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Upper critical magnetic field of the heavy-fermion superconductor UPt;
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The longitudinal and transverse upper critical magnetic fields Hc'{ and Hclz as a function of temperature T
of a single-crystal specimen of the heavy-fermion superconductor UPt; were measured resistively with the
current flowing along the hexagonal ¢ axis. The slope of the linear part of the Hc'{ (T) curve near the su-
perconducting transition temperature 7, =0.52 K equals 63 kOe/K, from which a zero-temperature super-
conducting coherence length £y~ 120 A can be inferred. An analysis using previously reported specific-
heat data yields an effective mass —~ 200 times the free-electron mass and a value of ¢35~ 170 A. The
electrical resistivity between T, and 8 K varies as 7" with n =1.6 £0.1.

The heavy-fermion superconductors CeCu,Si; (Ref. 1)
and UBe;3 (Ref. 2) have attracted a great deal of attention
because of their remarkable normal- and superconducting-
state properties. Valence fluctuation or Kondo lattice types
of anomalies®* occur in the normal-state properties of both
materials. The magnetic susceptibility, which displays local
moment behavior at high temperature, approaches a con-
stant value as T — 0 K, indicating that the ground state is
nonmagnetic.>® In particular, both compounds have enor-
mous values of the electronic specific-heat coefficient y of
~1 J/gatomK? from which effective masses —~ 200m,,
where m, is the mass of a free electron, have been estimat-
ed.?” The superconducting-state properties are character-
ized by low values of the superconducting transition tem-
perature 7. < 1 K,"? as well as relatively large values of the
upper critical magnetic field H., and its initial slope at T,
(—dch/dT)Tc.7'8 Another compound Ug¢Fe has unusual
properties® that may place it somewhere in a continuum
between heavy-fermion and conventional superconductivity.

The compound UPt; has recently been reported to exhibit
bulk superconductivity with a 7. of 0.54 K.!1° There are cer-
tain similarities between the properties of UPt; and those of
the heavy-fermion superconductors CeCu;Si, and UBe;3, as
well as some differences. One of these differences is in the
temperature dependence of the electrical resistivity p. For
UPt3, p increases monotonically with increasing temperature
with substantial negative curvature,!® while for both
CeCu,Si; (Ref. 5) and UBei3,? p first increases, passes
through a maximum at a few K, and then decreases with in-
creasing temperature. A more significant difference may be
the presence of spin fluctuations in UPt;, the existence of
which has been inferred from the temperature dependences
of the magnetic susceptibility!"!2 and low-temperature
specific heat.!®1? Reports of a maximum in the magnetic
susceptibility near 19 K (Ref. 12) and a temperature depen-
dence of the electrical resistance near T, that is close to T2
(Ref. 10) are consistent with this possibility. In addition,
recent low-temperature specific-heat measurements in the
normal state reveal a large electronic y7 term with
vy =450 mJ/gatom K? and a contribution that has been attri-
buted to spin fluctuations'®> 15 of the form T3In(T/T),
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where T is the spin fluctuation temperature.!® In this pa-
per we report resistive measurements of the longitudinal
and transverse upper critical magnetic fields H.} and H3 as
a function of temperature of a single-crystal specimen of
UPt; with the current flowing in the direction of the hexag-
onal c axis.

The single-crystal specimen of UPt; used in this investiga-
tion was prepared in a manner previously described.!® A
SHe-*He dilution refrigerator was employed to attain tem-
peratures as low as 80 mK which were determined from a
100-Q Speer carbon resistance thermometer that was cali-
brated against the magnetic susceptibility of cerium mag-
nesium nitrate. The ac electrical resistance R was measured
by means of a four-lead technique at 16 Hz on a needle-
shaped UPt; specimen with the current flowing along the
hexagonal c axis. The current density was ~2 A/cm?. A
superconducting solenoid was used to produce magnetic
fields as high as 20 kOe which were applied parallel or per-
pendicular to the current direction in separate experiments.
The T, in zero and applied magnetic fields was defined as
the temperature at which R decreased to one-half of its
value extrapolated from the normal state.

Shown in Fig. 1 are R vs T data in zero magnetic field
below 8 K. The resistance is still changing with temperature
all the way down to T, and can be described by the expres-
sion R=Ry+AT" with Ro=0.16 mQ, 4 =0.25 mQ/K",
and n=1.6 £0.1 for 0.54 K= T =<8 K. The resistance ra-
tio RR =R (296 K)/R(1 K) =150 indicates that the UPt;
crystal is of high quality. Because of the somewhat irregular
shape of the faceted UPt; crystal, its geometrical factor
could not be determined with high accuracy. However,
within an error of about 40%, the electrical resistivity at 1 K
is equal to 1.1 uQ cm. Representative resistive supercon-
ducting transition data for longitudinal magnetic fields rang-
ing from zero to 15 kOe are displayed in the inset of Fig. 1.
The transition temperature was defined as the midpoint of
the total change in the resistance. The width of the transi-
tions defined from the 10% and 90% points increases from
22 mK for H =0 to 90 mK for H =16 kOe.

The longitudinal and transverse critical magnetic fields
H./} and H5 as a function of temperature are shown in Fig.
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FIG. 1. Electrical resistance R vs temperature of UPt; in zero ap-
plied magnetic field. The solid line represents a fit of the equation
R =R+ AT" with parameters Ry, 4, and n that are given in the
text. Shown in the inset are resistive superconducting transition
data in magnetic fields H of 0, 5, 10, and 15 kOe with H parallel to
the current /.

2. Systematic errors in the temperature due to the magne-
toresistance of the carbon thermometer'® are estimated to
be =15 mK for all fields. The reduction of the transverse
upper critical magnetic field H,, by the demagnetizing field
is estimated to be — 0.1%, assuming that the shape of the
UPt; sample can be approximated as a long circular cylinder
for which the transverse demagnetizing factor is 27 and us-
ing the basal-plane magnetic susceptibility data given in Ref.
12. Near T,, both H.} and H3 exhibit positive curvature as
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FIG. 2. Upper critical field vs temperature data for UPt; with ap-
plied field H parallel or perpendicular to the current /.

a function of T which is considerably more pronounced for
Hp. Some of this curvature may be due to the field depen-
dence of the transition width. Large anisotropy such as that
displayed by H.,(T) has also been observed in the dc mag-
netic susceptibility.!?

Disregarding the positive curvature near T., the linear
portion of the H,, vs T curve has a slope (—dH .o
dT)Tc= 63 kOe/K which can be used to estimate the super-

conducting coherence length at T=0 K, &, First, the
zero-temperature orbital critical magnetic field H.5(0) can
be determined from the weak-coupling formula!’

H%(0)=0.693[(—dH./dT) 1 1T, , (6))]

which gives H.5(0) ~22.7 kOe for T.=0.52 K. This value
can then be used to calculate ¢, by means of the expres-
sion!®

D,

H5(0)=
5(0) E]

, @

where ®¢=ch/2e =2.07x10"7 Oecm? is the flux quantum.
The calculation gives &= 120 A.

The paramagnetic limiting field at 7 =0 K, H,o, in the ab-
sence of spin-orbit scattering is given by the relation!® 2

Hyo(0) = 18.4T.(kOe) , €))

which for T.=0.52 K yields H,0=9.57 kOe. Presumably,
spin-orbit scattering is responsible for the fact that H,,(0)
exceeds H,o by nearly a factor of 2.

The coherence length can also be obtained from the equa-
tion!®

Evr

P @

£0=0.18

However, it is first necessary to estimate the Fermi velocity
vr of UPt; which can be done in the following way. As-
suming a spherical Fermi surface, the Fermi wave vector kf
can be calculated from

3n?Z "
kr=[—7;)—] , (5)

where Z is the number of electrons per unit cell and Q the
unit cell volume. As a rough approximation, we assume
that the heavy electrons are contributed by trivalent U
atoms so that Z =6 since there are two UPt; formula units
per unit cell. From the hexagonal lattice parameters
a=5.764 A and ¢ =4.899 & for the UPt; specimen we in-
vestigated, we find Q@ =1.41x10"22cm?>. We then obtain
kr=1.08x103cm™! from Eq. (5). The effective mass m*
can be deduced from the relation
* i 2k1‘2')’
"z ©

which gives m*=187m,, where m, is the free-electron mass.
By means of the result

vp=h'kp/m* (7)

we find vy=6.67%10° cms~'. Equation (4) then yields the
value £9=176 ,&, which is in reasonable agreement with the
value inferred from H,.,;, considering the approximations
that we have made.

A different method for estimating kr starting from the



RAPID COMMUNICATIONS

30 UPPER CRITICAL MAGNETIC FIELD OF THE HEAVY- . .. 1585

measured initial slope of H,,(T) given in Ref. 7 results in
kr=9.5%x10" cm ™!, 88% of the value found above. This in-
dicates that our assumption of three heavy electrons per U
atom used in our determination of kr is reasonable.

The upper critical magnetic field measurements reported
herein reveal that there is substantial anisotropy in H.,(7T)
and positive curvature near T, which is considerably more
pronounced in H3 than in H./}. Considerably less positive
curvature in H.(T) near T. has been observed for
CeCu,Si,,” and none at all for UBey;.8 The origin of the
positive curvature in H.,(T) near T, in UPt; is not present-

ly understood. Analysis of the H., vs T data yields an esti-
mate for &y of ~— 120 A. Within the approximations that we
have made, this value is consistent with an effective mass
for UPt; of ~— 200m,.
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