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Magnetization and susceptibility measurements have been performed on U6Fe and U6Co at tem-

peratures 4 K & T & 290 K and applied magnetic fields 10 T & H & 5 T. Low-temperature magnet-
ization measurements at H =10 T were also made on U6Mn, U6Ni, and U6Mno~Coo5. All of
these materials have strongly paramagnetic, weakly-temperature-dependent susceptibilities at
T & 290 K. Low-field. magnetization and metallography results provide information concerning the
nature of small concentrations of ferromagnetic impurity phases found in all of the samples studied.
An analysis of the data with use of paramagnon models implies that all of the U6X compounds are
strongly-exchange-enhanced paramagnets. Recent Fermi-liquid models are discussed in relation to
predictions of p-wave superconductivity, exchange-enhanced paramagnetism, and electron localiza-
tion in heavy-fermion systems. An empirical correlation is examined between the ratio of the total
magnetic susceptibility to the electronic specific heat and the occurrence of either superconductivity
or ferromagnetism for a broad class of metallic solids. The correlation suggests that the U6X com-
pounds are near the boundary between superconducting and ferromagnetic ground states.

Recent studies' of the low-temperature properties of
U6Fe have revealed that this compound exhibits large
values of the electronic coefficient of specific heat
y =155 mJ/moleK and the initial slope of the super-
conducting upper critical field H,'q ( T, ) = (dH, 2/d T)r

C= —3.4 T/K. H, 2(T) increases linearly below a zero-
field superconducting transition temperature T, (H =0)

3.8 K to H, 2-6.4 T at T=2 K, implying H, q(T =0)
=10 T. These data are particularly remarkable for a
rather low-T, compound, especially when compared to
similar results for high-T„high-H, 2 materials such as
A 15 and Chevrel phases for which y* & SO mJ/mole K
(Refs. 6 and 7), —H,'2(T, ) = 1.0—7.5 T/K (Refs. 8—10),
and T, )10K.

Some of the unusual properties of the UsX (X=Mn,
Fe, Co, Ni) compounds were noted earlier with the
discovery of the superconductivity of the Mn, Fe, and Co
members by Chandrasekhar and Hulm. " They pointed
out that the trend of T, with respect to the valence elec-
tron concentration e/a deviated from the empirical rules
of Matthias for transition-metal superconductors. Hill
and Matthias' investigated the T, 's of Us(X,X') alloys
and found a regular trend of T, with ela which was re-
markably similar to the Slater-Pauling correlation between
the saturation magnetization of the analogous ferromag-
netic (X,X') alloys and ela. They suggested that this
behavior could be evidence for triplet pairing or some type
of "magnetic" mechanism for superconductivity in U6X
compounds.

Traditionally, the presence of strong-exchange interac-

tions in highly paramagnetic (or even ferromagnetic) met-
als have been thought to favor triplet pairing via the ex-
change of paramagnons (or spin waves in a ferromagnet)
between electrons. ' On the other hand, paramagnons are
expected to strongly suppress singlet pairing' and lead to
weak anomalies in the temperature dependence of the
paramagnetic susceptibility. '"' Indeed, it is tempting to
attribute the relatively low T, of U6Fe to the destructive
effects of paramagnons, in analogy to the early work of
Andres and Jensen' for the late transition metals and al-
loys. In addition, very few superconducting compounds
of U or the ferromagnetic 3d elements are presently
known, ' whereas the majority of such materials are either
normal paramagnets to very low temperatures or exhibit
some type of ferromagnetic order. ' All of these con-
siderations make the low-temperature magnetic behavior
of UsX compounds extremely interesting, and we report
here our initial results for the low-temperature magnetiza-
tion and susceptibility of several UsX materials. The re-
lated question of triplet pairing or magnetic interactions
as mechanisms for the superconductivity of these materi-
als is addressed in the discussion section of this paper.

We note that Gordon' and Bates and Mallard first
performed magnetic measurements on U6Fe and related
compounds at room temperature and a few points above
300 K. These results show that the susceptibilities of all
the U6X compounds (X=Mn, Fe, Co, Ni) increase weakly
with temperature between 300 K and their peritectic
decomposition temperatures. After our own measure-
ments were completed, we were informed of the low-
temperature susceptibility data for U6Fe obtained earlier
by Gann et al. ' Our results for U6Fe reported below are
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in substantial agreement with their data.
We will discuss our results obtained at high and low

magnetic field strengths in separate sections. The latter
data emphasize metallurgical defects in our samples, and
provide an important check of sample quality.

II. EXPERIMENTAL DETAILS

The higher-field magnetization measurements were
made with a vibrating sample magnetometer adapted to a
6.0-T, high-homogeneity superconducting magnet. Data
were taken at fixed field in the range 4.2& T &280 K by
slowly warming the sample after boiling away the liquid
helium in a small insert Dewar surrounding the cryostat.
Samples were first cooled to 4.2 K in zero field, and then
the field was applied before warming. The magnetization
o. at 4.2 K was found to be the same in runs where the
sample was either cooled in zero or finite field. Tempera-
tures were measured with a copper Constantan thermo-
couple located near the sample. Some 4.2-K isotherms
were obtained with liquid helium remaining in the cryo-
stat.

Low-field (H = 100 Oe) and moderate-field (H =5 kOe)
magnetization measurements were made with a supercon-
ducting quantum interference device (SQUID) magnetom-
eter. Samples were routinely 2 mm in diameter and ap-
proximately ellipsoidal in shape. The earlier measure-
ments were carried out by rapidly cooling a sample to un-
determined low temperatures as it was lowered into the re-
gion of the measuring field and finally equilibrated at
T=4.3 K. Thus, the samples were partially cooled in
both zero and finite applied fields. The sample was then
measured as it was warmed to a temperature (275 K and
then recooled without changing the applied field.

The large hysteresis observed in the warming and cool-
ing data led us to repeat some of our SQUID magnetome-
ter measurements by first carefully cooling a sample to
T=4.5 K in a relatively field-free region, and then lower-
ing the sample into the measuring field region. The mag-
netization was then measured by warming the sample to
T= 150 K, followed by recooling to 4.5 K. Some samples
were thermally recycled and measured a second time
without removing them from the field region, and these
data differed very little from those of the first cooling
run. Temperatures higher than 150 K could not be at-
tained in the controlled cooling studies due to well-

understood experimental problems.
Almost all of the samples measured were supplied to us

by Dr. J. Engelhardt. These materials were carefully
characterized in a previous study and the reader is re-
ferred to this work for details. An additional U6 ~Fe sam-
ple (No. II33) was cut from the parent boule used in
specific heat (C~) and H, 2 measurements reported ear-
lier. ' X-ray analysis of No. II33 was carried out at Los
Alamos National Laboratory (LANL) by Dr. B. Roof,
and no evidence of any impurity phases could be detected
within the sensitivity of the powder technique employed.
Metallographic studies of a U6 &Co sample (No. 529) were
performed by R. S. Pereyra of LANL, and these results
will be discussed below.

All of the sample materials used in this study were
melted at a slight U excess (nominal U6 &X stoichiometry),

but the terminology U~ will be used for convenience
throughout this paper.

III. HIGH-FIELD RESULTS (U6Fe AND U6co)
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FIG. 1. Magnetization o. vs temperature T for U6Fe sample
No. II33, taken in an applied field H =1 T. The inset shows o.

vs H for two cases: (a) the sample was cooled from room tem-
perature in the measuring field and then cycled at T=4.2 K,
and {b) the sample was field cycled at T=220 K. The different
behavior in curves (a) and (b) is due to the remanent magnetiza-
tion from the ferromagnetic transition of an impurity phase
near 170 K.

Our data for o versus T for a U6Fe sample (No. II33)
taken at H=1.0 T are shown in Fig. 1. o. increases
roughly 25%%uo as the temperature is lowered from 300 to
4.2 K. The inset to Fig. 1 shows two isothermal magneti-
zation curves taken at T=4.2 and 220 K. A ferromag-
netic remanence appears in the 4.2-K curve (a), but the
magnetic susceptibilities determined from these curves are
identical, i.e., X(4.2 K)=X(220 K)=1.55&&10 cm /g.
The overall magnitude and temperature dependence of o.

for this relatively large sample (0.853 g) are in good agree-
ment with the results of Gann et al. ' on a specimen of
U6Feo 98 but their low-temperature values of
X=(2.00—2.05)X 10 cm /g are in disagreement with
the results of Fig. 1. Gordon' and Bates and Mallard
report room-temperature values X(290 K) = 1.97 X 10
cm /g and 2.04X 10 cm /g, respectively. We note that
Gordon used powdered samples, whereas Bates and Mal-
lard measured several U-Fe alloy polycrystals containing
&10-at. % Fe, and indirectly deduced a value of P for
U6Fe.

A smaller piece (0.711 g) of the No. II33 sample boule
was measured at T=4.2 K and a value of g(4
K) =2.09 X 10 cm /g was obtained from the high-field
data, whereas X(4 K) =2.15&& 10 cm /g and a remanent
moment of 8.85X10 emu/g were obtained from the
lower-field data Anot.her sample (No. 532, 0.582 g) was
also measured, and a high-field X(4.2 K)=2.03X10
cm /g was found, and X(4.2 K)=2.25X10 cm /g with
a remanent moment of 5.73X10 emu/g were extracted
from the lower-field data. These results are shown in Fig.
2, and are in excellent agreement with the work of Gor-
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FIG. 2. Magnetization o. vs applied field H for two different
samples of U6Fe. Data were obtained after field cycling the
samples at T=4.2 K. There are small changes in the slope of o.

vs H due to the saturation of small amounts of ferromagnetic
impurity phases. Note the discrepancy between the susceptibili-

ty values &=do./dH obtained from this plot and those of the
inset of Fig. 1.

don, Bates and Mallard, and Gann et al.
The relatively small value X(4 K)=1.55X10 cm /g

measured for the 0.853-g piece of U6Fe No. II33 is diffi-
cult to understand as a result of impurity phases. The
only evidence we have for sample deterioration under
room conditions was observed in Mossbauer effect stud-
ies and additional susceptibility data on a 0.0979-g sam-
ple of U6Fe. In the latter case, measurements at 4.2 K
and fields up to 4 T yielded X(4 K)=2. 13X10 cm /g,
whereas a redetermination made several months later on
this piece gave a different value X(4 K)=2.52X10
cm /g. The Mossbauer measurements on powdered U6Fe
absorbers indicate that after several months storage, a
very small satellite peak develops in the Fe resonance
spectra, presumably due to a slight deterioration of the
powdered material.

Another possible explanation of the discrepancies in our
susceptibility data is based on neutron diffraction studies
of arc-melted and annealed boules, including the piece of
No. II33 studied in specific-heat measurements. ' These
measurements indicate that very coarse-grained polycrys-
tals can easily by obtained using our sample-preparation
procedures. Assuming that the susceptibility of U6Fe is
anisotropic, a significant degree of preferred orientation in
our polycrystalline samples could explain the irreproduci-
bility of our X(4-K) data as well as the consistency be-
tween data measured for powdered samples. ' Further
measurements will be necessary to fully explain the mag-
netic behavior of U6Fe.

A U6Co sample was also measured at 4.2 K and H & 5
T, and our results for o/H versus T at H = 1.2 and 5.0 T
are shown in Fig. 3. The value of X(4 K)=2.08X10
cm /g obtained from these data are close to the room-
temperature value of 1,95 X 10 cm /g obtained by Gor-
don. ' There is clear evidence for a ferromagnetic com-
ponent in these data with an ordering temperature T
near 175 K. A small anomaly at 175 K is also present in
our U6Fe data (see Fig. 1), and has also been observed by
Gann et ah. ' Since we will show that this anomaly is
found for all the U6X materials which have been studied

50 kOe
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FIG. 3. Magnetization 0 divided by applied field H vs tem-
perature T for U6Co sample No. 529. Data are shown for two
different values of constant H. The change in o./H near 170 K
is due to the ferromagnetic transition of a smaH amount of im-
purity phase, as corroborated by the field dependence of the
data.

IV. LOW-FIELD RESULTS (U+ AND U6Mno &Coo 5)

Lower-field o./H-versus- T data for two different pieces
of an U6Fe sample (No. 532) are shown in Fig. 4. The
anomaly at T=175 K is made obvious from the thermal
hysteresis in the data. It is possible that there is also a ra-
pid change in slope or a kink in the data near 100 K, and
this feature is also present in the 10-kOe data of Fig. 1.
However, the high-field data of Gann et al. ' exhibit
smaller increases in o. below 100 K, and offer no evidence
for an intrinsic anomaly below —150 K. Features in the
warming curve data near 20 K in H =5 kOe [Fig. 4(b)]
should not be taken seriously in view of the measuring
procedures employed. Low-field o/H-versus- T data for.
two pieces (samples A and B) of a U6Co sample (No. 529)
are shown in Fig. 5. A hysteretic, ferromagnetic behavior
appears at T & 200 K for both samples in agreement with
the higher-field data (see Fig. 3). We note that this fer-

to date, we must assume that it is due to a ferromagnetic
U compound common to all members of the U+ series.
In order to estimate the significance of this anomaly, we
have assumed that a U impurity phase orders ferromag-
netically at —175 K, and that all of the remanent magnet-
ization observed at 4 K (see Fig. 1) is due to the saturation
magnetization of this hypothetical phase. We then as-
signed a value of 1.2 pz per U atom [corresponding to
UH3 (Ref. 26)] as an estimate of the impurity saturation
moment and deduced that the mole fraction of U present
in a magnetic impurity phase was & 1 X 10 " for U6Co
(Fig. 3) and & 5 X 10 (Fig. 1) or & 5 X 10 (Fig. 2) in
the case of U6Fe. These levels of contamination are quite
reasonable for the sample-preparation techniques used.
The additional temperature dependence of the o.-versus- T
data for U6Fe at T ~ 175 K is more difficult to explain,
and will be discussed later in this paper.
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FIG. 4. (a) Magnetization o. divided by applied field
H =10 T for U6Fe sample No. 532. The samples were initial-

ly only partially cooled in the region of applied field (see text for
details), and data were first taken by warming from 4 K (open
circles), followed by recooling (solid circles) in constant field.
The hysteresis is due to the ferromagnetic transition of an im-

purity phase at T=170 K. (b) Magnetization cr divided by ap-
plied field H =0.54 T for U6Fe sample No. 532. The measuring
conditions and hysteresis effects are similar to those described in

(a) above.
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FIG. 5. (a) Magnetization o divided by applied field H =100
Oe vs temperature T for a piece (sample A) of a parent boule of
U6Co sample No. 529. The sample was initially only partially
cooled in the region of applied field (see text for details), and
data were first taken by warming from 4 K (open circles), fol-
lowed by recooling-(solid circles) in. constant field. The hys-
teresis is due to the ferromagnetic transition of an impurity
phase below T=200 K. (b) Magnetization o. divided by applied
field H =100 Oe vs temperature T for a different piece (sample
B) of the parent boule of U6Co sample No. 529. The measuring
conditions and hysteresis effects are similar to those described in
(a) above.

I

romagnetic component in our U6Co samples is approxi-
mately 10 times weaker than the analogous component of
the U6Fe data. In addition, the overall character of the
hysteresis differs between the U6Fe and U6Co measure-
ments.

The differing hysteresis shown in Figs. 4 and 5 led us to
remeasure a U6Co sample by cooling under conditions
which were better controlled compared to the experiments
depicted in Figs. 4 and 5. The cr/H-ver s-sTudata gath-
ered by either field cooling in 100 Oe or cooling in zero
field are shown in Fig. 6. These data suggest that the "in-
termediate" hysteresis behavior exhibited by U6Fe in Fig.
4 is a result of.rapidly cooling the sample to 4 K by in-
serting it into the cold bore of an energized superconduct-
ing solenoid before warming slowly to take data.

Additional low-field measurements were also performed
on samples of U6Mn (No. 530), U6Ni (No. 531), and

U6Mno 5Coo 5 (No. 464), and the results for cr/H versus T
are shown in Figs. 7 and 8. Some care was taken to first
cool the U6Ni and U6Mn05Coo q samples in a relatively
field-free region.

The o H/-vers su-T behavior of U6Mn shown in Fig. 7
is quite similar to the U6Co data of Fig. 5. A ferromag-
netic component becomes apparent at T & 175 K. The
U6Ni and U6Mn05Coo 5 data also exhibit ferromagnetic
components at somewhat lower temperatures T & 150 K.
We reemphasize that the o/H data from the 100-Oe mea-
surements of U6Fe at T & 100 K shown in Fig. 4 are ap-
proximately 10 times larger than any of the corresponding
data from measurements on the other U~ samples re-
ported herein. This is not understood at present.

Our low- and high-field magnetic data are summarized
in Table I, and are in reasonable agreement with the previ-
ous room-temperature susceptibility results of Gordon,
with the exception of the rather large o/H values we have
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were taken under relatively controlled conditions of field cool-
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These results verify the presence of a ferromagnetic transition of
an impurity phase near 150 K.
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even above the ferromagnetic anomaly near 200 K. Fur-
ther measurements on additional U6Co samples at higher
temperatures will be necessary to investigate this behavior.
The irreproducibility of the U6Fe polycrystal data also
deserves further investigation. Recent heat-capacity and
critical-field measurements on U6Fe samples made from
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pertinent to the samples supplied to us by J. Engelhardt
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and magnetic data. We have included the results of in-
ductive measurements of the superconducting T, 's of
representative samples in Table I in order to aid other
workers in assessing the quality of our materials.
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V. IMPURITY PHASE CONSIDERATIONS

Virtually all of the magnetization data presented in
Figs. 1 through 8 indicate the presence of ferromagnetic
remanence at T & 175 K, and occasionally exhibit weaker
anomalies near 30 K (see Figs. 1, 3, 4, and 8). We recall
that the magnitude of the 175-K anomalies are generally
consistent with less than -500 ppm of the U present be-
ing tied up in a ferromagnetic phase. Since the presence
of such phases can sometimes affect the details of trans-
port, magnetic, and calorimetric data, we have made some
attempt to identify potential compounds which could ex-
plain the observed anomalies.

We have specifically considered the existing data for
the UX2 compounds (X=Mn, Fe, Co, Ni) which are un-
doubtedly present in our sample materials at small but
finite concentrations due to the peritectic formation of the
U6X phases. However, the 175-K anomalies are not
easily attributed to the UX2 compounds since their pres-
ence and Curie temperature are essentially independent of
the X constituent (unless all of our samples contain appre-
ciable UFe2 impurity concentrations).

Unfortunately, we do not have chemical analyses avail-
able for much of the U metal used in this study, except
that it was of 99.9% nominal purity. Such lots of U typi-
cally contain small amounts of Ca, Mg, Al, Pb, Si, C, and

various 3d elements at levels around 1—10 ppm by
weight. Further, 0 and N are common impurities, and
the concentration of Fe is generally up to 10 times that of
other 3d elements. A summary of the magnetic proper-
ties of selected U compounds is given in Table II.

Metallographic studies of a U6 &Co (No. 529) sample by
R. Pereyra of LANL have been interpreted as evidence for
the presence of U oxide present in small inclusions
throughout the primary phase grains. A second impurity
phase was found to be present in additional inclusions and
along grain boundaries. The second phase was tentatively
identified as a-U due to its etching behavior and the na-
ture of the U-Fe phase diagram, ' although it is possible
that the grain boundary phase is actually composed of two
or more cosoluble impurities. These results are in good
agreement with the metallurgical results of Gordon and
Kaufmann.

Although we cannot rule out the presence of UFe2 at
the 1—10-at. ppm level in our U6Mn, U6Co, and U&Ni
samples, -it is just as likely that UH3 or an UN phase
could be responsible for the 175-K anomaly. It is more
certain (given the metallographic results) that features
near 30 K are due to any of several UO phases, or possi-
bly Upb3. In any event, the magnetization anomalies near
30 and 175 K appear to be explainable as effects due to
reasonable concentrations of ferromagnetic impurities.

TABLE II. Magnetic properties of probable impurity phases in U6X (f.u. denotes formula unit).

Compound

UMn2

UFe2
UCo2
UNi2
UO2
UQ„
UN
u-U2N3
p-U2N3
a-UH3
p-UH3
UC
U&C3

UC2
U3Si
U3S~&

U3Si5

USIA 88

USi3
UA12
UA13
UPb3
UCuq

Magnetic
behavior'

(structural
transition
at 212 K)

FM
P

FM
AFM

(various}
AFM
AFM
FM
FM
FM
P
P
P

TIP
P
P
P
P
P
P

AFM
AFM

Effective
moment
(pg/f. u. )

6.6

2.0

3.2

3.1

3.8
2.9—3.7
2.8
2.5

3.6

10.2

3.2

Ordering
temperature

(K)

147—172
( 1.1
21
30.8
&30

52
96

182—235
178
168—181
&5
&4

(80
&85
&85
&4( 1.3
&4
& 0.08

&40
32
15

Ordered
moment

(~,yf.u. )

1.0

0.04
1.8

0.75

& 0.9
1.2

1.6

References

89

90
90

91

92
93

'P denotes paramagnetic, TIP denotes temperature-independent paramagnetism, FM denotes ferromagnetic, and AFM denotes anti-
ferromagnetic.
"Data taken from Ref. 18, unless otherwise stated.
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y'
(10 erg/cm K )

Molar volume

(calorimetric)per f.u. (cm ) (K)Compound

TABLE III. Structural and superconducting properties of U~ compounds. (Except where noted, data were taken from Ref. 30.)

Lattice parameters (A)' T, (K)

U6Mn
U6Fe
U6Co
U6Ni

10.312
10.303
10.323
10.390

5.255
5.235
5.191
5.156

84.168
83.706
83.321
83.839

1.17
1.87
1.58
1.09

92.4
83.4
91.2

100

2.21
3.70
2.29
0.33"

1.6
2.1

1.7

'Data taken from Ref. 23.
Estimated.

VI. ANALYSIS

Since we have not yet completed detailed magnetization
curves for temperatures 4 K & T &300 K, there may be
small features in the temperature dependence of X(T)
which remain to be resolved, but the data of Gann et al.
for U6Fe (Ref. 21) suggest that this is unlikely. However,
we do have some evidence (see Figs. 1 and 4) that the
behavior of U6Fe is peculiar below T=100 K, in that the
magnitude and temperature dependence of o /H of the Fe
compound are somewhat greater than those of the other
U~ materials. Of course, this could be due to the pres-
ence of impurity phases. On the other hand, recent
Mossbauer studies "' have revealed anomalies near 100
K in the temperature dependence of the recoil-free frac-
tion and the isomer shift. It would therefore be of interest
to obtain additional magnetization curves near 100 K for
very-high-purity U6Fe samples or single crystals. Howev-
er, in the analysis which follows we will neglect the possi-
bility of small features in X(T) deriving from potential
phase transitions or "Fermi-liquid effects, "' ' and we
shall assume that the room-temperature susceptibility and
magnetization measurements are good approximations to
the low-temperature 7 in cases where magnetization
curves taken at -4 K are not yet available.

A. Effective mass

The exceptionally large values of y* found for the U+
compounds suggest that the magnetic properties of these
materials may be renormalized by strong interactions be-
tween band electrons. Such interactions can lead to a size-
able enhancement of the electronic effective mass m*
within an isotropic Fermi-liquid model:

3A y*
m

kg

0
37T2Z

1/3

Here, 0 denotes volume per atom and Z denotes number
of interacting fermions per atom. We have summarized
relevant structural and specific-heat data for the U+
compounds in Table III.

It is important to note that the y* values quoted in
Table III are constrained by entropy arguments and are
considered to be rather accurate. (The y* value for
U6Ni listed in Table III was not constrained by entropy
conditions due to the low T, of this compound. However,
the quoted y' was found to be independent of the several
methods of analysis used to determine it in Ref. 30.)
Therefore, the uncertainty in m' depends only on the ac-
curacy of Z and, more importantly, the applicability of an
isotropic Fermi-liquid model to U~. Such a model is
widely applied in discussions of "heavy-fermion" super-
conductors, and is a useful framework for comparing data
for various materials. ' Our results for m*/m, (m,
denotes free-electron mass) are collected in Table IV.
Note that although a very wide range of 0.25 &Z & 6 has
been used, it is clear that all of the U~ compounds exhib-
it unusually high effective masses for any reasonable
choice of Z. In lieu of x-ray spectroscopic data and
band-structure calculations, we expect Z =3+1 for both
the U- and X-element constituents. Values of Z=2+1
have been advanced for CeCu2Si2 (Ref. 32) and UBef3
(Refs. 33—35), but these latter compounds exhibit
behavior which suggests that their f states may be less hy-
bridized with band states in comparison to U~. Further,
recent Fermi-liquid-model calculations ' yield

TABLE IV. Thermal effective masses of U~ compounds. (Values of m*/m are deduced from the y* data of Ref. 30.)

0.25
0.50
1.00
1.50
2.00
3.00
4.00
5.00
6.00

(m */m, )U6Mn
(0=1.9957&& 10 cm )

31.4
24.9
19.8
17.3
15.7
137
12.5
11.6
10.9

(m*/m, )U6Fe

(&=1.9847&&10 cm )

50.0
39.7
31.5
27.5
25.0
21.8
19.9
18.4
17.3

(m /m, )U6Co

( 0= 1.9756 && 10 cm )

42. 1

33.4
26.5
23.2
21.07
18.4
16.7
15.5
14.6

(m*/m, )U,Ni

(0= 1.9879~ 10 cm3)

29.2
23.2
18.4
16.1
14.6
12.8
11.6
10.8
10.1
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m*/I, =22 in the case of U6Fe, consistent with our esti-
mate of Z=3.

B. Paramagnon model

We will analyze our susceptibility results using the
decomposition

X( T) =Xd+Xo+Xp,

where Xd is the core diamagnetic term, Xo is the orbital
contribution, and Xz is the Pauli spin susceptibility. The
asterisks emphasize the fact that go and Xp are expected
to be significantly renormalized by strong interactions in
high effective-mass materials.

More specifically, the relatively frequent occurrence of
large y* values and strong paramagnetism among light
actinide materials is believed to be a consequence of the
semilocalized nature of the 5f-electron states at the begin-
ning of the actinide series. Certain anomalous thermal
properties of these materials can then be (somewhat naive-
ly) attributed to the presence of narrow, 5f-derived
features in the renormalized density of states at the Fermi
energy N*(Ep ) —N(Ep )m* /m„where N(Ep ) is the
"bare" density of states appropriate to the electron system
in the absence of the interactions which lead to
m*/m, &1. Assuming the quasilocal 5f-electron states
also experience strong-exchange interactions, a large
N'(Ep) would imply that the paramagnetic spin suscepti-
bility would be exchange enhanced according to the rela-
tion

og 1+~+~s
Tc exp

P +~s —~
(5)

co~,s can be obtained from the specific-heat results and
analyses of Ref. 30, and p*, A, , and A,, parametrize the
strengths of the three respective interactions listed above.
X, can be related to the susceptibility enhancement of Eq.
(3) via39, 45, 47

9 ~ 1 P,
ln 1+ (W —1)

2 12
(6)

Here, P, is a normalized (with respect to the Fermi wave
vector) momentum cutoff for the paramagnon interaction
I, and it is usually supposed that I'~-0. 5—2.0. The
mass enhancement is then given by

The core diamagnetism Xd can be estimated from tabu-
lated values for U + and the highest quoted valence
state of the X component of U6X. These contributions are
small compared to Xp, as shown in Table V, and are not
critical in our analysis.

We will follow a method of analysis recently outlined
by Orlando and Beasley, " based on the earlier work of
Jensen and Andres' and Allen and Dynes. The effects
of the screened Coulomb, electron-phonon, and exchange
interactions on T, are modeled with the following equa-
tion:

Xp ——Xp&=Xp(1 I) '=Xp[—1 IN(Ep)]— (3)
m*/m, = I +A, +A, ,

where I is the exchange interaction strength.
The orbital term in Eq. (2) is rather simple in the case

of an isotropic electron liquid:
2

(4)I
However, this diamagnetic form is only appropriate to a
single band, and in the case of actinide materials, large
paramagnetic contributions to go are expected ' from
"narrow" [high N (Ep ) ] d- and f-derived bands. Further,
recent calculations ' have demonstrated that the antici-
pated strong spin-orbit coupling in actinides will also
complicate the form of Xo. We are therefore forced to as-
sume that 0&70 & 2Xz, since the Landau-Peierls diamag-
netic contribution given in Eq. (4) is evidently negligible
in high-mass materials. The validity of our assumptions
will be discussed in more depth later in this paper.

and the susceptibility and specific heat are related by

(8)

Equations (1)—(3) and (5)—(8) can be solved simultane-
ously to provide values of A,, and W appropriate to the
U6X compounds. Specifically, Eqs. (5) and (8) can be
solved to eliminate A, and the resulting equation for A,, in
terms of P' can be graphically compared to Eq. (6).
Several of the input parameters of the analysis must be es-
timated. Accordingly, we have allowed for as wide a
range of "unknown" variables as seemed physically
reasonable, and set 0&Xo &2Xp [Eq. (2)], 0.5 &P ~ &3.0
[Eq. (6)], 0.25 & Z & 6 [Eq. (1)], and 0. 1 &p* & 0.2 [Eq.
(5)]. The results of this procedure are shown in Figs. 9
and 10, and important parameters are summarized in
Table VI. We emphasize that Eq. (8) assumes a free-

TABLE V. Magnetic susceptibility data for U6X compounds.

Compound

U6Mn
U6Fe
U,Co
U6Ni

X(4 K.)
(10 cm /mole)

3.1'
3.0
2.8'
30'

Xd
(10 cm /mole)

—1.185
—1.190
—1.193
—1.195

Xp (Xo =0)
(10 3 cm'/mole)

3.2
3.1

2.95
3.1

Xp (Xo =Xp)
(10 cm /mole)

1.6
1.5
1.5
1.S5

Xp (Xo =2Xp)
(10 cm /mole)

1.1
1.0
0.98
1.0

'Estimated from room-temperature data of Ref. 19 and results reported herein.
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I I.O

I 0.0
9.0
8.0
7.0
60
5.0
4.0
3.0
2.0
I.O

0
4 12 20 28 36 44 52 60 68 76

5
FIG. 9. Paramagnon interaction parameter A., vs Stoner

exchange-enhancement parameter W for U6X (X=Fe, Mn)
compounds. The curves shown represent a graphical solution of
Eqs. (6) and (8) of the text. The thin curves are plots of Eq. {6)
for four potential values of the paramagnon interaction cutoff
P l, and the thick straight lines are plots of Eq. (8) for different
ratios of the orbital (g,*) and Pauli spin (gz) susceptibilities,
corrected according to Eq. (2) {see text for details). The region
of allowed values of (W, A,, ) is bounded by thp appropriate solid
and dashed straight lines for each element X and the P

&

——0.5

and 3.0 curves.

I 2.0
I I .0
I 0.0

. 9.0
8.0
7.0
6.0
5.0
4.0
3.0
2.0
I.O

0
l2 20 28 36 44 52 60 68 76

5
FIG. 10. Paramagnon interaction parameter A., vs Stoner

exchange-enhancement parameter W for U6X (X=Co, Ni) com-
pounds. The curves shown represent a graphical solution of
Eqs. (6) and (8) of the text. The thin curves are plots of Eq. (6)
for four potential values of the paramagnon interaction cutoff
P &, and the thick straight lines are plots of Eq. (8) for different
ratios of the orbital (g,*) and Pauli spin gp) susceptibilities,
corrected according to Eq. (2) (see text for details). The region
of allowed values of (W, A,, ) is bounded by the appropriate solid
and dashed straight lines for each element X and the P

&
——0.5

and 3.0 curves.

el'ectron g factor of 2 and thereby neglects spin-orbit cou-
pling. "

It is interesting to note that all of the U6X compounds
have 8 & W &70 (depending on the choices of P

&
and Xo)

and very large values of k and A,„mainly due to the large
y* and X values measured for these materials. Of course,
one might suppose that m *=mb ( 1+A. +A,,), where mt, is
the band mass obtained from the lattice potential without
electron-phonon or paramagnon renormalizations. The k
and A,, values could then be reduced several fold in the
case of very narrow f or f-d hybrid bands. However,
such considerations are beyond the scope of the simplified
models discussed here. We can only conclude that within
an elementary paramagnon approach, all of the U6X com-
pounds appear to be strongly-exchange-enhanced
paramagnets.

Although further experimental and theoretical work
will be necessary to refine the estimates of A, , A,„and W
presented in Table VI, the available data for the supercon-
ducting upper critical field (H, z) provide a useful check
of our paramagnon analysis. For example, H, q cannot
exceed the "Pauli paramagnetic limit" Hz(T =0), which
is estimated (in the absence of spin-orbit scattering) via
the following relation:

H~(0) =(1.86 T/K) T, (1+A, +A,, )W-'

=(2.55 && 10 K/Oe), T, .
Xp

(9)

H,*~(0)= —0.693T,H,'p(T, ) . (10)

Using H,'z(T, )=—3.42 T/K (Refs. 1—3) and the induc-
tively determined T, (H =0)=3.80 K, we find
H,'z(0) =9.0 T, a value already well exceeded by the data
for T& 1.0 K. Therefore, traditional models ' of the
upper critical field are not in quantitative agreement with
these data, despite the use of the improved renormaliza-
tion procedures of Orlando and Beasley. We are there-
fore reluctant to draw any further conclusions concerning
the renormalization parameters A, , A,„orP'.

Using the U6Fe data of Tables III and V, we find 4.8
T &Hp(0) & 14.8 T. Recent measurements on U6Fe
demonstrate that H, z&10 T for T(0.5 K, implying
Xo )Xp, neglecting spin-orbit scattering.

On the other hand, if we neglect Pauli limiting, we can
estimate the maximum upper critical field H,*z( T =0):

Compound m*/m,

TABLE VI. Summary of paramagnon parameters for U6X compounds.

p 2

U6Mn
U6Fe
U6Co
V,wi

11—31
17—50
15—42
10—'29

6.5—19.3
11—33

9.2—26.6
5.4—17.5

3.5—10.7
5—16

4.8—14.4
3.6—11.5

8.5—74
8—72
8—68.5
8—71

0.13
0.13
0.13
0.13

(see Figs. 9 and 10)
(see Figs. 9 and 10)
(see Figs. 9 and 10)"
(see Figs. 9 and 10)

'The use of values 0. 1 &p* & 0.2 does not strongly affect the results for the other parameters listed.
bNote that P

&
enters the analysis only through Eq. (6) and the corresponding curves drawn in the graphical solution shown in Figs. 9

and 10; the results are seen to be consistent with a wide choice of P &. However, if one restricts P ~ & 3.0, the upper limits given here
for W and A,, will be reduced according to Figs. 9 and 10.
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C. Landau Fermi-liquid analysis

uk'
o=——

3 pg

Xp„=(I++p) (12)

and we have assumed the renormalization of Eqs. (1) and
(11).

The paramagnon model has been extensively applied to
analyses of the physical properties of liquid He (Refs. 39,
47, and 51) and has been particularly useful in under-
standing the triplet-paired superfluid states. ' However,
the model has had mixed success in quantitatively ac-
counting for various thermal and transport data. ' ' In
particular, a simultaneous fit of the magnetic susceptibili-
ty and specific-heat measurements was found to be prob-
lematic. ' Nevertheless, a more complete treatment of
both density (not included in the basic paramagnon
theories) and spin fluctuations within a Landau Fermi-
liquid approach yielded an improved comparis'on between
theory and experiment in the case of He (Refs. 52—54).

It has been pointed out that the paramagnon and Lan-
dau approaches differ in their renormalizations of the
static magnetic susceptibility. Specifically, the Landau
renormalization is written

(m*/m, )Xp

1 +Fo
where Xp is the free-Fermi-gas spin susceptibility and Fo
is the l =0 member of the set of antisymmetric Landau
parameters FI'. On the other hand, the paramagnon
model does not explicitly consider the electron-phonon in-
teraction or band-structure effects, and is frequently ap-
plied under the assumption that I & 1, so that the
exchange-enhancement effects and paramagnon renormal-
ization of m* are expected to dominate the physical prop-
erties of interest. Accordingly, it has been generally as-
sumed that the paramagnon renormalization of Xp given
in Eq. (3) does not explicitly depend on the effective
mass ' or the electron-phonon interaction relevant to
the case of metals. However, Levin and Valls ' have ar-
gued that this distinction is artificial, at least in the limit
I~1, where the Fermi liquid is near a ferromagnetic in-
stability.

In contrast, the phenomenological approach of Landau
includes all interactions involving the fermions. Problems
therefore arise when particular (and incomplete) micro-
scopic models are adopted to calculate the Landau param-
eters. We are not aware of any "practical, " microscopic
model which can be used to fit experimental data includ-
ing, self-consistently, the effects of paramagnons, pho-
nons, and a crystal potential, although treatments of the
superconducting transition temperature of such a system
have appeared. ' '

The Landau model is frequently compared to experi-
ment by analyzing various ratios of measurable quantities
in order to obtain a self-consistent set of Landau parame-
ters which describe the fermion interactions. For exam-
ple, in the case of an isotropic Fermi liquid we can express
the Landau parameter Fo in terms of the experimental ra-
tio &0, where

Unfortunately, it is not usually clear how to extract the
appropriate value of Xp from data for a real metallic sys-
tem where band-structure effects, spin-orbit coupling, and
the degree of electron localization complicate the decom-
position of the experimental X(T) into various contribu-
tions [see Eq. (2)]. For example, the localized impurity
state contributions to X(T) and the specific heat C(T) of
"model" (spin- —,

'
) Kondo alloys have been analyzed within

a Fermi-liquid approach ' which defines the "Wilson
ratio" A~..

X;(T)
lim

rid~ p C;( T)
(13)

where X;(T) and C;(T) implicitly refer to only the Kondo
impurity contributions to X( T) and C ( T) of the alloy.

These results have been generalized to more realistic ex-
pressions which take into account the orbital angular
momentum and strong spin-orbit coupling appropriate to
rare-earth Kondo alloys or intermediate valence com-
pounds, and it has been argued ' that [Note that
Wilson's original expression for A'ir (=2 for T «T~)
sets g, pz—= 1 (Ref. 59).]

)fc 2
Xcw +kg

J(J+1)y" gVa
(14)

where g is the g factor, J is the total angular momentum
of the 4f state, and Xcw is the Curie-Weiss contribution to
X for T « Tp (Tp is either the Kondo temperature T~ or
the valence fluctuation temperature). We emphasize that
in practice, one must know how to extract Xcw from X( T)
in the presence of finite non-4f contributions to X( T), and
to account for the noninclusion of phonon interactions in
y* in Eq. (14). It is therefore usually necessary to assume
that at T « Tp, the 4f contributions dominate X and C.

Nevertheless, Batlogg et al. have noted that CeCu2Si2
samples show a strong correlation between estimated
values of A~ and the presence of superconductivity at
T, &1 K. It is therefore interesting to extend such a
correlation to the U6X compounds. However, it is ex-
tremely difficult to assign values of J and g to U ions
since the crystalline electric field and spin-orbit splittings
of the 5f states are comparable, and the Sf wave functions
are expected to be significantly delocalized compared to
the 4f Kondo case appropriate to Eq. (14). (Note that
none of the U6X compounds exhibit Curie-Weiss behavior
at any temperature. ) Despite the many ambiguities in
deriving values of A~ from experimental data, Stewart '

has noted that among "heavy-fermion" materials where
y*)400 mJ/mole K, the possible values of A~ appear
to correlate with the presence or absence of superconduc-
tivity and ferromagnetism. The materials which Stewart
reviewed are relatively simple to analyze in that 7 and y*
are probably completely dominated by contributions from
the heavy-fermion quasiparticles.

We prefer to compare our results for the U6X com-
pounds to a larger group of "narrow-band" materials and
define a figure of merit which is directly accessible from
experiment without making ambiguous corrections. We
have therefore adopted a tentative measure of the degree
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of "magnetic enhancement" exhibited by a material via
the limiting value of the uncorrected experimental ratio A'
(the limit at T =0 is strictly enforced only in the case of
norma/ Fermi liquids which do not undergo supercon-
ducting or ferromagnetic transitions at accessible tem-
peratures; in these latter cases, we will evaluate W at tem-
peratures T & T, in order to ascertain the limits of stabili-
ty of the normal state, as defined by W):

wk~A= lim
T~O 3C pg

2

(15)

Note that we do not attempt to separate various effects
due to:spin-orbit coupling, orbital paramagnetism,
electron-phonon coupling, etc. In the approximation of
an isotropic, spin- —,

' electron gas with no orbital suscepti-
bility, &~A'o—= ( I+Fo) '. On the other handt, he defi-
nition of A is completely consistent with the Landau ap-
proach for a "real metal" in that all fermion interactions
can in principle be included in this parametrization of ex-
perimental data. The key question is to what degree is the
value of A' related to the "exchange enhancement" of the
fermion susceptibility or the occurrence of either super-
conductivity or ferrornagnetisrn?

We have summarized some of the available data and re-
sulting values of A' for narrow-band or heavy-fermion
materials in Table VII. There appear to be general trends
linking A with the occurrence of superconductivity or
ferromagnetism in the surveyed systems. First, nearly all
the superconductors listed exhibit values of A (2.0,
whereas the nonsuperconductors (including ferromagnets)
have %&2.0. Second, within a closely aihed group of
materials such as the U~ compounds, the MBe» materi-
als, or the transition elements Ir, Rh, Pt, and Pd, the value
of the superconducting T, inversely correlates with A.

However, a number of exceptions to the general trends
cited seem to occur in the cases of CeA13, CeCu6 U2Zn$7,
U6Mn, U6Ni, o,-U, and a-Ce. Most of these "anomalies"
can be accounted for. The a-Ce and a-U data were ob-
tained at high pressures (a-U data are extremely sensitive
to the stability of the charge-density-wave state at ambient
pressures ), and are therefore subject to substantial exper-
imental inaccuracies or extrapolations. The A value of
U2Zn&7 is subject to ambiguities involved in determining
the lattice specific heat by using data for the ThzZn&7 ana-
log. Such a procedure has been found to be quantita-
tively inadequate, for example, in the case of UPt. The
rather low A values for the (so-far) nonsuperconducting
compounds CeA13 and CeCu6 are more difficult to under-
stand. However, there is definite evidence that the
heavy-fermion superconductors can be extremely sensitive
to defects and strain. ' These two compounds may well
be excellent candidates for superconductivity if sufficient-
ly ideal samples can be made (Stewart ' has also speculat-
ed that, CeCu6 exhlblts a value of A g which 1s sufflc1ent-
ly low to suggest a superconducting ground state).

It is worth emphasizing that these correlations also ap-
pear to hold for the noble transition elements, a fact'
which has an important implication. The A ratio de-
duced for Pd suggests that this archtypical paramagnon
solid is a very poor candidate for superconductivity, as is

Pt to a lesser degree. This prognosis is consistent with the
most recent experimental results to ultralow tempera-
tures, but assumes that the pairing interactions relevant
to Pd are comparable to cases listed in Table VII.

The superconducting T, 's of the U~ compounds
roughly correlate with W and are consistent the general
trend that T, is rapidly suppressed near R -2. However,
the rather large value %=2.25 deduced for U6Mn and
U6Ni can also be viewed as anomalous in the context of
Table VII. The relatively modest magnitude of y* —100
mJ jmole K observed for these compounds suggests that
orbital paramagnetism may be competitive with the Pauli
contribution and that these two terms must be separated
in an analysis of magnetic enhancement effects on super-
conductivity. We know of no calculation which yields the
Van Vleck par am agnetisrn within a Fermi-liquid ap-
proach; it would be very useful to know the dependence of
this contribution on m*/m„ in analogy to Eq. (4). We
have not considered the traditional Van Vleck contribu-
tion of the form appropriate to a localized state of total
angular momentum J since the 5f states are probably
delocalized in the U~ compounds. If Xo can be neglected
compared to Xp, then U6Mn and U6Ni would appear to be
very strongly-exchange-enhanced superconductors, based
on Eq. (3) and the trends of Table VII.

%'e have attempted to gauge the reliability of the corre-
lation between A and the nature of the low-temperature
ground state of metals by examining a wider class of su-
perconductors which generally have values of y' much
less than the materials listed in Table VII. We have ex-
amined the "d-band" superconductors and related com-
pounds listed in Table VIII for two basic reasons. First,
these materials have y* values whose magnitude falls
roughly between the heavy-fermion compounds and sim-
ple metals such as Cu or Al, and include many high- T,
superconductors. Second, the bandwidths of many of the
materials of Table VIII are generally sufficiently small so
that large orbital contributions to 7 may be expected, but
not so small as to be dominated by the Pauli susceptibili-
ty. Therefore, these compounds provide a measure of the
potential "decorrelating effect" of nest explicitly separat-
ing out relatively sizeable 7o contributions to the 7 data.

Surprisingly, we have found that the A' correlation of
Table VII remains essentially intact over the significantly
broader class of materials represented in Table VIII. The
superconductors of Table VIII genera11y exhibit
A' =2.0+0.5, with few exceptions. Materials having
&& I.5 generally also have relatively high y* and T,
values. Notable exceptions to these trends (particularly
Nb3Sb!) have lower T, and y* values. This suggests that
orbital contributions to A become significant for materi-
als with y* & 10 mJ/K g-at. Nevertheless, within a series
of related compounds (viz. , Ti3Ir-Pt, V3Au-Pt, Nb30s-Sb)
the (anti)correlation of T, with M is remarkably well
obeyed.

There are two groups of materialS which do not appear
to simply obey the trends discussed above. The S 1 struc-
ture compounds are low-y*, high-T, materials with small
7 and y* values which would imply that core diamagne-
tism and orbital effects could strongly affect their mag-
netic behavior. %'e note that VN, which has been dis-
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TABLE VIII. Experimental values of the enhancement ratio of cubic, high- T, superconductors and their relatives.

Compounds

Ti3Ir
Ti3Pt
Ti3Au
V3Au
V3Pt
V3Pd
V3Rh
V3Ir
V3Si

V3Ga
Cr3Ir

Nb30s
Nb3Ir
Nb3Pt
Nb3Au
. Nb3Al
Nb3Sn
Nb3Sb
Mo3Ir
TiN
ZrN
VN

NbN
LaSn3
LaPb3
LaIn3
La3Tl
La3In

Structure

A 15
A 15
A 15
A 15
A 15
A 15
A 15
A 15
A 15
A 15
A 15
A 15
A 15
A 15
A 15
A 15
A 15
A 15
A 15
Bl
Bl
Bl
Bl
L12
L12
L12
L12
L12

x
(10 cm /mole)

0.604
0.564
0.428
1.34
0.868
0.764
0.584
0.532
1.54
1.80
1.04
0.424
0.348
0.524
0.656
0.768
0.982
0.36
0.368
0.038
0.022
0.144
0.024
0.26
0.012
0.34
0.48
0.48

'V

(mJ/mole K )

6.34
5.67
3.93

13.09
7.09
4.8
2.3
1.94

62.8
96.9

8.4
9.2
8.20

24.68
36.8
45.6
57.2
4.4
3.0
3.3
2.7
9.6
4.17

11.66
13.0
7.7

12.4
14.0

1.7
1.8
2.0
1.9
2.2
2.9
4.6
5.0
1.8
1.35
2.3
3.3
3.1

1.5
1.3
1.2
1.3
6.0
2.2
0.8
0.6
1.1
0.4
1.6
0.07
3.2
2.8
2.5

4.3
0.49

& 0.015
2.83
2.73
0.082

& 0.015
& 0.015
17.0
15.0
0.168
0.943
1.48

10.03
10.59
18.7
18.0
0.2
8.11
5.5

10.0
8.6

17.3
6.4
4.07
0.71
9.04
9.63

References

128 and 129
128 and 129
128 and 129
128 and 130
128 and 130
128
128
128 and 130
131 and 132
130 and 133
128
128 and 134
130 and 135
130 and 135
134 and 135
136
130 and 138
137 and 138
128
128
128
134
134
70 and 139—141
70 and 141
70 and 141
71
71

cussed as a possible spin-fluctuation compound, has a
somewhat higher y* and A & 1. V3Cxa has also been pro-
posed as a spin-fluctuation system, and the modest value
&=1.35 is still consistent with the upper critical-field
data which have been interpreted in terms of strong Pauli
limiting. ' The J 12 compounds also exhibit an irregu-
lar relationship between A and T, . Arguments have been
given for the presence of strong orbital contributions to g
in these materials '"' and this view may provide an ex-
planation of the data in Table VIII.

The W correlation proves to be remarkably general, en-
compassing a much broader class of materials, with much
less data manipulation, than has been previously recog-
nized. It seems particularly well suited to materials for
which y* & 10 mJ/K g-at. , presumably because the larger
effective mass and/or the relative size of the Pauli suscep-
tibility of these systems effectively suppresses the impar-
tance of orbital contributions to X. For example, Fermi-
surface measurements of CeSn3 and Pd (inlcuded in Table
VII) yield m* values ( &10m, ) which are much larger
than those of LaSn3 (included in Table VIII). Future
theories should attempt to identify the fundamental
reasons for the trends discussed here.

Our primary motivation for introducing the W correla-
tion was to assess the degree of exchange enhancement of
X in the U~ materials and its influence on T, . Our dis-
cussion indicates that U6Mn and U6Ni (for which y* & 10
m J/K g-at. ) have a rather high value A' —2.25 for

heavy-fermion superconductors, and this would seem to
indicate a significant exchange enhancement of 7 rather
than a large Xo.

D. Comparison to pairing models

Recent calculations ' ' have estimated the transition
temperature to a triplet-paired superconducting state for
U compounds. Landau theories ' have suggested that
U6Fe and several other heavy-fermion materials are triplet
superconductors with an isotropic, Balian-Werthamer
(He-3B) ground state. They also show that the exchange
enhancement W [as defined in Eq. (12)] cannot exceed
4—10, independent of the size of m*/m„consistent with
the analogous results for A & 6 listed in Table VII. Bedell
and Quader have pointed out that a strong suppression
of T, is expected to occur due to an intensified competi-
tion between the electron-phonon and paramagnon in-
teractions in situations where m* is somewhat smaller
than is the case for U6Fe (m*/m, -20). This effect
should be maximal for To (spin-ffuctuation temperature)
& OD (Debye temperature). Valls and Tesanovic place
To-40 K for U6Fe, where Bn —100 K. ' The decrease
of T, below 3 K, accompanied by an increase of W to
-2.2 and a simultaneous decrease of m*/m, may be
symptomatic of these effects occurring in U6Mn and
U6Ni.

The interplay between heavy-fermion quasiparticles ahd
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phonons needs to be clarified for several reasons. The
traditional models of BCS pairing rely upon the adiabatic
adjustment of the Fermi liquid to the motion of the crys-
tal lattice since the Fermi energy E~ &&k~OD. However,
one can have kg Tp & Ez & kz eD in the case of heavy-
fermion materials, whereupon Migdal's theorem is no
longer valid. " This can lead to important modifications
of the many-body correlations and associated physical
properties. For example, the influence of the electron-
phonon interaction on the spin susceptibility has been es-
timated to be of order P'k~OD!EF for k&OD &&EF.
Such questions must be reexamined in the case of U~
compounds where k&OD &Ez, and it is also possible that
8&&'&70.

There is also a need to investigate phonon as well as
paramagnon pairing mechanisms in heavy-fermion ma-
terials. Recent calculations based on the Anderson
model have been applied to explain the superconductivity
of CeCu2Siz in terms of a phonon mechanism. ' On
the other hand, triplet pairing mediated by paramagnons
has been favored by other authors. ' ' ' ' ' Experi-
mental evidence has been presented which favors triplet
pairing in UBe&3 (Refs. 73 and 81) and UPt3 (Refs. 79, 80,
and 82), but the analyses of these measurements are com-
plicated and controversial. Pals et al. have ob-
served Josephson oscillations in Nb point-contact junc-
tions with U6Fe, and argue that this constitutes strong
evidence against odd-parity pairing in this compound. It
is difficult to understand the superconductivity of U6Fe if
it is singlet . paired and strongly exchange
enhanced ' ' ' alternatively, it is puzzling that the
T, =3.8 K for U6Fe is so low considering the very large

value of y' observed for this material, ' especially if
W= l. Additional work will be necessary to understand
these materials. In particular, Tedrow et al. have ob-
tained an independent (but indirect) measurement of W
from spin-polarized tunneling experiments on Al; howev-
er, this technique has not yet been widely applied to non-
simple metals.

VII. SUMMARY

The U~ (X=Mn, Fe, Co, Ni) compounds are found
to have strongly-paramagnetic, weakly-temperature-
dependent susceptibilities X-4X10 cm /g-at. at low
temperatures, comparable to X(T =0)=7X10 cm /g-
at. observed for the highly-exchange-enhanced paramag-
net Pd. There is some preliminary evidence for signifi-
cant anisotropy of X for U6Fe, but single-crystal studies
will be necessary to confirm this.

All U~ samples measured exhibited a ferromagnetic
transition in the range 150& T(200 K. This anomaly
has been attributed to the presence of —10—100 ppm of
the sample U being present in a ferromagnetic impurity
phase (such as UzN3, UH3, or UFe2) which would be com-
mon to all samples studied, independent of the particular
X element involved. Evidence was also found for the
presence of UO phases in various samples, and some
sample degradation may have occurred in a few of our
U6Fe samples which were stored in room conditions over
periods of many months. U6Co samples were found to

have strongly-field-dependent susceptibilities at room
temperature.

Application of a paramag non model to the low-
temperature susceptibility data imply that all of the U~
compounds are strongly exchange enhanced with Stoner
factors 8&&&70. Large values of W are consistent
with theoretical models of the superconducting upper crit-
ical field, although other discrepancies between these
theories and experiment exist.

An empirical correlation has been established relating
the ratio A' [see Eq. (15)] to the low-temperature behavior
of a very broad class of metallic solids. (We note that
Meisner . et al. have recently discussed the low-
temperature properties of UBe~3, UPt3, U2PtCz, U6Fe,
and u-U in terms of a closely-related ratio, X/X„~,.) The
definition of A has the specific advantages of not requir-
ing a detailed knowledge of various contributions to the
total susceptibility or the electronic specific heat, and is
independent of the exact nature of band structure, the de-
gree of d- or f-state localization, and crystal field or
spin-orbit interaction effects. This correlation indicates
that superconducting metals can be found when A &2.0,
whereas ferromagnets generally exhibit values A) 2.0.
The correlation implies that "improved" samples of CeA13
and CeCu6 may yet be found to be superconducting, but
that Pd is a very poor candidate for superconductivity.
The values of A tabulated for a very broad class of ma-
terials are consistent with model predictions
which place an upper limit of &=4—10 in "Brinkman-
Rice" Fermi liquids.

The U~ compounds are found to be at the borderline
between ferromagnetism and superconductivity in that
they appear to be exchange-enhanced paramagnets with
values 1.4 & A & 2.25, although this conclusion relies
upon orbital paramagnetism being negligible. The de-
crease of T, in the sequence U6Fe-U6Co-U6Mn-U6Ni
correlates with a possible concomitant increase in W or
To, also consistent with recent Fermi-liquid models.
Further investigation of the roles of phonons and orbital
degrees of freedom in the magnetic and superconducting
behavior of heavy-fermion compounds is necessary to
clarify their physical properties.
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