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One of the basic problems of superconductivity in
the transition metals concerns the expression of the
critical temperature 7', as a function of parameters
which may be derived from properties of the normal
state. The BCS theory suggests a strong dependence
of T, on the dimensionless quantity N(0)V, where
N (0) denotes the density of states at the Fermi level
and V represents an interaction energy. Therefore,
T. may be particularly influenced by appreciable
variations of N(0), as is the case in transition metals.
On the other hand, the empirical rules of Matthias!
have generally been successful in describing the vari-
ations of 7', in many alloy systems—at least if solid
solutions of transition metals with B-metals are dis-
regarded.? To a very rough approximation, the ap-
parent importance of the number of valence elec-
trons might well be linked with the fact that the
rigid band model often (but not always) provides a
satisfactory description of these alloys.

Extending the work of previous investigations,®®
we have measured the superconducting and calori-
metric properties of alloysin the systems Ti—Zr, Nb—
Re, Nb-Ru, Nb—Os, Nb-Rh, Nb-Ir, Nb-Pd, Nb-
Pt, Cr-Re, Mo—Re, Mo—Ru, Mo-Os, W-Re, and
W-Ir210.1 The low temperature specific heat data of
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solution) see also reference 1.
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the Ti-Zr alloys are the first, to our knowledge, repre-
senting a binary system where the components be-
long to the same column of the periodic table. The
number of valence electrons per atom being constant,
these alloys unambiguously offer a test of the correla-
tion between the transition temperature and the
electronic density of states. According to the results
plotted in Fig. 1,*'%! the transition temperature
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clearly follows (qualitatively) the variation of the
electronic specific heat, which is assumed propor-
tional to N(0). If the data are used to calculate the
interaction parameter with the simple BCS expres-
sion for 7', then V is found to rise steadily from Ti to
Zr. This conclusion cannot be affected significantly
by deviations of the effective phonon spectrum from
a true Debye spectrum.

Most of the remaining alloys investigated in the
present work belong to a class of complex binary
phases, having either the o-type (D 8,) or the a-Mn
(A 12) crystal structure. With only a few exceptions,
these complex phases occur in the region of a mean
number of valence electrons between 6 and 7. Within
this range of electron concentration, a distinct
maximum of the transition temperature has been

12, K. Hulm and R. D. Blaugher, Phys. Rev. 123, 1569
(199 %‘) S. Smith, W. B. Gager, and J. G. Daunt, Phys. Rev.

89, 654 (1953 ).
14T, 8. Smith and J. G. Daunt, Phys. Rev. 88, 1172 (1952).
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observed.* In certain alloys of this class, the calo-
rimetric determination of the electronic specific heat
is complicated by appreciable variations of the
Debye 6 as a function of temperature, even in the
vicinity of T.. Since, with this kind of substance, no
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F1a. 2. Atomic specific heat of Nb-Re alloys with Al12-type
structure.

reliable measurements in the normal state below 7',
could be expected by the application of available
moderate magnetic fields, the data for ' > T, have
been completed by a careful measurement of the
specific heat in the superconducting state and a cal-
culation of the entropy at some temperature slightly
above T'.. With this procedure, the y values are cor-
rect within +29%,. As an example, the results for
three Nb—Re alloys (A 12 structure) are reproduced
in Fig. 2 and 3. These alloys cover the steep rise of
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F1c. 3. Debye temperatures of Nb—Re alloys. The variation
of 8 is consistent with the observed entropy of the supercon-
ducting state.

T. near 6.5 electrons per atom and it is found that
this again corresponds to an increase in .

The data for some alloys where a considerable
homogeneity range exists are plotted in Fig. 4. It is
evident that the observations cannot be accounted
for by the simple BCS expression with a constant V.
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Certain regularities, however, appear if the position
of the alloy components in the periodic table is con-
sidered. For instance, if we limit comparison to the
central part of the transition metals (say from 4 to
7 electrons per atom), then, for a given value of the
electronic specific heat, 7./8 is lower if one or both
components are 3d-elements and higher if the 4d or
5d-character predominates. The results for a number
of complex phases™ not shown in Fig. 4 support this
general rule. A somewhat more universal representa-
tion of the experimental data is obtained if, accord-
ing to Morel and Anderson® and Garland,* the ef-
fective Coulomb interaction is taken into account.
To obtain a relation between the electronic specific
heat and the parameter of the electron—phonon inter-
action, the latter may be calculated with the aid of
observed values and interpolated deviations from the
normal isotope effect.””
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An interesting empirical fact is noted if the elec-
tronic specific heat is analyzed in the superconduct-
ing state. The discontinuity at the transition tem-
perature, (Cos/vT)r-r, seems to deviate appreciably
from the BCS-value (2.43) if one component is taken
from the last columns of the transition elements. In
the sequence of the alloys Moe2Osss, Wralrss, and
NbezPtss, 2.50, 2.26, and 1.90 have been observed, re-
spectively. Furthermore, the exponential in the
superconducting electronic specific heat, which is re-
lated to the energy gap and its temperature de-
pendence, is measured as 1.43 for Moe:Osss and 1.26
for WooIrss, to be compared with 1.44 given by BCS.

15 P, Morel and P. W. Anderson, Phys. Rev. 125, 1263

(1962). )
16 J. W. Garland (to be published).
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It would be desirable to know the corresponding
figures for pure Os and Ir.

Whilst there is sufficient experimental evidence
that, for similar alloys, 7. strongly correlates with
the electronic specific heat, it now also seems clear,
why in many cases no apparent relation exists be-
tween 7', and the observed paramagnetism.” In fact,
it has been shown for V- and Nb-alloys®~* that the
measured susceptibility is not indicative of the
density of states. If we write

Xtot = Xion =+ XPauli + Xz.p. F Xada

the additional term x..a can be calculated from the
observed x:: and the electronic specific heat (the
Landau—Peierls contribution being neglected). Ac-
cording to Clogston et al.’® the value of xpsu: obtained
by the use of v has to be corrected for attractive
interaction by the factor [1 + N(0)V]™. For a series
of Nb-alloys, we obtain the results in Table I.

TasLe 1. Magnetic susceptibility of niobium alloys.

electrons Xtot Xadd

alloy structure  per atom (X 107¢ emu/g.at)
Nb A2 5. +212 +145
Nbgo Ruio A2 5.3 +176 +140
Nbeo 0840 D8b 6.2 + 98 + 77
Nbss Resz A12 6.24 + 98 + 82
Nbes Irsz D8, 6.48 + 82 + 61
Nbgo Rhyo DS, 6.60 + 79 + 49
Nbegz Ptas DS, 6.88 + 67 + 40
Nbego Pdso D8, 7.0 + 50 + 29

The large values of x.aa, which are likely to be due to
the orbital paramagnetism, demonstrate that no
similar variation of the transition temperature and
the observed susceptibility may be expected. The
figures listed for Nb-alloys would suggest that the
orbital contribution decreases towards the end of the
d-band.

A special situation with respect to the occurrence
of superconductivity and antiferromagnetism arises
in the chromium-rhenium system. Although super-
conducting Cr-alloys are known already,” Cr-base

17 E. Bucher, F. Heiniger, and J. Muller, Helv. Phys. Acta
34, 843 (1961).

18 A. M. Clogston, A. C. Gossard, V. Jaccarino, and Y.
Yafet, Phys. Rev. Letters 9, 262 (1962).

19 B. G. Childs, W. E. Gardner, and J. Penfold, Phil. Mag.
8, 419 (1963).

20 D. Bender, E. Bucher, and J. Muller, Phys. Kondens.
Materie 1, 225 (1963). '

21 B. T. Matthias, T. H. Geballe, V. B. Compton, E.
Corenzwit, and G. W. Hull, Phys. Rev. 128, 588 (1962).

alloys with Re are exceptional in being superconduct-
ing within the homogeneity range of the Cr crystal
structure. It is seen from Fig. 5 that the maximum
transition temperature near the cubic phase boundary
exceeds 5°K. The Cr-Re alloys therefore cover an
antiferromagnetic and superconducting region? with-
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out any phase change. Baltensperger and Strassler®
have shown that a superconducting antiferromagnet
may exist, but their model is hardly applicable to
the present case. The measurement of the electrical
resistance anomaly in dilute Cr-Re mixed crystals
has revealed a striking increase of the Néel-tem-
perature of almost a factor of 2 in a very narrow
concentration range. Specimens near the composition
of 209, Re still exhibit a resistance anomaly as well
as a superconducting transition, although for further
conclusions, a detailed knowledge of the microstruc-
ture is required. A substantial increase of the elec-
tronic specific heat has been observed" just at this
critical composition and is clearly correlated with the
abrupt change from the magnetic to the supercon-
ducting state.
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Hake: We also have made some measurements in the Ti~
Zr alloy system [Bull. Am. Phys. Soc. 8, 419, (1963)]. Our
measurements were calorimetric and we measured one alloy
Ti-50 at.9, Zr. The gamma and the T, were in reasonable
agreement with those shown by Dr. Miiller and we came to
similar conclusions regarding the applicability of the BCS
expression for T’ to the Ti-Zr system. An interesting facet
of our work is that in this Ti-50 at.9}, Zr alloy, we also
placed 0.2 at.%, manganese. This had the effect of intro-
ducing a localized moment as indicated by Dr. Cape’s sus-
ceptibility measurements. It also succeeded in nearly de-
stroying the bulk calorimetric superconducting transition
(down to 1.2°), and strongly suggested that Mn in pure hep
Ti would have a similar deleterious effect on superconduc-
tivity, as recently demonstrated by Falge (Discussion 20).

Marrrias: What was the transition temperature of your
Ti?

Haxke: That’s hard to say. We don’t actually measure the
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transition temperature of our starting Ti, but presumably
it’s about as pure as one can get commercially.

Marraias: [ understood from Mr. Falge it was 0.14° for
your Ti.

Haxg: Mr. Falge measured some Ti that we furnished,
but there is variation in the magnetic impurity concentra-
tion from lot to lot in that particular material and we ex-
pect, from Falge’s work, a corresponding variation in 7.

Farce: 0.17°K.

Marraias: Well, Mr. Hake? Pure titanium becomes
superconducting above 0.3°K. Yours cannot have been very
pure.

E. Roranpo Dosss, Royal Society Mond Laboratory: 1
would only like to make the point that although the Fermi
surface of niobium has not yet been determined, the num-
ber of free electrons is far from 5 per atom. We estimate that
the Fermi surface area is something like 259, of the free-
electron surface or about 0.7 electrons per atom.
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INTRODUCTION

The BCS theory of superconductivity! with some
simplifying assumptions? predicts that

To = 0.8550,6 VY (1)

where T is the superconducting transition tempera-
ture in zero magnetic field, 6, is the Debye charac-
teristic temperature, N (0) is the density of electronic
states at the Fermi surface for one spin orientation,
and V is the electron—electron interaction parameter
which gives rise to superconductivity.

This above relation, according to Pines,® should be
- particularly simple for the transition metals where
the narrow d band overlaps the broader s band at the
Fermi surface. In this case N(0) is now determined
almost entirely by the d-band state density which is
much higher than the corresponding s band. He then
argues that the most important contribution to V
then arises from interactions between the d-band

1J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys. Rev.
108, 1175 (1957).

2 B. B. Goodman, J. Hillairet, J. J. Veyssie, and L. Weil, in
Proceedings of the Seventh International Conference on Low
Temperature Physics (University of Toronto Press, Toronto,

1961), p. 350.
3 D. Pines, Phys. Rev. 109, 280 (1958).

electrons, and V should be insensitive to variations
in N(0). Hence, for the transition metals, a ‘“decou-
pling”’ results between N(0) and V, and V becomes
approximately a constant.

Measurements by Hulm and Blaugher* first sug-
gested that the Group 5-Group 6 region in the iron
group transition metals should furnish an ideal case
for studying the predicted BCS dependence of T on
parameters such as the density of states and Debye
temperature. Pippard® emphasized that an experi-
ment evaluating this above equation would provide
a critical test of the theory and Pines’ suggestion of
a constant interaction parameter.

The niobium—-molybdenum system was chosen for
detailed study due to its apparently large variation
of Ty, with composition within a single crystal struc-
ture. Furthermore, previous measurements on this
alloy system® at temperatures below 1°K, had re-
vealed an apparent discrepancy between theory and
experiment. These experiments indicated that T’ de-~

4J. K. Hulm and R. D. Blaugher, Phys. Rev. 123, 1569
(1961).

5 A. B. Pippard, remarks at the IBM Conference on Super-
conductivity, 1961 (unpublished).

6J. K. Hulm, R. B. Blaugher, T. H. Geballe, and B. T.
Matthias, Phys. Rev. Letters 7, 302 (1961).



