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U s p . F i z . N a u k 9 6 , 1 7 7 - 1 7 9 ( S e p t e m b e r , 1968)

A s i s w e l l known, t h e t e m p e r a t u r e of t r a n s i t i o n into
t h e s u p e r c o n d u c t i n g s t a t e d e p e n d s on t h e m a s s of t h e
i s o t o p e :

w h e r e t h e a p p r o x i m a t e v a l u e of a fo r s i m p l e m e t a l s i s
- 0 . 5 . Such a d e p e n d e n c e of t h e c r i t i c a l t e m p e r a t u r e on
t h e i s o t o p e m a s s i n d i c a t e s t h a t t h e l a t t i c e v i b r a t i o n s
p l a y a p r i n c i p a l r o l e in t h e s u p e r c o n d u c t i v i t y p h e n o m e -
non . Indeed , t h e c r i t i c a l t e m p e r a t u r e , in a c c o r d a n c e
with t h e s i m p l e s t BCS m o d e l , i s d e s c r i b e d by t h e e x -
p r e s s i o n

Tc = ̂ ~l", (2)

w h e r e g i s a d i m e n s i o n l e s s i n t e r a c t i o n c o n s t a n t a n d
u> i s t he a v e r a g e i n t e r a c t i o n e n e r g y c h a r a c t e r i z i n g t h e
r e g i o n n e a r t h e F e r m i s u r f a c e w h e r e t h e e l e c t r o n s a r e
a t t r a c t e d to one a n o t h e r . If t h e m e c h a n i s m l e a d i n g to
t h e e l e c t r o n p a i r i n g i s e l e c t r o n - p h o n o n i n t e r a c t i o n , t h e n
t h e d i m e n s i o n of t h e r e g i o n in which t h i s i n t e r a c t i o n i s
a t t r a c t i v e i s p r e c i s e l y t h e Debye e n e r g y u>D. T h e r e -
f o r e

T ,1 1 (f\
1 c —~ (D/j —- . ^ O )

As s e e n f r o m f o r m u l a (2), t h e c r i t i c a l t e m p e r a t u r e s of
m e t a l s w h o s e s u p e r c o n d u c t i v i t y i s due to e l e c t r o n -
phonon i n t e r a c t i o n cannot e x c e e d T c ~ u)jye'{2~3). (We
t a k e in to a c c o u n t h e r e t h e fac t t ha t t he i n t e r a c t i o n con -
s t a n t i s u s u a l l y s m a l l e r t h a n l/2.) F o r o r d i n a r y m e t a l s ,
t h e s e t e m p e r a t u r e s a r e of t h e o r d e r of 1—20°K. A
m u c h h i g h e r t r a n s i t i o n t e m p e r a t u r e m i g h t e x i s t in
s u p e r c o n d u c t o r s wi th an e l e c t r o n - e l e c t r o n p a i r i n g
m e c h a n i s m , w h e r e t h e c h a r a c t e r i s t i c e n e r g i e s w a r e
of t he o r d e r of t h e F e r m i e n e r g y . *

Unfo r tuna t e ly , t h e m a t h e m a t i c a l d i f f i cu l t i e s a r i s i n g
in t h e c a l c u l a t i o n of t he e l e c t r o n i c p r o p e r t i e s of r e a l
m e t a l l i c s y s t e m s h a v e not ye t m a d e it p o s s i b l e to o b -
t a i n a r i g o r o u s l y q u a n t i t a t i v e c r i t e r i o n of s u p e r c o n d u c -
t i v i t y even fo r t h e u s u a l e l e c t r o n - p h o n o n a t t r a c t i o n
m e c h a n i s m . T h e t h e o r e t i c a l p r o b l e m i s a l l t h e m o r e
c o m p l i c a t e d in t he c a s e of t h e e l e c t r o n - e l e c t r o n p a i r i n g
m e c h a n i s m , w h e r e , in e s s e n c e , t h e r e i s no s m a l l
p a r a m e t e r a t a l l . T h e s i t u a t i o n would b e g r e a t l y s i m -
pl i f ied w e r e we to h a v e a t o u r d i s p o s a l a t l e a s t one
s u p e r c o n d u c t o r , a l b e i t wi th a low c r i t i c a l t e m p e r a t u r e ,
wi th r e s p e c t t o which we cou ld c a t e g o r i c a l l y s t a t e t h a t
t h e m a i n m e c h a n i s m r e s p o n s i b l e for i t s s u p e r c o n d u c -
t i v i t y i s t he e l e c t r o n - e l e c t r o n and not t he e l e c t r o n -
phonon i n t e r a c t i o n . T h i s would e n a b l e u s to i n v e s t i g a t e
e x p e r i m e n t a l l y t he in f luence e x e r t e d on s u c h a s u p e r -
c o n d u c t o r by v a r i o u s f a c t o r s s u c h a s t he f r e e - c a r r i e r

density, pressure, impurities, etc., and this would
serve as a good check on various models of the phonon-
less superconductivity mechanism. In this connection,
great interest attaches to a study of the superconducting
properties of metals that exhibit an unusual behavior
with respect to the electron-phonon interaction, and in
which we can therefore assume the existence of a
phononless attraction mechanism. One such "unusual"
superconductor is metallic uranium, the superconduct-
ing properties of which apparently do not fit the scheme
of the simplest models with electron-phonon attraction
mechanism.

There are three known crystalline modifications of
metallic uranium121; or-U, which has an orthorhombic
lattice and is stable at low temperatures, j3-U with a
complicated cubic or rhombic structure and stable at
temperatures from 662° to 772°C, and y-V, with a
body-centered cubic lattice and stable from 772CC to
the melting point at 1132°C. The two high-temperature
modifications /3 and y, can be stabilized by impurities
down to very low temperatures, and exhibit transitions
into the superconducting state. The critical tempera-
ture of j3 uranium stabilized with 2% Rh or Pt is
0.8°K[3]. The critical temperature of y-V stabilized
with 15% Mo is 2.1°K. Investigations have shown that
the superconducting properties of uranium in the /3 and
y phases differ little from the properties of ordinary
superconductors with electron-phonon pairing. In par-
ticular, their critical temperature is changed little by
variation of the pressure from 0 to 10 kbar, namely

for j3-U and

dP

§
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fo r y-V; we no t e t h a t for l e a d , for e x a m p l e , t h i s r a t i o
i s

*The question of the increased critical temperature for nonphonon
attraction mechanism is considered in detail in the reviews of B. T. Gentle-
man and V. L. Ginzburg, published in Usp. Fiz. Nauk ['].

M e a s u r e m e n t [ 4 ] of t he i s o t o p i c effect in y-V u s i n g the
i s o t o p e s U2 3 5 a n d U238 h a s shown t h a t a ( T c ~ Ma) i s
v e r y c l o s e to - 0 . 5 ( a = - 0 . 5 3 ± 0 .02 ) .

T h e s i t u a t i o n wi th t h e a m o d i f i c a t i o n of u r a n i u m i s
qu i te d i f f e ren t . R e c e n t t h o r o u g h s t u d i e s of t h e s u p e r -
conduc t ing p r o p e r t i e s of a - u r a n i u m [ 5 ~ 8 ] h a v e shown
t h a t t h i s m a t e r i a l h a s a n u m b e r of f e a t u r e s un ique to
t h i s m a t e r i a l on ly , a n d tha t t h e s e f e a t u r e s cannot be
d e s c r i b e d wi th in t h e f r a m e w o r k of t h e o r d i n a r y m o d e l s
with e l e c t r o n - p h o n o n i n t e r a c t i o n . M e a s u r e m e n t s of t h e
s p e c i f i c h e a t [ 7 ] h a v e e s t a b l i s h e d t h a t a-V a t a t m o s -
p h e r i c p r e s s u r e d o e s not b e c o m e s u p e r c o n d u c t i n g down
to ~0 .1°K. When t h e p r e s s u r e i s i n c r e a s e d to on ly
11 k b a r , the c r i t i c a l t e m p e r a t u r e of a - U i n c r e a s e s to
2.2°K, wi thout b e i n g a c c o m p a n i e d by any c h a n g e s in the
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lattice structure. The maximum increase of critical
temperature with increasing pressure has heretofore
been observed only for Tl, t9 ] but this increase is
smaller by two orders of magnitude than in a-U.
Recently a group of American physicists, including the
well known superconductivity specialist B. Matthias,
measured the isotopic effect in a-U[8]. The measure-
ments were made on the isotopes U235 and U238. The
metallic samples prepared from these isotopes had
very high purity, the impurity content not exceeding
0.0001%. The measurements were made on 10 samples
(5 each of U235 and U238) at 11 kbar pressure. The
measurements have established that the isotopic effect
in a-U differs radically from the predictions of the
ordinary BCS theory. The exponent a in (1), first, is
positive, i.e., the critical temperature of the heavier
isotope is higher; second, it is very large:

In the opinion of the authors of the cited paper, the
presence of such an isotopic effect cannot be reconciled
in any way with the electron phonon pairing mechanism,
and this fact proves that the mechanism responsible for
the superconductivity of a-U is electron-electron in-
teraction due to the presence of an unfilled f-shell in
uranium. The possibility of such an interaction mecha-
nism in uranium and lanthanum was proposed also
earlier[10 '11] but according to the calculations there
should be no isotopic effect at all in the presence of
such an interaction. It should be noted that, as shown
by Garland[12] and Swihart[13], the isotopic effect in
transition metals may deviate greatly from a = -0 .5 ,
even in the case of electron-phonon pairing. The strong
influence of the Coulomb interaction, owing to the
presence of narrow unfilled d-bands, may greatly de-
crease a and even lead, as indicated by these authors,
to a positive value a = 0.15 for Ru. On the other hand,
such calculations cannot explain the large value
a = 2.2 obtained for uranium. Summarizing all the
foregoing, we can state that the observed superconduct-
ing properties of uranium cannot be adequately de-

scribed at present within the framework of the existing
models. Nor is the main cause of such an unusual be-
havior of superconducting uranium clear. There is
still no answer to the question whether it is the result
of singularities of the band structure of uranium, con-
nected with the intersection of three closely-lying
levels of uranium (7s, 6d, 5f), or with some phononless
pairing mechanism.

1V. L. Ginzburg, Usp. Fiz. Nauk 95, 91 (1968),
B. T. Geilikman, ibid. 88, 327 (1966) [9, 142 (1969)].

2V. K. Grigorovich, Periodicheskii zakon
Mendeleeva i elektronnoe stroenie metallov
(Mendeleev's Periodic Law and the Electronic Struc-
ture of Metals), Nauka, 1966.

3B. T. Matthias and T. H. Geballe et al., Science
151, 985 (1966).
4 4H. H. Hill, R. W. White, and B. T. Matthias et al.,
Phys. Rev. 163, 356 (1967).

5W. E. Gardner and T. F. Smith, Phys. Rev. 154,
309 (1967).

6 B. T. Matthias, T. H. Geballe, and W. H. Zacha-
riasen, Science 152, 755 (1966).

7 J. E. Gordon and H. Montgomery et al., Phys. Rev.
152, 432 (1966).

8R. D. Fowler, R. W. White, and B. T. Matthias
et al., Phys. Rev. Lett. 19, 892 (1967).

9N. V. Brandt, N. I. Ginzburg, T. A. Ignat'eva,
V. G. Lazarev, L. S. Lazareva, and V. I. Makarov, Zh.
Eksp. Teor. Fiz. 49, 85 (1965) [Sov. Phys.-JETP 22,
61 (1966)].

10 C. G. Kuper, M. A. Jensen, and D. C. Hamilton,
Phys. Rev. A134, 15 (1964).

11 J. Kondo, Prog. Theor. Phys. 29, 1 (1963).
12J. W. Garland, Phys. Rev. Lett. 11, 111, 114 (1964).
13J. C. Swihart, Phys. Rev. 116, 45 (1959).

Translated by J. G. Adashko
70


