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Alloys were prepared between the superconducting compounds U~, where X=Mn, Fe„Co, and Ni,
to provide a continuous variation in the average electron concentration per atom of the X component of
the compounds. Alloys between the X elements themselves are ferromagnetic, and a correlation is found
between the superconducting transition temperature 2; of the pseudobinary Ue(X, , X;) and the ferro-
magnetic saturation magnetization per atom oss of the pure-element alloy (Xir X;). 2; for the com-
pound UeNi is reported as (0.41+0.02) 'K.

I. INTRODUCTION

UPERCONDUCTIVITY in compounds of uranium
was 6rst discovered by Chandrasekhar and Hulm

in 1958.' They found UCo, U6Mn, U6Fe, and U6Co to be
superconducting with transition temperatures T, of
1.7, 2.3, 3.9, and 2.3'K, respectively. Until now these
were the only known super conducting compounds
of uranium. "Our present work has added only one
more compound to the list: U6Ni, with T,=0.41.'K.
Thus it of interest that all the known superconducting
compounds of uranium contain a magnetic element.

For the isomorphous group of compounds U6Mn,
U6Fe, and U6Co, Chandrasekhar and Hulm plotted T,
versus average valence electron concentration X~ of
the compounds' and noted that T, did not vary with
E& according to the empirical rule obeyed by most
transition metals and compounds containing transition
metals. It has subsequently been noted that this de-
parture from the simple "valence-electron rule" seems
to be characteristic of compounds containing magnetic
elements. s It seemed to us of interest to investigate this
anomalous behavior of the U6X compounds in more de-
tail and to determine just how the superconducting
transition temperature is related to the magnetism of the
X metals. Since these compounds are isostructural with
almost identical lattice constants, ' it seemed reasonable

*%'ork performed under the auspices of the U.S. Atomic Energy
Commission.

t Presently on leave at University of California, San Diego, La
Jolla, Calif. , from Los Alamos Scientific Laboratory, Los Alamos,
N.M. This work constitutes a portion of a thesis to be submitted
by H. H, Hill to the Physics Department of the University of
California, San Diego, La Jolla, Calif. , in partial fulfillment of the
requirements for the degree of Doctor of Philosophy.

f University of California, San Diego, La Jolla, Calif. , and Bell
Telephone Laboratories, Murray Hill, N.J.' B. S. Chandrasekhar and J. K. Hulm, J. Phys. Chem. Solids
7', 259 (1958).' B. W. Roberts, Progress in Cryogenics, edited by K.
Mendelssohn (Academic Press Inc. , New York, 1964), Vol. 4,
p. 159.

3 B.T. Matthias, T. H. Geballe, and V. B.Compton, Rev. Mod.
Phys. 35, 1 (1963).

4 B.T. Matthias, I'rogress in I.ow Temperature Physics, edited
by J. C. Gorter (North-Holland Publishing Co., Amsterdam,
1957), Vol. lI, p. 138.' B. T. Matthias, V. B. Compton, and E. Corenzwit, J. Phys.
Chem. Solids 19, 130 (1961).

6 N. C. Baenziger, R. E. Rundle, A. I. Snow, and A. S. Wilson,
Acta Cryst. 3, 34 (1950).

that pseudobiuaries such as Us(Feo. s Coo.7) cou1d be
formed with ease. We therefore proposed to study the
variation of T, as s, the average valence electron con-
centration per atom of the X component in U6X, was
varied continuously across the periodic table from a=7
at Mn to a=9 at Co and possibly to s=10 at Ni. The
compound U6Ni is also isomorphous with U6Mn, UGFe,
and U6Co, ' and was studied by Chandrasekhar and
Hulm but found to be nonsuperconducting down to
1.1'K.' Their work indicated, however, that the super-
conducting transition of U6Ni could probably be reached
by using a liquid-He' cryostat. '

II. SAMPLES AND EXPERIMENTAL TECHNIQUE

Samples were prepared by arc melting together the
appropriate amounts of uranium metal and the alloying
constituent metals X in a Zr-gettered helium-argon at-
mosphere. The electrode of the arc furnace was of
tungsten, and melting was performed on a water-cooled
copper hearth. Total sample masses were usually
~10 g. Losses in the arc furnace were negligible for all
alloys not containing manganese. The relatively high
vapor pressure of manganese at its melting point'
caused. milligram losses of manganese during melting,
but these losses were either corrected for in estimating
actual resultant sample compositions or compensated
for, previous to melting, by adding a slight excess of
Mn. All buttons were melted, turned over, and remelted
ten times to promote sample homogeneity. The Mn,
Fe, Co, and Ni used were of commercial high-grade
purity. Several batches of uranium were used, all de-
pleted of the isotope U'" and all of relatively high
purity. No significant variation in resu1ts occurred upon
switching batches of uranium, although slight diGer-
ences in T, could be correlated with small variations in
the silicon impurity content. The latter never exceeded
30 ppm for any batch, however.

Since the compounds UGX all form peritectically, ' one
might expect arc melting, with its subsequent relatively
rapid quench, to be a poor method of preparation.

7 Handbook of Chemistry and Physics (Chemical Rubber Co.,
Cleveland, 1965-1966),46th ed. , p. D-96.

s Max Hansen, Constitution of Jjinary A/loys (McGraw-Hill
Book Co, , New York, 1958), 2nd ed.
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Early in our study, however, we found that only arc-
melted samples gave strictly reproducible results. At-
tempts to anneal samples for various lengths of time
and at several different temperatures below the peri-
tectic decomposition temperature yielded, in general, no
appreciable improvement in the sharpness of the super-
conducting transition curves and gave small unpre-
dictable shifts (usually increases) in the value of T,.
Since our goal was to make a corrzparisort of T, across
the periodic table, we chose to work only with arc-
melted. samples. There was one outstanding exception
to this practice, involving the sample Up(Cop. r, Nip. g) .
This sample in the arc-melted condition yielded a very
broad. transition curve which appeared to contain two
distinct superconducting transitions. A second arc-
melted sample was prepared, which yielded a single, but
still broad transition curve. This sample was then an-
nealed for several hours below its assumed peritectic
decomposition temperature and then cooled slowly. The
resulting curve was sharper but still relatively broad.
Only this one sample composition exhibited such be-
havior in the series studied. Possibly, quenching from
the annealing temperature would have again improved.
the transition curve. ' This was not tried.

The superconducting transition curves for the sam-
ples. were determined in a liquid-He4 cryostat when pos-
sible and in a liquid-He' cryostat' whenever there was
need to reach temperatures below 1.1'K. Also, several
curves accessible in the He4 region were remeasured in
the He~ cryostat to crosscheck the thermometry ap-
propriate to each cryostat. In both cryostats, which
were of conventional design, a germanium resistor
calibrated against bath vapor pressure acted as a
thermometer. In the He4 cryostat, superconductivity
was detected by the high-frequency ( 100 kc/sec)
Schawlow-Devlin technique. " In the He' cryostat the
lower frequency ( 200 cps) bridge technique of
Lindsay ef a/." was used. The cross-check measure-
ments revealed that the high-frequency measurements
yielded broader transition curves than the low-fre-
quency method. For our purposes the difference was
not important, but such behavior does indicate that
the samples were not completely homogeneous in com-
position and/or possessed nonuniform internal stresses,
as might be expected from the method of preparation.
Several samples were broken up and remeasured in both
apparatus to establish that the effect was not signi6-
cantly dependent upon the part of the button studied
and was of over-all minor importance. Also, samples
with the compositions UpMn, Up(Mnp g, Fep.p), UsFe,
Up(Fep s Cop.s), UpCo, and Us(Mnp g, Cop.s) were ex-

' G. Katz and A. J. Jacobs, Trans. Met. Soc. AIME 221, 12/3
(1961).

"The liquid-He' measurements were performed in conjunction
with J. D. G. Lindsay and R. W. White of I.os Alamos in a cryo-
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their help in making the measurements."A. L. Schawlow and G. E. Devlin, Phys. Rev. 113,120 4', 1959)."J. D. G. I indsay, R. %.White, and R. D. I'oviler, ',Cryogenics
6, 213 (1966).

amined by metallographic and x-ray diffraction
methods. Electron microprobe scans were also em-
ployed. These investigations revealed that the buttons
not containing manganese were single phase and quite
homogeneous, though sometimes strained. . Those but-
tons which did contain manganese, however, possessed
a less homogeneous U6X matrix as well as small in-
clusions of o. uranium. It would seem that the peculiar
metallurgical nature of manganese" '5 exhibits itself
even in the U6X series. It does not appear in the follow-

ing, however, that this peculiarity detracts from the
general, over-all behavior of the U6X system.

Because of the relatively low vapor pressure of liquid
He' below ~0.5'K and the consequent sensitivity to
hydrostatic head and pumping effects of temperature
calibrations based simply on bath vapor pressure, an
attempt was made to better establish the temperature
scale in this region by other means. Our primary con-
cern was to accurately determine the superconducting
transition temperature of the compound U6Ni. A com-
pacted cylinder of powdered cerium magnesium nitrate
was placed inside the sample coil and its effective para-
magnetic susceptibility at 200 cps measured down to the
lowest attainable temperature. This yielded a calibra-
tion for the germanium resistance thermometer at low
temperatures which agreed quite well with a straight-
line extrapolation to low pressures of a plot of the loga-
rithm of the resistance of the thermometer versus the
logarithm of the bath pressure determined at higher
pressures. Using this calibration T, (midpoint) for
UsNi was established as 0.392'K (+0.010, —0.000'K) .
As a further check, the superconducting transition
temperature of an arc-melted bead of ruthenium was
determined to be 0.443'K, which is slightly below typi-
cal accepted values. " This same bead was kindly re-
measured for us by Geballe and Hull of Bell Telephone
Laboratories, who found T,=0.480'K, a more reason-
able value. It would seem that perfect thermal equilib-
rium was not obtained in the He' cryostat, although the
possible reason for this or other sources of error is not
apparent. The uncertainty in our result may be ex-
pressed as T, (UsNi) = (0.41+0.02) 'K.

III. EXPERIMENTAL RESULTS

The principal results of our investigation are dis-
played in Fig. 1, which shows the dependence of T,
upon alloy composition as the X component of the
superconducting alloys U6X is varied continuously from
X=Mn to X=Ni. The transition curve widths are
indicated in the 6gure by denoting the spread of the
transition from the temperature corresponding to 10%%u~

n W. Burne-Rothery, Electrons, Atoms, Metals and Alloys (Do-
ver Publications, Inc. , New York, 1963), pp. 239, 242.' W. Burne-Rothery, Electronic Structure arid A/loy Chenzistry
of the Transitzon Elements, edited by Paul A. Beck (Interscience
Publishers, Inc. , New York, 1963) pp. 84, 90.

'g Linus Pauling, The Natnre of the Chemical Bond (Cornell
University Press, Ithaca, N.Y., 1960), 3rd ed. , p. 419.' B. W. Roberts, Ref. 2, p. 159; T. H. Geballe and B. T.
Matthias, IBM J.Res. Develop. 6, 256 (1962);D. K. Finnemore
and D. E. Mapother, Phys. Rev. Letters 9, 288 (1962).
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FIG. j.. Superconducting transition temperatures of alloys formed between the U6X compounds, where X=Mn, Fe, Co, Ni, as a
function of s, the average number of valence electrons (3d+4s electrons) per atom of the X component. Midpoints of transition curves
are plotted, with vertical bars denoting the widths of the curves, as described in the text. The square point represents a Up(Mn, Co)
alloy, and the three triangular points represent Up(Fe, Ni) alloys. All other points denote alloys formed between X "nearest neighbors. "
Curve widths are not shown for the three Up(Fe, Ni) points. These widths were approximately twice those of the corresponding "nearest-
neighbor points. The vertical bars for the Up(Mn, Co) alloy, for UpNi, and for Up(Cop. p Nip, p) are of small extent and lie within their
respective data points. The double points between U6Co and UBNi are the results of measurements made in separate cryostats. The
lower points of each set were determined in a liquid-helium-three cryostat. Their corresponding curve widths are not indicated.

of the total superconducting signal to that correspond-
ing to 90% of the total signal. In those cases where
runs were made in both the He4 and He' cryostats, only
the midpoint for the curve determined in the He'
cryostat is indicated. As mentioned above, the He'-
determined curves (low-frequency curves) had nar-
rower widths than the He4-determined curves. Also, the
midpoints of the differently determined curves did not
coincide. This was more a result of the diGering shape
and width of the frequency-dependent transitions than
of discrepancies in comparative thermometry. In spite
of these differences, the crossover from the He4 meas-
urements to the He' measurements is quite smooth.
The abnormal width of the transition for the Up(Cop. t,
Nip. p) sample is evident in the figure.

Almost all of Fig. 1 is made up from X elements
which are neighbors in the periodic table (exceptions
will be noted below). Thus, because of our failure to
produce single-phase, homogeneous samples whenever
manganese was a sample constituent, that portion of
Fig. 1 to the left of U6Fe is necessarily subject to some
question. In particular, the minimum in the curve at the
composition Up(Mnpss, Fep. is) might be thought to
arise as a result of some fault in the sample preparation.
This does not seem likely, however; certain charac-
teristics of the minimum suggest that it is real. There
is an almost monotonic decrease in curve width as one
passes from UGMn to U6Fe, thus indicating no sharp
break in sample characteristics at any point in between.
Also, our transition temperature for U6Mn agrees reas-
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FIG. 2. The "Slater-Pauling" curve of saturation magnetization versus electron concentration among the ferromagnetic iron-group
alloys, compiled here from the data of Crangle and Hallam (see Ref. 19) . The average number of unbalanced electron spins per atom
n8 is plotted against s', the average number of (3d+4s) electrons per atom in the alloy. The breaks in the smooth Fe—Co and Fe—Ni
curves are due to phase changes in these systems. On the iron-rich side of the breaks, the alloys have the bcc structure of iron. On the
Co- and Ni-rich sides, they have the fcc structure of Ni and cubic Co. The dashed line is an "idealization" of the curve described in
the text.

onably well with that of Chandrasekhar and Hulm, '
implying that our preparation problems could not
have been too serious, and our T, for U6Fe also agrees
with that of Chandrasekhar and Hulrn. ' Neither near
U6Mn nor U6Fe in Fig. 1, however, do the intermediate
points suggest that there should necessarily be a mono-
tonic increase in T, as one moves from U6Mn to U6Fe.
Because of the uncertain metallurgy on the Mn end of
Fig. 1, however, it seems wise to consider this portion
of the curve as depicting only the general behavior of
the system in this region.

Study of the behavior of T, on the Co and Ni side of
U6Fe should be more rewarding. Here the samples were
all single phase, permitting an unambiguous study of the
dependence of T, upon the average valence-electron
concentration z of the X component in the compound
(valence electrons=—3d+4s electrons). That the three
compounds U6Fe, U6Co, and U6Ni are truly isomorphous

and that T, in this composition range depends only on
z is demonstrated by the fact that three samples made
from the non-neighbors Fe and Ni had superconducting
transition temperatures almost identical to those of
samples made from the neighbors Fe—Co and Co—Ni
which had identical average (3d+4s) electron numbers.
Thus the transition temperatures of Up(Fep. 7o, Nip. pp),

Up(Feo. po, Nio. po), and Uo(Feo.2p, Nip 7p) were very nearly
equal to those of Up(Fep pp, Cop. pp) UpCo, and Up(Cop. pp,

Nip pp), respectively. These three "next-nearest-neigh-
bor" sample results are indicated by triangles in Fig. 1.

Both our results and those of Chandrasekhar and
Hulm' indicate that U6Mn and U6Co have almost iden-
tical superconducting transition temperatures. Our
value of T,=2.4'K (midpoint of transition curve)
di6ers slightly from that reported by these authors,
who found T,=2.3'K. This diGerence is very likely
due to the diBerence in sample preparation. Our sam-
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ples were arc melted, while those of Chandrasekhar and
Hulm were furnace melted and cooled slowly. There is
no disagreement in the case of U6Fe.

IV. DISCUSSION OP RESULTS

One notices the similarity between Fig. 1 and the
"Slater-Pauling" curve'~" of Fig. 2 where, in essence,
the saturation magnetization per atom 0-~ of the ferro-
magnetic alloys among the iron-group elements is
plotted against the average number of (3d+4s) elec-
trons s. There is a definite correlation between T, and
0~, and the pattern of superconductivity in the U6X
series would seem to warrant discussion in terms of the
correlation.

A. Slater-Pauling Curve

Our Fig. 2 is derived from recent plots of saturation
magnetization due to Crangle and Hallam, "who have
converted 0~~ to e8, the number of unbalanced electron
spins per atom. The number nq diGers slightly from
0-~ because of the apparent incomplete quenching of the
atomic orbital angular momentum in Fe, Co, and Ni
and their alloys. ' The relation between ms and 0-~

is NB= (2/g)ocr, where g is the spectroscopic splitting
factor, and 0.~ is expressed in Bohr magnetons. It can
be shown that g=2(1 jMe/M, ), where Ate and cV, are
the magnetizations associated with orbital and spin
angular momentum, respectively. For Fe, Co, and Ni,
the g values are 2.09, 2.17, and 2.19, respectively. '
Thus the magnetization of these elements (and their
alloys) is primarily of spin origin. The values of g are
determined by magnetic resonance experiments and,
in the alloys, vary continuously between the values
appropriate to the individual elements. "

Much work has gone into the development of theories
of the electronic properties of transition metals and
their alloys. The "Slater-Pauling" curve depicts one of
the essential properties to be explained, namely the
variation with electron concentration of the saturation
moment of ferromagnetic alloys formed between mem-
bers of the 6rst row of the transition metals. Slater'7
and Pauling" were two of the first to address themselves
to this problem, and we discuss their approaches

briefly and in a simpli6ed manner below to provide a
basis for considering how superconductivity in the U6X
system might be related to the ferromagnetism of the
X alloys. Comprehensive discussions of the status of
the theory of magnetism in the transition elements may
be found in Refs. 22—25 The general approach of the

7 J. C. Slater, J. Appl. Phys. 8, 385 (1937);Phys. Rev. 49, 537;
ibid. 49, 931 (1936).

Linus Pauling, Phys. Rev. 54, 899 (1938)."J.Crangle and G. C. Hallanr, Proc. Roy. Soc. {Londonl A272,
119 (1963).' J. Crangle, Ref. 14, p. 51.

"A. J. P. Meyer and G. Asch, J. Appl. Phys. 32, 330S (1961).
2' Edmund C. Stoner, Rept. Progr. Phys. 11, 43 (1946).
"W, Hume-Rothery and B. R. Coles, Advan. Phys. 3, 149

(1954).' Conyers Herring, J. Appl. Phys. Suppl. 31, 3S (1960);
Harvey Brooks, Ref. 14, p. 3.Ig. F. Mott, Advan. Phys. 13, 325 (19@).

band theory of magnetism is given in Refs. 26—28, among
other sources.

B. Band, Theory

In the theory of Slater, '~ the d electrons of the transi-
tion metals are considered to be itinerant electrons
which can move throughout the lattice and which oc-
cupy states whose energies lie within a continuous, un-
filled d band. Ferromagnetism results in the 3d elements
when there is a net spin alignment among the 3d elec-
trons. This occurs as a result of an intra-atomic exchange
interaction between two d electrons when they are
simultaneously near the same atomic site. One may
regard the band as being divided into spin-up and spin-
down half-bands and the exchange interaction as an
eGective internal magnetic field."This field raises the
energies of the spin-up states relative to those of the
spin-down states by an amount equal to the exchange
energy, causing a net transfer of electrons from spin-up
to spin-down states."

The exchange forces are usually sufficiently strong so
as to completely fill all the empty states in the spin-
down (positive-moment) half-band, and the resulting
moment per atom is equal to the number of holes per
atom in the spin-up band multiplied by p&, the Bohr
magneton. Thus Slater suggests that Ni and Co have

0.6 and 1.6 holes per atom, respectively (see Fig.
2). The average moment of alloys formed between Ni
and Co may be understood by assuming that these
elements share common bands and that, as one moves
from pure Co to pure Ni, say, the substitution of Ni
atoms for Co atoms reduces the net moment of the
alloy by one Bohr magneton per Ni atom added, as a
consequence of Ni's contributing one more 3d electron
per atom than Co to the partially filled 3d spin-up half-
band of the alloy. The number of 4s electrons per atom

( 0.6) is assumed to remain approximately constant.
Similarly, the addition of Cu (full d band) to Ni drives
the saturation moment of Ni to zero at 60% Cu
(Fig. 2).

This simple picture becomes more complicated as one
moves from Co to Fe because the moment does not in-
crease continuously from ~1.6 p& to ~2.6 p& per atom,
as might be anticipated, but rather peaks out at

(70%Fe, 30/oCo) with a value of 2.4 p~/atom
and then falls to 2.2 p~/atom at Fe (Fig. 2). It is
thought that the exchange interaction in Fe is not
strong enough to attain "saturation, "that is, completely
fill the spin-down half-band. "Accordingly, there might
be 0.2 holes per atom in the spin-down half-band
and only 2.4 holes per atom in the spin-up half-band

IF. Seitz, The 3d'oderrs Theory of SoHds (McGraw-Hill Book
Co., New York, 1940), pp. 153, 426, 434.

"C.Kittel, Introduction to Solid State Physics (John Wiley R
Sons, Inc. , New York, 1956), 2nd ed. , p. 329.

D. H. Martin, Magnetism in Solids (IliGe Books Ltd. , London,
1967), p. 227.

2 W. Schockley, Bell System Tech. J. 18, 645 (1939), p. 704.
~ W. Hume-Rothery, Ref. 13, p. 252; Edmund C. Stoner, Ref.

22, p. 90,
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of Fe, if the number of s electrons per atom were again
~0631

C. Pauling Theory

Pauling' has offered an alternative explanation of
the magnetism in Fig. 2, which is expressed in terms of
atomic orbitals. "3' Some of the d-electron orbitals com-
bine with the s-electron orbitals to form hybridized
bonding orbitals and thus provide metallic cohesion.
Electrons in these hording orbitals are paired with simi-
lar electrons on adjacent atoms and are nonmagnetic.
The remaining d-electron orbitals are localized, un-
hybridized atomic orbitals, and electrons occupying
these orbitals are assumed to distribute themselves in
such a manner as to create the maximum spin imbalance
possible, consistent with the Pauli exclusion principle
(Hund's rule). Thus the atomic orbitals are the source
of ferromagnetism.

In Ni, all the atomic orbitals of each atom are assumed
to be occupied by an electron of positive moment, but
~0.6 atomic orbitals per atom have negative-moment
vacancies. In Co there are 1.6 negative-moment
vacancies per atom, and one might expect 2.6 such
vacancies per atom in Fe if there were at least that
number of atomic orbitals available. However, because
the saturation magnetization curve bends over before
Fe is reached and Fe's moment is only ~2.2 p& per
atom, Pauling concludes that there are in fact only 2.4
atomic orbitals available and that in Fe there are 0.2
positive-moment vacancies as well as 2.4 negative-
moment vacancies, the moment arising solely from the
2.2 positive-moment electrons.

D. "Idealized" Iron

Both the Slater'~ and the Pauling" proposals derive
most of their quantitative aspects from the behavior of
the Co, Ni, and Cu alloys in Fig. 2, and, as indicated
above, the simple pattern in each scheme of raising the
moment by one Bohr magneton per electron removed
in passing from (60% Cu, 40% Ni) to Ni to Co would
ascribe a moment of ~2.6 p~ per atom to Fe. To account
for the observed value of 2.2 p~ per atom for Fe, the
band theory suggests that the moment in Fe is not
saturated, and Pauling limits the number of available
magnetic orbitals to less than 2.6. Let us assume that
iron can, in principle, maintain the "extrapolated"
moment of 2.6 p~ per atom on its unfilled d shell and
does not do so in its crystalline form only for reasons
peculiar to, say, the details of its band structure and
the strength of the exchange forces. Accordingly we

"B.R. Coles, Ref. 23, p. 177, suggests that this number is
actually 0.9."Further discussion of the Pauling theory may be found in the
following: R. E. Rundle, Intermetallic Compounds, edited by J. H.
Westbrook (John Wiley R Sons, Inc. , New York, 1967), p. 17,
see p. 28; F. Seitz, Ref. 26, p. 429; W. Burne-Rothery and G. V.
Raynor, Ttte Strnctnre of Metals and Alloys (The Institute of
Metals, London, 1962), p. 81; see also Ref. 13.

"Developments. of the original Pauling hypothesis may be
found in the following papers: L. Pauling, Proc. Roy. Soc.
(London) A196, 343 (1949); Proc. Natl. Acad. Sci. U.S.39, 551
(1953);see also Ref. 15, p. 393.

have sketched a dotted line onto Fig. 2 representing
an idealized behavior for Fe alloys at high Fe concentra-
tions and pure Fe itself. There is then an almost one-to-
one correlation between T, in Fig. 1 and eq in Fig. 2.
The ratio of the transition temperatures for U6Fe
and UeCo (3.9/2. 4= 1.6) is the same as the ratio of the
saturation spin moments for (idealized) Fe and Co
(2.6/1.6= 1.6) . The agreement is less satisfactory when
U6Ni is similarly used for comparison, but this is due in
part to the sudden dip in T, just before USNi in Fig. 1,
which is not characteristic of the rest of the curve.

In both curves it is possible to essentially duplicate
Fe—Co and Co—Ni results by adjusting Fe—Ni combina-
tions to yield the equivalent number of (3d+4s)
electrons, as mentioned above for the superconducting
case and as indicated in Fig. 2 for the ferromagnetic
case.

If our present assumption is correct, that T.(UsX)
is roughly proportional to rt8(X) and thus probably
not simply a function of Ez, the average number of
valence electrons per atom in the compound, or of s, the
average number of (3d+4s) electrons in the X com-
ponent, as was suggested before, then a compound with
the composition Ue(Mns. s, Cop.s) should have a transi-
tion temperature approximately the same as that of
U6Mn or U6Co rather than that of UGFe, which has the
same numbers Ey and s. This follows because in Fig. 1
U6Mn and U6Co have almost identical transition tem-
peratures, and correspondingly, in our idealized Fig. 2,
Mn and Co have approximately the same moments.
[Pure Mn, of course, is not actually ferromagnetic, '4

and the effective moment that would be ascribed to it
here is that of a (Cre s, Fee.s) alloy, as indicated in Fig.
2j.

The transition temperature of Us(Mns s, Coo.s) was
measured and found to be little different from that of
U6Mn and U6Co, as indicated by the one lone square
point in Fig. 1 at s=8. In spite of the previously men-
tioned metallurgical difficulties with samples containing
manganese, the transition curve for this composition
was quite sharp. It would thus seem that this measure-
ment provides evidence that the transition temperatures
of the U6X series are not a function of average valence
electron numbers per se, but rather a function of the
saturation spin moment of the X alloys.

It would have been interesting to continue our U6X
studies beyond U6Mn on the left and V6Ni on the right
by diluting the Mn with Cr and the Ni with Cu. One
sample was made with 10% Cr, 90% Mn. The transition
temperature was almost identical to that of V6Mn,
probably indicating a good alloy was not formed. This
is consistent with the fact that the compound U6Cr
does not exist. ' ' No attempt was made to add Cu to Ni
in U6Ni. The transition temperature of V6Ni proved to
be lower than expected and near the low-temperature
limit of our cryostat, and we were not particularly en-

~ See for example, Ref. 27, p. 438; Ref. 28, p. 264."P. Gordon, thesis, MIT, 1952, published as USAEC Report
AECU-1833, 1952.
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couraged by the insolubility of Cu in U, but such a
study might prove of interest.

In reference to our idealized Slater-Pauling curve,
which attributes a moment of 2.6 p~ per atom to Fe
rather than the observed ~2.2 p~, there are indications
that iron does, on occasion, exhibit moments larger than
~2.2 p~ per atom. Shull and Yamada" suggest on the
basis of neutron diffraction measurements that the
s electrons in pure (bcc) iron are polarized and contrib-
ute —0.2 p~ per atom to the net moment. Thus the
d-shell moment would be 2.4 p~ per atom. Other
neutron diffraction studies by Collins and Forsyth'7
on Fe—Ni alloys show that the moment on the iron
lattice sites increases to 2.5—2.7 p~ as Ni is added to
Fe to bring the magnetization up to the Fe—Ni peak in
Fig. 2. Similarly in Fe—Co alloys, the Fe moment rises
to a value of 3.0—3.2 p~ per atom. ~ The moment on
the iron site in the fcc nickel-rich Fe—Ni alloys is
~2.6—2.8 p~ per atom~ as would be expected from Fig.
2.

gneiss~ has suggested that the latter moment

( 2.7 pz per atom) is actually characteristic of a ferro-
magnetic electronic state in the high-temperature fcc
phase of iron. This state is normally not the ground
state for the iron atoms, but becomes so in the ferro-
magnetic fcc alloys of iron with Pt and Pd,""which
are not themselves ferromagnetic. Mott" shows why
the suspected different shape of the density-of-states
curve for fcc—as opposed to bcc—transition metals
would attribute to fcc iron the indicated saturated
moment.

Cadeville and Daniel' have recently measured the
saturation magnetization of several transition-metal
borides and alloys formed between them. The moments
found for the monoborides and semiborides of Fe and
Co can be explained by assuming boron adds 1.7
electrons per atom to the d band of Fe or Co, as the
authors suggest, ' and that these d bands contain
~2.7 and 1.7 holes per atom, respectively, prior to
the addition of the boron.

E. Occurrence of Superconductivity

In addition to the "point-by-point" correlation be-
tween the magnetism of the X elements and the super-
conductivity of the U6X compounds and alloys sug-

gested by the similarities of Fig. 1 and Fig. 2, other evi-
dence indicates that the occurrence of superconductivity
in compounds of uranium seems dependent upon the
presence of a magnetic element, " as has already been

3' C. G. Shull and Y. Yamada, J. Phys. Soc. Japan 17, Suppl.
B-III, 1 (1962); C. G. Shull, Ref. 14, p. 69.

37 M. F. Collins and J. B. Forsyth, Phil. Mag. 8, 401 (1963).
"R. J. Weiss, Proc. Phys. Soc. (London) 82, 281 (1963);

Phil. Mag. 9, 361 (1964).
39 J. Crangle, Phil. Mag. 5, 335 (1960);J. Crangle and W. R.

Scott, J. Appl. Phys. 36, 921 (1965).
~M. C. Cadeville and E. Daniel, J. Phys. (Paris) 27, 449

(1966).
4'The limited range of occurrence of the structure UflX in the

periodic system is also indicative of a particular relationship
between uranium and these elements.

mentioned. In this context, manganese is regarded as
magnetic by virtue of its antiferromagnetism. '4 Besides
the U6X compounds, only UCo is superconducting. "
UMn and UFe do not exist,"and there is doubt con-

cerning the existence of UNi. 6 A sample with the com-

position UNi was found to be normal to 1.04'K.'
The dependence upon the presence of a magnetic

element was noted by Chandrasekhar and Hulm. '
The compounds UC and UN had been studied and
found to be nonsuperconducting down to 1.2'K,4'

although NbN, which is isomorphous with them, ' has a
transition temperature of 15.6'K.' Chandrasekhar and
Hulm measured U2Ti, U3Si, and UAl~. ' These were all

also normal to 1.1'K, although the first two compounds
have average valence electron numbers favorable for
the occurrence of superconductivity (~5 and 7,
respectively' ), and the last compound has the cubic
Laves-phase structure (C15),4' which is often favorable
for superconductivity. ' On the other hand, the super-
conducting V6X compounds do not have particularly
favorable average numbers of valence electrons' or
structure, ' and the superconducting compound UCo
has a generally unfavorable average number of valence
electrons (7.5)44 and possesses a distorted CsC1 struc-
ture, ' which would seem to be definitely unfavorable
for superconductivity. 44

The compounds UOs~ and UIr2 have the cubic Laves-
phase structure, ' and UOs2 has the same average number
of valence electrons as ThIr2, which also has this struc-
ture and is superconducting at 6.5'K.' Neither uranium

compound is superconducting to 0.35'K.' (In this

category, however, ThRu& is superconducting but
ThOs& is not, ' although they should be essentially
equivalent. )

Both Mo and W, which occupy the same column in

the periodic table as uranium, form several supercon-
ducting compounds each with Re,' but URe2 is non-

superconducting to 1'K,' although it has a distorted
hexagonal Laves-phase structure (C14),4' and the C14
structure is considered a favorable one. '

The compound USi2 has a favorable average number
of valence electrons4 (4.8) and is of the same structure
as ThSi&, which is superconducting at 3.2'K, but USi2

is nonsuperconducting to 0.35'K.' The structure of
UCu5 is closely related to the C15 Laves-phase struc-
ture, ' but UCu5 is not superconducting above 1.0'K.'
UIn3, UGa3, UGe3, UIr3, URh3, and URu3 are not super-
conducting down to 1'K' (UGes has been checked to
0.35'K') . All have the cubic Cu~Au structure 2 which is

not particularly favorable for superconductivity, except
that La3In has a T, of 10.4'K.4 UIn3 and UGa3 have a
favorable average valence electron number (5). Super-
conducting compounds with Rh and Ru are formed by
each of Mo, W, and Th.' Chromium, which occupies

4' G. F. Hardy and J. K. Hulm, Phys. Rev. 93, 1004 (1954}.
4'W. Hume-Rothery and G. V. Raynor, Ref. 32, p. 228.
4'B. W. Roberts, Intermetallm Compounds, edited by J. H.

Westbrook (John Wiley 8z Sons, Inc. , New York, 1967), p. 581.
4' Rodney P. Elliot, Constitution of Binary Alloys, First Supple-

ment (McGraw-Hill Book Co., New York, 1965).
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the same column in the periodic table as uranium but is
itself magnetic and not superconducting, forms its only
superconducting compounds with Ir and Ru.'

The small number of superconducting compounds
formed by chromium and uranium distinguish these
elements from the other two in the same column, Mo
and W, which form many. The similarity between Cr
and U may extend to the low-temperature behavior of
uranium. 4s Uranium (a-U) 4r becomes superconducting
(above 0.1'K, anyway) only if it is prevented from
going through an apparent electronic phase change at

43'K.~ This phase transition temperature may be
lowered, evidently, by the application of pressure, 4' just
as in the case of the Neel temperature of chromium, ""
and under 10 kbar of pressure uranium is superconduct-
ing at 2'K.~

The compound UGMn is still the only known super-
conducting compound containing manganese. ' Only
one superconducting compound containing iron exists
other than U6Fe.' Thus, while superconductivity in
uranium compounds depends upon the presence of a
magnetic element such as Mn or Fe, the converse has a
tendency to be true, also. This is probably related to the
5f 6d cha-racter of uranium, " which is thought to be
responsible"" for the low-temperature behavior just
described. The exact nature of the interplay between
the magnetic 3d elements and the uranium which so
favors superconductivity is not immediately obvious,
however, and will be considered further below.

Another interesting series of superconducting com-
pounds containing X=Fe, Co, and Ni is the Th7X3
group. ~ Here the transition temperatures are all roughly
the same (1.86, 1.83, and 1.98'K for X=Fe, Co, and
Ni, respectively), indicating that the correlation we

have found between the saturation magnetization of the
X alloys and the transition temperature of the U6X
series of alloys is peculiar to that system. There is, of
course, no Sf character in Th,""and this is surely of

significance, as indicated above, but a study of the
crystal structures of the U6X' and the ThvX3" series
reveals that the dominant factor in the difference in
behavior of T, is probably the lack of interaction be-
tween the 3d shells of the transition-metal atoms in the

46 W. E. Gardner and T. F. Smith, Phys Rev. 154, 309 (1967).
47The high-temperature P and y phases of uranium may be

stabilized at room temperature only by alloying and quenching.
They then become superconducting at ~0.8'K and ~2'K,
respectively /see, B.T. Matthias et oi., Science 151, 985 (1966);
and Ref. 1j.

~ E. S. Fisher and H. J. McSkimin, Phys. Rev. 124, 67 (1961);
C. S.Barrett, M. H. Mueller, and R. L. Hitterman, i'. 129, 625
(1963).

4~ Tadayasu Mitsui and C. T. Tomizuka, Phys. Rev. 137, A564
(1965)."James C.Ho, Norman E.Phillips, and T.F.Smith, Phys. Rev.
Letters 17, 694 (1966)."B.T. Matthias, W. H. Zachariasen, G. W. Webb, and J. J.
Engelhardt, Phys. Rev. Letters 18, 781 (1967).

"T.H. Geballe, B.T. Matthias, K. Andres, K. S. Fisher, T. F.
Smith, and W. H. Zachariasen, Science 152, 755 (1966).

"John V. Florio, N. C. Baenziger, and R. E. Rundle, Acta
Cryst. 9, 367 (1956).

~ J.E. Gordon, H. Montgomery, R. J.Noer, G. R. Pickett, and
R. Tob6n, Phys. Rev. 152, 432 (1966).

Th7X3 series. In the UsX structure (tetragonal, 28
atoms per unit cells) the X atoms are tied together in
linear chains along the co axis and thus interact with
each other within the chains, each X atom having two
X-atom nearest neighbors, ' while in the Th7X3 struc-
ture (hexagonal, 20 atoms per unit celPs) the X atoms
have only Th nearest neighbors" and do not interact
with each other. This makes understandable the major
role played by the X elements in the superconductivity
of the UsX alloys (as evidenced by the similarity of
T, in Fig. 1 to es in the Slater-Pauling curve), as op-
posed to the situation in the Th7X3 series, where the
transition temperatures are almost independent of the
magnetic X element used' and are little removed from
that of pure Th' or those of Th7X3 compounds with
nonmagnetic X elements' ' (X=Rh, Ir, Os) .

Other examples illustrate the relationship between
the superconductivity of the USX compounds and the
magnetic nature of the X elements and possibly uran-
ium itself. The compounds UFe2 and UMn2, which are
dominated by their respective transition-metal con-
stituents, are ferromagnetic and antiferromagnetic,
respectively, at low temperatures. "Likewise the com-
pound Np6Fe, "wherein Np probably possesses strong
Sfcharacter, s' sr is not superconducting down to 0.5'K.s'

Thus in between that region where the 3d and/or
Sf magnetic character is too weak (Th7Fes) and the
region where it is too strong (UFes, NpsFe), there is
apparently a region wherein its presence enhances the
occurrence of superconductivity (UsFe).

F. Theoretical Discussions of Superconductivity

To 6nd a theoretical basis for the pattern of super-
conductivity in the U6X system, we shall examine the
BCS theory in its usual form and also some treatments
which might focus more upon the apparent magnetic
character of the compounds.

In the SCS theory of superconductivity, ' the super-
conducting transition temperature is given by the rela-
tion

kT,=1.14%or, exp) —1/X(0) Vj.
Here ce, is an average lattice phonon frequency (pro-
portional to the Debye frequency" and hence to 8&),
X(0) is the electronic density of states at the Fermi
surface, and V is a parameter measuring the strength
of the attractive interaction between the members of
pairs of conduction electrons which is responsible for
condensation into the superconducting state. This inter-

~ J. S. Kouvel, Ref. 44, p. 529.
"The existence of this compound has not been reported in the

literature, to our knowledge. However, PueFe is isomorphous with
UOFe and completely miscible with it (F. H. Klliger, Ref. 57, p.
281). The existence of NpeFe thus seems highly likely. An arc-
melted sample with the composition Np6Fe was found to remain
normal down to 0.5'K (present investigation).

'VW. H. Zachariasen, The Metal Plutonium, edited by A. S.
CoSnberry and W. N. Miner (University of Chicago Press,
Chicago, 1961),p. 99.

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

ss David Pines, Phys. Rev. 109, 280 (1958).
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action is an indirect one which occurs when one conduc-
tion electron, in moving through the crystal, deforms
the lattice and creates a phonon which is absorbed by a
second electron. "The electrons have equal and opposite
momenta and spins, and the phonon is a virtual phonon,
being created and absorbed within the brief time

fi/AE, where DE is the net energy change in the
interaction. "

The parameter JV(0) is most easily discussed in terms
of the band model, of course. We have seen above how

the band theory accounts for the magnetism of the
X metals and alloys as portrayed in the Slater-Pauling
curve. A common 3d band is assumed for Fe, Co, Ni,
and Cu, and the saturation magnetization is reduced as
one moves from Fe to Ni and on to Cu by the 6lling of
holes in the negative-moment sub-band. " Since the
added electrons fill states at the Fermi level, it is ap-
parent from the linearity of the Slater-Pauling curve"
that the magnetic behavior can be described quite well

by the assumption that JV(0) is constant in the range
of interest for these alloys. It is, of course, not possible
to determine from this just how the density of states
at the Fermi surface of the U6X alloys would vary with

X composition, but it would not be unreasonable to as-

sume that 1V(0) remained, fairly constant in moving

from U6Fe to U6Co to U6Ni in the same manner as for

Fe, Co, and Ni themselves. " The departures from

linearity in Fig. 1 might well reQect the nonconstancy
of JV(0), but the general features of Fig. 1 are probably
not explained by the dependence in Eq. (1) of T, upon

1V(0) .
If one assumes a Pauli-type band paramagnetism for

the U6X alloys, the values of their magnetic suscepti-
bilities support the assumption that JV(0) is roughly
constant, for the susceptibilities (y) of Us(Fe, Co,
and Ni) are all the same (at room temperature) to
within 4% of each other, ""and one would expect

x to be proportional to 1V(0).ss The values of x are

(1.97, 1.95, and 2.03) &&10 emu per g, respectively. ""
The value for U6Mn is 2.11)&10 ' emu per g." For
comparison, we may consider the susceptibility of the

P phase of uranium, which is tetragonal with 30 atoms

per unit cell" and thus structurally more similar to
the U6X compounds than the n or p phases, which are
orthorhombic and cubic, respectively. '4 For p-U, 7t is

temperature-independent and equal to 2.0&10 ' emu

'0 J. Bardeen and J. R. Schrie6er, Progress in Low Temperature
Physics, edited by J. C. Gorter (North —Holland Publishing Co.,
Amsterdam, 1961), Vol. III, p. 170.

"Ke neglect here the region of curvature in Fig. 2 between Fe
and Co. This curvature has been discussed above and does not

,affect, for our present consideration, the general band picture."Landolt-Bornstein Zahlenzverte und tiunktionen aus Physik,
Chemic, A. stronomie, Geophysics, und Technic, edited by K.-H.
Hellwege and A. M. Hellwege (Springer —Verlag, Berlin, 1962),
Vol. 2, Pt. 9, pp. 1-91, 3-240. (The figure captions for Figs. 13
and 14, p. 1-91, are reversed in this reference. )"x increases slightly with temperature for all species (see Refs.
35 and 62).

~ C. W. Tucker, Jr., Acta Cryst. 4& 425 (1951);L. F. Bates and
D. Hughes, Proc. Phys. Soc. (London) GAB, 28 (1954).

per g.""Since, by weight, the U6X compounds are
96% uranium, their gram susceptibilities would seem

to indicate that their electronic densities of states at
the Fermi surface are not significantly dependent upon
the presence of the X component. The product X(0) V
in Eq. (1) would have to change by a factor of 2 to
bring about the observed factor of 10 change in T,
between UGFe and U6Ni.

The paramagnetic susceptibilities of the U6X com-
pounds are fairly large (about twice that of niobium, s'

e.g. , on a per atom basis) and thus characteristic of a
transition metal with a high density of states JV(0) at
the Fermi surface. These high densities probably arise
from a narrow band, principally of Sf 6d cha-racter, "
which overlaps a 7s-conduction band of low state
density. Pines" has discussed the behavior of the elec-
tron-phonon parameter V in transition metals in some
detail. He concludes that one can expect V to be
"decoupled" from E(0) and not appreciably sensitive
to changes in JV(0) as one moves across the periodic
table in the different transition series. "The variations
in 1V(0) are considerable in these cases,"as opposed to
the cases with the UsX series, wherein Ã(0) seems to
be determined primarily by the uranium matrix and
apparently varies only slightly in passing from U6Mn
to U6Ni. Thus one would expect V to remain almost
constant across the U6X series.

Debye temperatures for the UGX compounds have
been determined only for U6Fe," to our knowledge,
but the strict isomorphism and almost identical lattice
constants in the series' suggest that the various values
of eD would be very similar. Since the term Ace, in
Eq. (1) is proportional to he~, s' this term would not
be expected to vary much in the V6X series.

This analysis of the terms in Eq. (1) would suggest
that the behavior of T, in Fig. 1 is not explained by its
dependence on the parameters in Eq. (1) . We shall see
below, however, that the electron-phonon interaction of
the BCS theory does indeed play a signi6cant role in
the superconductivity of these compounds, as evi-
denced by measurements on the isotope effect.

Several models for superconductivity and also ferro-
magnetism have concerned themselves specifically with
the interactions between conduction electrons and the
unhlled d shells of the transition metals or, similarly,
the f-electron orbitals of lanthanum and uranium.

Hamilton and Jensensr proposed that the supercon-
ductivity of uranium and lanthanum arises from an
exchange coupling between neighboring lattice ions
which, because of the proximity of these elements to Np

+ J. Friedel, J. Phys. Chem. Solids 1, 175 (1956).
J. P. Maita of Sell Telephone Laboratories has measured the

specific heat of U6Fe from T=2.7 to T=10'K and has kindly
made his unpublished results available to us. From the data we
find On 125'K, p 156 mJ/mole degr, and C„(T,)/yT, 2.5,
where y is the normal-state electronic specific heat coeKcient and
C„, is the electronic specific heat in the superconducting state."D. C. Hamilton and M. Anthony Jensen, Phys. Rev. Letters
11, 205 (1963).
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and Ce, respectively, in the periodic table, is antiferro-
magnetic in sign. A conduction electron, in scattering
off of a lattice ion, polarizes the ion by exciting an f
state. It then becomes energetically favorable for a sec-
ond conduction electron with opposite spin to pair with
the erst by scattering oG of and exciting a neighboring
ion. The significance of the f character of uranium in
interpreting its superconducting behavior has Inost
recently been cited in connection with the measurement
of the isotope eGect in u uranium. "

Kngelhardt et cl."have proposed that in those transi-
tion metals with high superconducting transition tem-
peratures the pairing of the conduction electrons for
superconductivity is enhanced by the scattering of con-
duction electrons into particular d orbitals important
for bonding. A conduction electron may be scattered
into an unfilled d shell configuration on a lattice site,
creating a new d conlguration which is particularly
stable, as indicated by the strength of its bonds (in
other environments) with similar neighboring d shells.

By virtue of this incipient bonding interaction, it be-
comes energetically advantageous for a second conduc-
tion electron to pair with the first by similarly scattering
into a neighboring unfilled d shell. Interactions between
d electrons and their relationship to superconductivity
were discussed in band theory terms by Pines. "Rondo"
has considered the effects of s-d and s-f interband inter-
actions. The inhuence of the d electrons on supercon-
ductivity is evidenced by the difference in the pattern
of superconductivity in the periodic system shown by
the transition versus the nontransition metals4 and

by the departures from the normal isotope effect found
in the transition metals. "~'

Zener has advanced a theory of ferromagnetism in
which the exchange interaction between localized d-shell

spins which is responsible for their spontaneous parallel
alignment is an indirect interaction transmitted by the
itinerant s electrons. 7' A conduction electron scattering
off an unfilled d shell tends to align the d spin parallel
to its own via an s-d exchange interaction, in accordance
with a generalized Hund's rule. ' This inQuence is felt
by each subsequent d she11 in the path of the conduction
electron, and the collective effect of all the conduction
electrons, which are themselves partially polarized, is a
net d-spin alignment throughout the lattice. The vital
role of the conduction electrons in producing ferro-
magnetism in the theory" is consistent with the relative
scarcity of ferromagnetic insulators. 74

6g R. D. Fowler, J.D. G. Lindsay, R. W. White, H. H. Hill, and
B.T. Matthias, Phys. Rev, Letters 19, 892 (1967)."J.J. Engelhardt, George W. Webb, and Bernd T. Matthias,
Science 155, 191 (1967).

ra J. Kondo& Progr. Theoret. Phys. (Kyoto) 29, 1 (1963).
n G. Rickayzen, Theory of Supercowdlctioity (Interscience

Publishers, Inc. , New York, 1965), p. 197; E. Bucher, J. Miiller,
J. L. Olsen, and C. Palmy, Phys. Letters 15, 303 (1965).

rr C. Zener, Phys. Rev. 81, 440 (1951); 83, 299 (1951); C.
Zener and R. R. Heikes, Rev. Mod. Phys. 25, 191 (1953).

~g C. Zener, Phys. Rev. 82, 403 (1951).
'4 Charles Kittel, Introduction to Solid State Physics (John

Wiley tk Sons, Inc., New York, 1966), 3rd ed, p. 463.

There are similarities in these models for supercon-
ductivity and ferromagnetism, as might be anticipated
from the similarity of the behavior of T, in the U6X
series and the saturation magnetization of the X alloys.
Other correlations between superconductivity and ferro-
magnetism have been noted previously. ~5 It seems that
the two phenomena can even coexist in the same
sample. 6 One of the indications that the interaction
between conduction electrons and lattice ions re-
sponsible for superconductivity may be intimately re-
lated to that responsible for ferromagnetism is the fact
that, e.g. , the pseudobinary (Gd, Y) Osa is either super-
conducting or ferromagnetic depending on the relative
amounts of Gd and Y in the sample, and there is a
crossover composition (7'Fo Gd) at which the super-
conducting transition temperature is equal to the ferro-
magnetic transition temperature. "Also, the compound
ZrZn2, formed between two superconductors, is itself
ferromagnetic. ~8

The question of the occurrence or enhancement of
superconductivity in magnetic or magneticlike environ-
ments and the related problem of superconducting pairs
with parallel spins (triplet pairing) have both been
considered theoretically by several authors. ~~83 Salian
and Werthamer" conclude that the latter phenomenon,
which requires p-state pairing, ~ is feasible in super-
conductors and would distinguish itself by showing less
reduction of T, due to magnetic impurities than to
nonmagnetic impurities. Bardasis and Schrie6er ' show
that the low-energy excitations of a superconductor
with an attractive p-wave potential at the Fermi
surface are spin-density waves among the conduction
electrons. Akhiezer and Akhiezer" have considered the
coexistence of ferromagnetism and superconductivity
and 6nd that, if triplet pairing occurs, an additional
attraction between conduction electrons may arise
from the virtual exchange of spin-wave excitations
among localized lattice spins. There need be no spatial
separation of superconducting and ferromagnetic re-

"B.T. Matthias, IBM J.Res. Develop. 6, 250 (1962);Science
144, 378 (1964); B. T. Matthias, E. Corenzwit, and W. H.
Zachariasen, Phys. Rev. 112, 89 (1958);B.T. Matthias, H. Suhl,
and E. Corenzwit, Phys. Rev. Letters 1, 92 (1958).

'6 B.T. Matthias, H. Suhl, and E.Corenzwit, Phys. Rev. Letters
1, 449 (1958); R. A. Hein, R. L. Falge, B. T. Matthias, and E.
Corenzwit, ibid. 2, 500 (1959);R. M. Bozorth, D. D. Davis, and
A. J. Williams, Phys. Rev. 119, 1570 (1960);Norman E. Phillips
and B.T. Matthias, ibid. 121, 105 (1961).

"Bernd Matthias, J. Appl. Phys. Suppl. 31, 23S (1960).
78B. T. Matthias and R. M. Bozorth, Phys. Rev. 109, 604

(1958); R. L. Falge, Jr., and R. A. Hein, ibid 148, 940 (1966). .» P. W. Anderson and H. Suhl, Phys. Rev. 116, 898 (1958);
P. W. Anderson and P. Morel, ibid 123, 1911.(1961);David J.
Thouless, Ann. Phys. 10, 553 (1960); V. L. Ginzburg, Zh.
Eksperim. i Teor. Fiz. 31, 202 (1956) I'English transl. : Soviet
Phys. —JETP 4, 153 (1957)g.

SOR. Balian and N. R. Werthamer, Phys. Rev. 131, 1553
(1963).

a' A. Bardasis and J.R. SchrietIer, Phys. Rev. 121, 1050 (1961).
82 A. L Akhiezer and I. A. Akhiezer, Zh. Eksperim. i Teor. Fiz.

43, 2208 (1962) /English transl. : Soviet Phys. —JETP 16, 1560
(1963)g.

aa I. A. Privorotskii, Zh. Eksperim. i Teor. Fiz. 43, 2255 (1962)
[English transl. : Soviet Phys. —JETP 16, 1593 (1963)g.
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gions in the same sample, and ferromagnetic impurities
added to an otherwise nonmagnetic superconductor may
raise its T,.82

Privorotskii" shows that superconductivity may oc-
cur in an aetiferromagnet if the pairing is in the triplet
state and with zero spin projection along the axis of
lattice magnetization. A net attraction occurs via an
exchange of lattice spin waves, each conduction electron
reversing its spin direction upon emission or absorption
of a spin wave. The lattice phonon frequency &, in
Eq. (1) becomes replaced by a characteristic spin-wave

frequency, which is proportional to the exchange cou-
pling between and the spin moment upon the lattice
sites~ (assumed to be unfilled d shells" ). The term
equivalent to V in Eq. (1) measures the strength of the
spin-wave exchange interaction.

The relationship we have found between the super-
conductivity of the U6X compounds and the magnetism
of the X elements would seem likely to find expression
in these approaches to superconductivity just men-
tioned, which concern themselves with the magnetic
nature of the superconducting environment. The con-
nection is not self-evident, however. Privorotskii's
treatment" shows how T, in an antiferrornagnet might
be proportional to the moment on the lattice sites, but
there is no concrete evidence for such moments in the
U6X system, even though a consideration of the tern-

perature dependence of the magnetic susceptibilities"
of the compounds led Gordon to suggest that they might
be antiferromagnetically ordered. "Our discussion of the
significance of the interactions between the d shells in
the U6X structure would suggest that any such ordering
is probably among these shells, and, of course, if
localized moments should be present on these sites, the
susceptibility results"" show that they must almost
certainly be antiferromagnetically ordered. The possible
role of the f character of the uranium remains un-

specified.
A significant factor in these considerations is the

recently reported measurement" of the superconducting
isotope eGect in V6Fe, determined by changing the iso-
topic mass of the uranium in the compound. The result
found was T,~Sf, 0.= —0.5, which is the dependence
of T, upon M to be expected if the source of supercon-

84 Ref. 74, p. 485.
'5 Referred to in Ref. 68.

ductivity in the compound were exclusively the electron-
phonon interaction of the BCS theory. @6 In addition,
no unusual behavior is found for the pressure depend-
ence of T, 4'

V. SUMMARY

A correlation exists between the superconductivity
of the U6X compounds and the magnetic nature of the
X elements which may be illustrated by the correspond-
ence between T,(U,X) and e8(X) in the Slater-Pauling
curve, by the occurrence of superconductivity among
uranium and X-element compounds, and by the ap-
parent importance of interactions between the 3d
shells of the X atoms in the U6X structure. Notably
the transition temperature of U6Fe is almost twice that
of uranium under the most favorable of conditions.
This correlation would not seem to be explained by
valence-electron rules or by the customary theoretical
approach to superconductivity. Theoretical discussions
of superconductivity in magnetic environments do pro-
vide a basis for understanding this behavior. There is,
however, no evidence of magnetic ordering in the com-
pounds, nor do measurements of the uranium isotope
efI'ect or pressure dependence of T. in U6Fe indicate
anomalous behavior. Possibly neutron diffraction meas-
urements, such as have been done on UFe2,"or a deter-
mination of the iron isotope eBect in U6Fe would prove
enlightening.
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