
PH YS ICAL REVIEW VOLUME 178, NUMBER 2 10 FEBRUARY 1969

Superconductivity and Electron Interaction in the 3d Band
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(Received 7 May 1968; revised manuscript received 21 October 1968)

The superconducting transition temperatures, electronic speci6c heats, and magnetic susceptibilities have
been measured for the alloy series Cr-V, Cr-Mo, V-Mo, Ru-Fe (hcp), and Ru-Mn (hcp). These data are
combined within the framework of current theoretical models, and conclusions are drawn regarding the
strength of the electron phonon attraction and electron-electron repulsion in the 3d band. In particular, it
is deduced that the superconducting transition temperature of "paramagnetic" Cr would be 10 "K,
and that paramagnetic (hcp) Fe and Mn would not be superconducting at any temperature.

I. INTRODUCTION
' 'N this paper we wish to present measurements of
J - superconducting transition temperatures, electronic
specific heats, and magnetic susceptibilities for several
transition-metal alloy series. By combining these data
in the light of current theoretical models, it is possible
to draw conclusions regarding the variation of both the
electron-phonon and electron-electron interaction in
the 3d band. One may also examine the possibility of
superconductivity of the paramagnetic state of Cr,
hcp Fe, and hcp Mn. The spirit of the investigation is
much like that of Heiniger et at. ,

' who found by extrap-
olation of the electronic speciac heat y in the para-
magnetic Mo-Cr alloy series that "paramagnetic" Cr
would have a p value considerably larger than that
observed in the itinerant antiferromagnetic spin-den-
sity-wave state which occurs at atmospheric pressure.

II. EXPERIMENTAL

The starting materials used are listed in Table I.
All samples were melted in an argon arc furnace.
In Mo-Cr, Ru-Fe, and Ru-Mn, the weight loss was
assumed to be due to the more volatile component
only, and therefore the composition was calculated
from the 6nal weight. Superconductivity was measured

with a mutual inductance method at 28 Hz. In cases
where large concentration gradients in the sample had
to be expected (Mo-Cr), the sample was cut or its
surface ground o8 and etched, but no difference in
transition temperature could be detected. The samples
were annealed for 48 h at 1000'C at pressures below
10 ' torr, except Mo-Cr where segregation occurs.
For the technique of the measurement of specific heat
and susceptibility we refer the reader to Refs. 2 and 3,
respectively.

III. RESULTS

Our new data are listed in Table II together with
relevant data of other authors, as indicated. The varia-
tions of the transition temperature T, and of the BCS
parameter g= flu(1.140'/T, )] ' (O~=Debye tempera-
ture) iu the V-Cr aud V-Mo alloys are quite similar, as
shown in Fig. 1. It should be noted that we found a
much smaller drop in T, of vanadium per atomic percent
of Cr, as well as per atomic percent of other solutes like
Mn, Fe, and Co, in contrast to earlier results. ' ' Our
high purity vanadium, kindly supplied by Sullivan
(Bureau of Mines, Boulder City, Nevada), had a transi-
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TABLE I. Source and purity of the elements used for the alloys. '1 70—

Element

V

Cr
Mo
Ru

Fe

Supplier

T. A. Sullivan,
Bureau of Mines

Battelle
Wah-Chang
United Mineral and

Chemical Corp.
United Mineral and

Chemical Corp.
Johnson Matthey

Purity

99 94%

99.999
)9999%)99 999%

99 999

&99.99ojg

Other
characteristics

T,=5.31'K
RE=500

T,=0.91'K

160—

1SO—

140—

—0.18

—0.16

tion temperature T,=5.31'K and a residual resistivity
ratio of 500. In both of these systems, this drop in T,
must be due to the decreasing electronic specific heat y.
According to the BCS theory, if renormalization is
taken into account, ' the ratio g/y is the net average
electron-electron interaction (i.e., the phonon-mediated

TmLE II. Superconducting transition temperature, electronic
speci6c heat, Debye temperatures, and susceptibilities of alloys
investigated.
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V0.90
Vo.80

Vo.vs

V0.61

Vo.ss
Vo.4s

Vo.4o

Vo.mo

V0.10
Vp. ps

Vo.oss
Vo.ss
Vo.vo

Vo.so
Moo. s4
Mop. ss
Mop. vs

Mop. gp

Moo. sss
Mop. 4s
Mop. sv

Moo. 16
Mop. ps

Rup. gss
Ru0. 969
Ruo. ssv
Ru p.ss
Ruo. so
Rup. vs

Ruo. so
Rllo. so
Rup. sp
Rllp. gs

Rup. ss

Cro. 1o

Crp. gp

Cro. ss
Cro. ss

C~s
Cro. go

Crp. sp
Cro. so
Cro.gs
Crp. g4s

MOP. 1S

Moo. so

Moo. so

Cro. og

Cro. 1s
Cr0. ss
Cr0.40

Cro.4vs

Cro. sv

Cro. vs

Cro. s4
Cro. ss
Cr
Feo.o1s
Feo.os1
Fe0.04s
Feo.os

Feo.1o

Feo.ss
Fep. sp

Feo.vo

Mnp. so
Mnp. ss
Mno. 4s

3.21
1.90
1.36
0.37
0.10

&0.015
&0.015
&0.015
&0.015
&0.015
&0.015

2.28
0.76
0.11
0.71
0.50
0.155
0.095
0.045
0.030

&0.015
&0.015
&0.015
&0.015

0.165
0.054
0.018

&0.015
&0.015
&0.015
&0.015
&0.015

6.94
5.15
3.02

d

7.78 '
7.56
5.28

395
403
412

99 104

131 135
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155
154
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164
164.5

70
97

168
447d 249
445 306
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a T. M. Srinivasan and P. A. Beck, Ann. Acad. Sci. Fennicae 210, 163
(&966).

b 0 linearly interpolated between V(8 =399'K) and Cr(8 =630'K).
e Reference l.
d F. Heiniger, E. Bucher, and J. Muller, Phys. Kondensierten Materie

5, 243 (1966).
e H. Claus. J, Phys. Chem. Solids 28, 2449 (f967).

J. R. SchrieGer, Theory of Smpercondlctivity (W. A. Benjamin,
Inc. , New York, 1964),p. M98.

FIG. 3. Low- and room-temperature susceptibility and
g=Llnl1. 148/r, )g r in bcc Cr-Mo alloys.

electron-electron attraction minus the screened Cou-
lomb repulsion divided by the enhancement factor of
the bare density of states due to the electron-phonon
interaction. This ratio g/y is plotted. in Fig. 2 for the
two systems V-Cr and V-Mo, as well as for the iso-
electronic systems Nb-Mo and Ta-W. I The values
are normalized to their values for the parent metal V,
Nb, and Ta, respectively. As cari be seen, there is a
striking diQ'erence between the 3d solute Cr and the
4d and Sd solutes Mo and %. The g value of pure
"paramagnetic" Cr used in Fig. 2 has been obtained by
linearly extrapolating g values in the Mo-Cr system to
pure Cr (see Fig. 3).The value of y for paramagnetic
Cr used in I'ig. 2 is taken from the extrapolation of
Heiniger et ul. ' of p in the Cr-Mo system. According to
the extrapolation in Fig. 3, paramagnetic Cr would be
superconducting around 10 ' 'K which unfortunately
prevents an experimental study of the influence of
spin-density waves (SDW) on superconductivity in Cr
and its alloys. Figure 3 also shows the increase in
susceptibility in the isoelectronic Cr-Mo system towards
the Cr-rich side, which is partly due to an increase in
the d-band density of states and partly due to an in-
crease in exchange enhancement. We will show in our
analysis in Sec. IV that the lack of superconductivity

vB. W. Veal, J. K. Hulm, and R. D. Blaugher, Ann. Acad.
Sci. Fennicae 210, 108 (1966).

s E. Bucher, F. Heiniger, and J. Muller, in Proceedings of the
¹inth InternationaL Conference on I.om Temperatlre Physics,
edited by J. G. Daunt et ai. (Plenum Press, Inc. , ¹wYork,
1965), p. 1059.
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theory with Ienormalization sects taken into account,
as treated by Schrieffer':

T =1140~e '«

i2 —0.&4
g= (X—~*)/(1+&),

p*=II/$1+@ ln(ep/kO) j.
(2)

(3)
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In the intermediate (s(X(1) and strong-coupling
limit (X&1).McMillan's formula" instead of (1) and

(2) ls used

g-1.04 (1+X)/ P,—p+ (1+0,62K)J

1.45

X and p, are the products of the bare density of states
times an average of the electron-phonon or an electron-
electron matrix element. The electronic specihc heat y
is proportional to the bare density of states No en-
hanced by a factor 1+X:

t

20 40
l

60 Fe

Fn. 4. Low- and room-temperature susceptibility, electronic
speci6c heat, and g= Dnl. 148/T,) ' in Rn-Fe (hcpl alloys.

IV. DISCUSSION

In this section we calculate the Coulomb interaction
parameter p and the electron-phonon interaction param-
eter A, from experimental values of T„8,y,and & in the
alloy series investigated. In doing this a uniform, rigid
d-band model is assumed. It is generally accepted that
this is a very good approximation especia11y in the
middle of the d band, e.g., in the V-Cr and Nb-Mo
alloys. In the alloy systems Mo-Cr, Ru-pe, and Ru-Mn
this is certainly not true. We now make use of the SCS

9 D, ¹ Pipkorn, C. K, Edge, P. Debrunner, G. De Pasquali,
H. G. Drickamer, and H. Frauenfelder, Phys. Rev. 135, A1604,
(2964).

in paramagnetic Cr is however not only due to an in-
creased exchange enhancement between the d electrons
but also due to a lower electron-phonon interaction in
Cr compared to Mo.

In Fig. 4, the experimental results in Ru-Fe (hcp)
are analyzed in a similar way. With the addition of
Fe, the superconductivity of Ru vanishes surprisingly
fast, although the system remains in the Pauli para-
magnetic state over the whole range of the hcp phase
(i.e., the Fe does not show a local moment in this phase).
In Fig. 5, the electronic speci6c heat and the low-
temperature susceptibility of the two systems Ru-Fe
and Ru-Mn are compared. In both systems, the sus-
ceptibility is exchange enhanced with the addition of
Fe or Mn, but it is enhanced somewhat less in the case of
Mn. If Mn could be stabilized in an hcp phase (e.g., at
high pressure) one would therefore expect it to be
paramagnetic in analogy with hcp iron. '

y = ss (s.k)'Ee (1+X) . (S)

The Pauli spin susceptibility X, is also proportional to
the bare density of states and enhanced by the Stoner
factor 1/1 —p, where p is the unscreened Coulomb
repulsion:

(6)x,= 2ys'Ee/(1 —Ia) .

T, M '12(' &)

~ =Lg/2(1 —g)'3(2(1—g)+t'g
+f'"[4(1 g)+f g'i'"—), (g)

~*=gD'(1+~)j'". (9)

Equations (7)—(9) are based on Eqs. (1)—(3) LMc-
Millan's formula (4) of course would lead to two ex-

(7)

'~ W. L. McMillan, Phys. Rev. 167, 331 (2968)."J.S. Denbigh and %. M. Lomer, Proc. Phys. Soc. (London)
82, 156 (1963).

~ 8, T. Matthias, T. H. Geballe, K. Corenzwit, and G. %.Hull,
Jr., Phys. Rev. 129, 1025 (1963);E. Bucher and C. Palmy, Phys.
Le~ters 24A, 340 (2967).

The s««Eqs. (3)-(&) or (1)-(3)+(S) and (6) is
suQicient to determine the unknown valu&; X, p, p,*,
and Eo, assuming we know approximate values of ~p.

For V and Cr we chose X,= 160&10 ' and 80X10
cm'/mole" and es =2.0 and 2.S eV, s resPectively. The
uncertainty in X, is mostly due to our lack of knowledge
of the orbital contribution to X. Fortunately, ) does not
depend critically on this choice because of Eq. (3).
In the V-Cr system, p,

* was linearly interpolated and
X calculated as a function of p~, T„and 8. The values
of X in V-Cr calculated in this way are plotted in Fig. 6
together with the same parameter in the corresponding
4d alloy series Nb-Mo. In the latter case, however, the
analysis is more straightforward because the super-
conducting isotope eGect in Mo is well known, "leading
directly to experimentally observable values of p,

* and
X as can be seen in the following equations:
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pressions similar to (g) and (9)$. Expressions (7)-(9)
can also be used to test various theoretical models
leading to values for p, p,

*or X. It is now interesting to
note that in the case of Mo the experimentally observed
@*=0.102 can be theoretically calculated assuming
a Thomas-Fermi-type potential which leads to an
expression"

0.9
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p=-2X ln(1+1/X), (1O)
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where yo is the bare electronic specific heat. With
go=0 144 mJ/'K'cm', eg=5 eV, and m~* ——m, where
mg* is the band effective mass we also find p,*=0.10.
Encouraged by this agreement, we calculated p,

* first
in the Nb-Mo alloy series, using (10) and (11) with
X=O as a first approximation and correcting y for X/0
in the second iteration. For Nb we chose ~g=4 eV,
ma*=m and interpolated ~p linearly in the Nb-Mo
alloy series. ) in Nb-Mo was again calculated as a
function of p,*, T„and . The values obtained in this
way for Nb-Mo are also plotted in Fig. 6. In the narrow
band limit (X))1),the Thomas-Fermi model fails since
it yields a maximum value p, =-,'. Vanadium appears to
be such a limiting case. With the Thomas-Fermi model
we Gnd @=0.48 compared with 0.51 for our chosen X,
value. According to Fig. 6, the electron-phonon inter-
actions in the 3d elements V and Cr are smaller than in
the corresponding 4d elements Nb and Mo. Moreover,
p (and p~) gradually increases towards the end of the
3d band, leading to ferromagnetism. It is, therefore,
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FIG. 6. Electron-phonon and screened Coulomb interaction
in V-Cr and Nb-Mo alloys.

both the low value of X and the high value of p* which
are responsible for the extremely low transition tem-
perature of 10 ' 'K which we extrapolate for para-
magnetic Cr and which makes the study of the in-
fluence of (SDW) on superconductivity impossible in
this element. It must be emphasized that the decrease
in T, in the isoelectronic system Mo-Cr cannot be ex-
plained by ascribing this drop to an increasing p,

* only
(and assuming X to be constant). This would lead to
an unreasonably high value p*=0.25. Even in the ferro-
magnetic limit y = 1, p* cannot exceed 0.21. If we com-
pare the average electron-phonon matrix element X/Eo
the difference between the 3d and 4d elements becomes
even larger. No explanation of this fact has yet been
given, but it seems almost obvious that X and p, are
somehow correlated if we compare the 3d- with the
4d-band values. In the Ru-Fe (hcp) system the transi-
tion temperature T, drops very rapidly and no extrapo-
lation of T, is possible to the paramagnetic hcp phase of
Fe. It is, however, extremely unlikely that this phase
will become superconducting. Using for comparison the
low-temperature susceptibility X=320X10 ' cm'/mole
for pure hcp Fe, as extrapolated from Ru-Fe alloys and
the speci6c-heat coeflicient y =5.9'/K' mole, "we see
that the enhancement in hcp Fe is only slightly lower
than in pure Pd, which cannot be expected to be a super-
conductor. '5 If we try to apply expressions (1)—(3), (5),
and (6) and make use of (7)—(9) for pure Ru (f=1)"one

I I I f 0
Ru fo 20 ~o 4o Mn, Fe

Fro. 5. Low-temperature susceptibility and electronic specific
heat in Ru-Fe (hcp) and Ru-Mn (hcp) alloys.
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'4 G. L. Stepako6 and L. Kaufmann, Acta Met. 16, 3 (1968).
~~ K. Andres and M. A. Jensen, Phys. Rev. 165, 533 (1968).
«T. H. Geballe, B. T. Matthias, G. W. Hull, Jr., and E.

Corenzwit, Phys. Rev. Letters 6, 275 (1961);T. H. Geballe and
B.T.Matthias, IBM J.Res. Develop. 6, 256 (1962);D. K. Finne-
more and D. E. Mapother, Phys. Rev. Letters 9, 288 (1962);
R. A. Hein and J.%. Gibson, Phys. Rev. 131, 1105 (1963);J.W.
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woUld hand an incI'ease in p, in pux'e Ru pcI' unit of Fe
concentration of dp*/dc= 2.3X10 ' (at.%) ' and a cor-
responding drop of ) of d)/dc= —1.3X10 ' (at. /o) '.
This drop in X with the addition of small portions of Fe
appears to be much too large and the error must be due
to our assumption of a hoInogeneous enhancement
model of the susceptibility. The addition of Fe in Ru
will introduce a locally enhanced magnetization at the
Fe atom and therefore a locally varying Coulomb repul-
sion. In k space, the Coulomb interaction p can no longer
be considered to be constant and therefore making the
screening Lsee Eq. (3)] less effective. At least qualita-
tively, it can be expected that the introduction of a local
exchange enhancement will tend to increase di1e/dc
over the value calculated above and therefore make the
drop d) /dc less drastic. More details of course can only
be obtained by solving the gap equation, which is
beyond the scope of this work.

Finally, we would like to discuss another interesting
problem related to the low-temperature susceptibility
in Mo-Cr. From the difference hy=y„—y,y between
the paramagnetic and antiferromagnetic state one might
expect a diGerence AX in the low-temperature sus-
ceptibility equal to

hx=-,'n&y/(1+) ) (1—p) . (12)

a is a conversion constant (13.7 if y is measured in
mJ/'K' mole and X in 10-' cm'/mole). The factor Is is
explained in Fedder's and Martin's paper, '~ since X

parallel to the spin direction vanishes at T=O and the
value perpendicular remains unchanged. " (12) yields
a value of 13X10 ' cm'/mole in pure Cr, compared
with experimentally observed values between 8 and 12.
From these values we have to subtract a few units due
to the temperature dependence of the chemical potential
as Cr is close to a minimum in the 3d-band density of
states. Part of the discrepancy between the experi-
mental value and the value given by Eq. (12) could
be due to an error in p, .The residual discrepancy might

"P. A. Fedders and P. C. Martin, Phys. Rev. 145, 245 (1966).
'8%e would like to thank T. M. Rice and B. I. Halperin for

bringing this point to our attention.

be explained. by the possibility that the SDW state
has a higher Coulomb interaction than the paramag-
netic state. This possibility seems to us more likely
rather than an additional paramagnetic contribution
due to the magnetic energy gap as suggested by
Heiniger. "

V. CONCLVSIONS

COIQbiQiQg experimental I'esUlts of superconductivity
electronK spec16c heat and susceptIbIlIty 1n V-Cr~
V-Mo, Mo-Cr, and Nb-Mo it is shown that the electron
phonon interaction in the 3d band is generally much
smaller than in the 4d and Sd bands. For Cr in its
hypothetical pal'RIllaglletlc sta'te (wlllcll ca11 pl'obably
be generated at very high pressure)'e we extrapolate an
extremely low transition temperature of the order
Io ' 'K due to both a large Coulomb repulsion and a
weak attractive electron-phonon interaction. Therefore
the simultaneous occurrence of superconductivity and
SDW cannot be studied, but probably these two phe-
nomena are incompatible because a relatively high
Coulomb repulsion is apparently needed for stabiliza-
tioQ of the SDW state. The rapid dI'op of T in Ru-Fe
cannot be explained by a uniform band model. To ex-
plain this drop the inQuence of local exchange enhance-
ment has to be taken into account explicitly in the
theory of superconductivity. It is very unlikely that Fe
in its hcp paramagnetic state as well as a hypothetical
hcp Mn phase are superconducting.
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