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The temperature dependence of the upper critical magnetic field H,,(T) of the heavy-fermion
superconductor UBe;; was determined resistively. The magnitude of the initial slope of H,,(T),
~ 420 kOe/K, is the largest value ever reported for a bulk superconductor. The curve of H,; vs T
has an extremely unusual shape with a linear region that persists to very low temperatures. The
anomalous shape of H,,(T) cannot be accounted for by current theories of either conventional or

p-wave superconductivity.

PACS numbers: 74.70.Lp, 72.15.Eb, 72.15.Qm

Recently, Ott ef al.! observed bulk superconductivi-
ty in the compound UBe;; with properties similar to
those of CeCu,Si,? and UPt;.>* All three materials
appear to be examples of a small class of ‘‘heavy-
fermion” superconductors that are characterized by
low values of the superconducting transition tempera-
ture 7T, <1 K and large conduction electron effective
masses m*~ several hundred times the free-electron
mass m,, inferred from the normal-state electronic
specific-heat coefficient A\. The remarkable properties
of these heavy-fermion superconductors has led to the
speculation that they might exhibit p-wave supercon-
ductivity.>® The low-temperature T dependence of
the specific heat of UBe;;3’ and H,,(T)*® and ul-
trasonic attenuation® measurements on UPt; appear to
be consistent with, but do not constitute definitive
proofs of, this possibility.

In order to obtain more information about the na-
ture of superconductivity in heavy-fermion systems,
we have measured the electrical resistivity p of UBe;3
for 50 mK = T'=1 K in applied magnetic fields H up
to 175 kOe. The resistivity determined curve of H,,
vs T of UBe;3 has a very anomalous shape and an
enormous initial slope (— dH.y/dT)7, ~ 420 kOe/K,
the largest value ever observed for a bulk supercon-
ducting material. From an analysis of the H,, vs T
curve near 7, in terms of a conventional theory of
type-II superconductivity, we find that the magnitude
of the initial slope (—dH,y/dT)r, is consistent with

m*~300m, and the negative curvature of H,,(T)
near 7, can be explained by paramagnetic limiting.
However, we are unable to account for the linearity of
H_,(T) between 50 mK and 0.7 K in terms of this
same theory. Further theoretical work is necessary to
see if calculations of H.,(T) for p-wave superconduc-
tors can explain these data. We have also observed
strong negative magnetoresistance in the normal state
which suggests that a Kondo lattice description may be
appropriate for this system.

The bar-shaped single-crystal specimen of UBe;
used in this investigation was prepared in a manner
previously described.! Measurements of the electrical
resistance at 16 Hz were performed in a 3He-*He dilu-
tion refrigerator at the University of California at San
Diego for 7> 0.07 K by varying T in fixed H, applied
with a superconducting solenoid, up to 60 kOe. The
temperature was determined from a 100-Q Speer car-
bon resistance thermometer. On the basis of magne-
toresistance data for other Speer carbon resistors,® the
error in temperature for 0 < H =60 kOe and 0.3
K< T'=1.0 K was estimated to be <12 mK. Addi-
tional measurements for 0 << H < 5§ kOe were made in
a 3He refrigerator using the vapor pressure of *He as a
thermometer which is known to be relatively insensi-
tive to magnetic fields in this range.!® Electrical-
resistance measurements at 40 Hz with the sample in
the mixing chamber of a dilution refrigerator were
made at the Francis Bitter National Magnet Labora-
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tory, Massachusetts Institute of Technology, at fixed T
by sweeping H, produced by a Bitter solenoid, up to
175 kOe.!! The temperature was deduced from two
carbon resistance thermometers within the mixing
chamber and a correction for magnetoresistance was
made as described elsewhere.!!

Selected p vs T data, between 80 mK and 1 K in
various magnetic fields from 0 to 60 kOe, are shown in
Fig. 1. The superconducting transition curves shift to
lower temperature and broaden somewhat with in-
creasing magnetic field. Also evident in the p vs T
data of Fig. 1 is the large negative normal-state magne-
toresistance. This is illustrated in the inset of Fig. 1
where isotherms of p vs H between 0 and 60 kOe at
several temperatures between 0.85 and 1 K are
presented. Neither CeCu,Si,!?2 nor UPt;* displays
such a large negative magnetoresistance for compar-
able values of H.

The resistively determined H,,(T) data for UBe;;
are shown in Fig. 2 where the 50% points of the transi-
tions have been plotted. The horizontal or vertical
bars represent the widths defined from the 10% and
90% points of the transitions. Measurements at
current densities of 0.34 and 0.10 A/cm? with the ap-
plied field either parallel or perpendicular to the direc-
tion of the current gave essentially identical results.
Displayed in the inset of Fig. 2 are more detailed low-
field H,, vs T data where the temperature was inferred
from the vapor pressure of *He. The values of H,,(T)
at each field were obtained by averaging the data from
six separate sets of measurements, and the horizontal
lines represent the uncertainties that were estimated
from the scatter in the data. Within experimental er-
ror, the H,,(T) curve is linear between 0 and 4 kOe
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FIG. 1. Selected electrical resistivity p vs temperature
data for a single-crystal specimen of UBe;; in various applied
magnetic fields between 0 and 60 kOe. Shown in the inset
are p vs H isotherms between 0 and 60 kOe at 0.85, 0.90,
0.95, and 1.00 K. The lines are smooth curves that have
been drawn through the data points.
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with a slope (— dH,/ dT) 7 =420 +20 kOe/K. To our

knowledge, this initial slope is the highest value ever
observed for any three-dimensional bulk supercon-
ducting material. The previously reported value of 257
kOe/K for UBe;;! neglected the magnetoresistance of
the Allen-Bradley carbon resistance thermometer
which would reduce the initial slope from its actual
value.? The largest values previously reported for
(—dH,/dT) 7, are 230 and 63 kOe/K, respectively,

for the other two heavy-fermion superconductors
CeCu,Si, 2 (7,=0.6 K) and UPt;* (T.=0.54 K),
and —~ 70 kOe/K for the Chevrel phase compound
LaMogSeg '3 (T,= 11 K). Between 0.850 K and ~ 0.7
K, H.,(T) exhibits negative curvature, whereas below
~0.7 K, H,(T) becomes linear with a slope
(—dH,y/dT) =91 kOe/K with no indication of satura-
tion down to our low-temperature limit of 50 mK at
which H,;=90 kOe.

If we assume a conventional type of superconduc-
tivity for UBe,3, we can analyze the H,, vs T data ac-
cordingly.!* Because of the high value of the normal-
state p for UBe3, it is appropriate to use the dirty-limit
approximation!® for (— dH,,/dT) 7, Which, in units of

oersteds per kelvin, is given by (—dHc;/dT)Tc

100 T T T T T T T T T
L \l -
80 \I ]
60F \ -
= .\. ™ «—Slope =
o \ -91 kOe/K
= - 4+ - - -
= N \
a0t e - .
/'\l \
|, slopex \. ‘. i
-420k0e/K \ \
-
20 \-\ LY .
-
- . 1 1 1 1 IAJ r
i 0[.]844 0.848 0.852 0.856 \
0 1 1 1 1 1 1 1 1 3 1
0 0.2 0.4 0.6 0.8 1.0

TEMPERATURE (K)

FIG. 2. Upper critical magnetic field H., vs temperature T
for a single-crystal specimen of UBe;;. Shown in the inset
are H,, vs T data in the vicinity of the zero-field 7, of 0.857
K. The lines are a guide to the eye. Horizontal and vertical
bars indicate experimental uncertainties as discussed in the
text.
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= (4.41x10%)py, where p is measured right above T,
in Q@ cm and vy is in erg/cm® K2. Using the value
p=125 1 Q cm from this work and the previously re-
ported value y=1.1 J/mole-K2=2.36x10° ergs/cm?
-K? measured for a different sample,! we find
(—dH.»/dT) 7 =749 kOe/K, in order of magnitude
agreement with the value of 420 kOe/K determined
from the H,, vs T data.

The slope of the H,, vs T curve at T, can also be
used to estimate the zero-temperature orbital critical
field H} (0) via the weak-coupling formula!®

%5 (0) =0.6931(— dH,/dT) 71T,

which gives H} (0) ~ 250 kOe. This value of H} (0)
can then be used to estimate the coherence length at
T=0, &y, by means of the dirty-limit expression!®

5(0)=dy/4.54¢01, (1, << &), (1

where ®g=ch/2e=2.07x10"7 Oe cm? is the flux

quantum, and /; is the transport mean-free path. The

transport mean-free path in cm is given by the expres-
s 17

sion

le=(1.27x10%)/p(Z/Q)¥3, 2)

where p is in 1 cm, Z is the number of conduction
electrons per unit cell, and Q is the unit cell volume in
cm?. As a rough approximation, we assume that there
are three 5f “‘heavy electrons’’ contributed by each U
atom, yielding Z = 24 since there are eight UBe;; for-
mula units per unit cell. From the lattice parameter of
the UBe;; specimen used in this investigation,
a=10.254 A, we find Q =1.08x 102 cm?. We then
obtain /,=12.9 A from Eq. (2), and £&,=142 A from
Eq. (1). If this calculation of ¢, using the convention-
al theory of type-II superconductivity in the dirty limit
is valid, then UBe;; would not be expected to support
triplet superconductivity due to the strong destructive
effect of nonmagnetic scattering.
The coherence length can also be obtained from!®

§0=O.18fivp/kBTc‘ (3)

However, it is first necessary to estimate the Fermi
velocity vp=# kr/m* where kg is the Fermi wave vec-
tor. With the assumption of a spherical Fermi surface,
kp=(372Z/Q)3=8.69x 10" cm ~!and m*=#2k2v/
w2 (Z/Q)k§ =296m,, which gives vp=3.39x10°
cm/s. Equation (3) then yields the value £y=54 A,
which is in reasonable agreement with the value of 142
A inferred from (—dH,,/dT)r,, considering the ap-
proximations that we have made. This value of m* is
about 50% larger than the value given in Ref. 1 where
a different procedure for estimating Z was used. It is
interesting to note that with such a large electron mass
enhancement, there is no sizable 7?2 contribution to
the low-temperature electrical resistivity of UBejs.

Temperature dependences of p of 7" with n — 2 have
been reported for other heavy-fermion systems such as
CeCu,Si,, '® UPt;,%* and CeAl;."°

The paramagnetic limiting field in the absence of
spin-orbit scattering is given by H,o(0) =18.47, (kOe)
at T=0,% which for T,=0.857 K gives H,,(0)=15.8
kOe. However, the paramagnetic limiting field can be
increased by spin-orbit scattering which could explain
why H,,(0) exceeds H,((0) by a considerable amount.

The negative curvature of H,,(T) between ~ 0.7 and
0.850 K is consistent with the T dependence expected
if H.,(T) is determined by the paramagnetic limiting
field H, le.g., Hyc (T. — T)Y2 close to T, in the ab-
sence of spin-orbit scattering?']. To our knowledge,
this feature in H,,(T) has never been observed in any
other bulk superconducting material.

The H., vs T data were next compared to the theory
of Werthamer, Helfand, and Hohenberg.!* After
matching the observed initial slope, the linear varia-
tion of H,, with T for 30 kOe < H <90 kOe could
not be reproduced for any value of the spin-orbit
scattering parameter. Scaling H, (0) with the extrap-
olated normal-state values of p(7,H) to account for
the T and H dependence of p only increased the
discrepancy and produced a maximum in the calculat-
ed H,,(T) curve. It is possible that the inclusion of
the T and H dependence of other quantities, presently
assumed constant, would yield the observed behavior.
This analysis may be applicable to CeCu,Si, where a
maximum in H,,(T) has been observed.!?

The unusual H,, vs T curve of UBe;3, particularly
the enormous value of (—dH,,/dT)r, suggests the
possibility of an unconventional type of superconduc-
tivity, such as p-wave superconductivity, that is insens-
itive to an applied magnetic field. The decrease of the
slope (— dH,,/dT) for H > 20 kOe might then be due
to the degradation of the highly correlated state
responsible for the superconductivity when H > H,,
where Hj is a characteristic magnetic field. The sub-
stantial negative magnetoresistance displayed in the in-
set of Fig. 1 supports this conjecture. Within the con-
text of a Kondo lattice model for UBe,3, a value of the
order of magnitude of 10 kOe for H, would be in-
ferred from Hy—~ kgTy/mer with To—~2 K where
p(T) is maximum and m.s=3.08up from high-
temperature X(7T) data.?? Further theoretical work is
needed to see whether the H.,(7) data can be
described by a p-wave pairing model.??
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