 1.51'K." The
patterns for these substances have not been in-
terpreted as yet. Raub and co-workers"' report that
superconductivity occurs in the Pd—As system for
alloys with the approximate composition of Pd2As
and also in alloys containing Co or Ni additions. The
superconducting transition temperature of LaSi2 be-
gins at about 2.5'E."' Previous measurements of
tetragonal LaSi& (C. type) indicated that the com-
pound was not superconducting above 1.00'K.'"'"

291 G. S. Zhdanov and R. N. Euz'min Soviet Phys. —Cryst.
6( 704 (1962).

29~ N. N. Zhuravlev and G. S. Zhdanov Soviet Phys. —JETP
1, 91 {1955).

C. T. Raub, G. W. Webb and R. W. Fitzgerald, Bull. Am.
Phys. Soc. 7, 474 (1962).

~94 W. F. Henry, C. Betz, and H. Muir, Bull. Am. Phys.
Soc. I, 474 (1962).

However, the structure of the superconducting LaSi2
compound is not stated. Szklarz and Giorgi'" have
recently reported superconductivity data for HfN
and for HfN —ZrN solid solutions. The transition
temperature for HfN is 6.2'K and for the solid solu-
tions the transition temperatures range from 6.2 to
10.7'K. The structure of these phases was not stated
but they are probably the cubic NaC1 type (Bl).
Compounds of Li, Na, or Pt with Hg have been re-
ported superconducting. "' The transition tempera-
ture for Hg3Li is 1.8'E; for Hg4Na, 3.0'K; for
Hg2Na, 1.6'K; and for Hg4Pt, 3.5'K. Tote added in
proof W. E. Henry . [Bull. Am. Phys. Soc. 7, 621
(1962)] reports that La,Sis is superconducting at
1.6'K.
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