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We report the first comprehensive measurements of the lower critical field, H.,, for both orientations
Hlla axis and Hllc axis, of the heavy-electron superconductor UPt;. An accurate signature for H,, is ob-
tained in a LC oscillator whose resonance frequency changes on flux entry into the superconductor. The
H,, values obtained with this technique indicate a “kink” for Hlla axis only. With this same technique
we also measure the upper critical field, Hc,. The results obtained are compared with predictions from
recent theories of H., and H., in anisotropic superconductors.

PACS numbers: 74.30.Gn, 74.60.Ec, 74.70.Tx

Considerable recent interest has been generated by the
observation of two jumps in the specific heat of the
heavy-electron superconductor UPts.! The origin of the
two jumps is suggested to arise from a perturbation that
lifts the degeneracy in the transition temperatures of a
multicomponent order parameter.2* Another manifes-
tation of this splitting of the phase transition is the
“kink” in the upper critical field, H,,, for Hllbasal plane.
This feature suspected in earlier measurements®~’ is well
resolved in more recent measurements on purer sam-
ples.® Based on this picture, Hess, Tokuyasu, and Sauls
have recently predicted that a kink should be observed in
the lower critical field, H.,, for all orientations of the
field.? Furthermore, it is suggested that the observation
of all three features, two jumps in the specific heat, a
kink in H,, for Hllbasal plane, and a kink in H,, for all
orientations of the field, in the same set of samples would
constitute unambiguous proof for unconventional super-
conductivity in UPt;. The first two features have been
observed recently in samples of UPt; grown in an ultra-
high-vacuum furnace by Taillefer and co-workers.®° In
this Letter we report the observation of the second two
features on high-quality single crystals grown with a
float-zone-refined technique. '°

Two flat rectangular samples— sample 1 oriented with
the ¢ axis in the plane of the sample and sample 2 orient-
ed with the basal plane parallel to the plane of the
crystal—were used in the present work. These samples
were loosely coupled to the inductance of two separate
LC circuits whose resonance frequency could be mea-
sured to better than a part in 107. The dimensions of
both the samples were 3x2x%0.2 mm?> and both the
external dc field and the rf field in the inductor were
parallel to the flat face of the crystals. This geometry
ensures that the demagnetizing effects are negligible.
The resonant circuit was driven by a tunnel diode and its
frequency, f, was measured at constant temperature with
the magnetic field H being stepped in small increments.

A change in the resonant frequency of an LC oscillator

can arise by a change in either the inductance or the
resistance of the sample coupling to the LC circuit, and
is given by the expression'!

af . _dL
f 2L
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where L is the total inductance (empty coil plus sample),
R is the effective resistance, and Q is the quality factor.
For our coils with the sample included at low tempera-
tures the quality factor is about 100. The second term,
therefore, can largely be neglected and we are mostly
sensitive to inductive changes. A change in the induc-
tance can be introduced by a changing penetration depth
in the sample.!? Another way the inductance of the
sample can change is by the nucleation of vortices on the
application of an external magnetic field. Thus, sweep-
ing the field at constant temperature should result in a
steep decrease in f on flux entry at H;,. As more and
more flux lines are created, the inductance continues to
increase until H,, at which point the frequency f stops
decreasing. Thus, one would expect a change in the
slope, df/dH, as a function of magnetic field at H.,. It is
possible that this change in slope is further accentuated
by the resistance increase at H.,.

In Fig. 1. we show the results we obtained at 0.15 K
for both samples, sample 1 with the magnetic field along
the ¢ axis and sample 2 with the field along the a axis.
For the c-axis experiment the rf magnetic field, A, was
oriented perpendicular to the dc field, H, with the plane
of the sample being held parallel to both # and H. The
upper part of Fig. 1 shows the data obtained for this
geometry. There is a sharp change in frequency at low
fields where the first vortex is nucleated (we concentrate
on this low-field region later—see below), a monotonic
decrease in the resonance frequency in higher fields, and
a change in slope at the upper critical field. The lower
part of Fig. 1 shows the data obtained on sample 2 with
the rf field parallel to the external dc field. The low-field
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FIG. 1. The resonant frequency of the two circuits with
sample 1 and sample 2 (see text) as the magnetic field was
stepped in small increments. For the data in the upper part of
the figure (Hllc axis) the rf coil was oriented perpendicular to
the dc magnetic field. In this case there is a clear change in
slope at H.,. For Hlla axis, however, the ac field was parallel
to the dc field. No signature was observed in this geometry
near the field where H,, as determined resistively was expected.

behavior is similar to that of sample 1. However, we do
not observe any feature for fields near H., for this
geometry. This difference in behavior between the two
geometries can be understood by the following argu-
ments.

The rf field applied in these experiments is very small
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FIG. 2. The upper critical field for both the orientations,
Hllc axis and Hlla axis. The data for Hllc axis were obtained
by the inductive technique from measurements of the type
shown in Fig. 1. For Hlla axis, the data were obtained resis-
tively. The lines used to determine the temperatures 7.+, T, -,
and Ty given in Table I are also shown.

and is approximately 2x10 "8 T. A field of this magni-
tude corresponds to about 10 vortices being pushed in
and out of the sample at the rf frequency near H., for
the geometry with AIlH. This is an insignificant fraction
to cause either an inductive change or a shift in the reso-
nance frequency due to dissipation in the circuit. On the
other hand, a perpendicular rf field creates an oscillation
of the entire flux lattice which causes an appreciable dis-
sipation near H,, resulting in an added frequency shift.
We also note that for neither of these geometries do we
observe any feature in these measurements near 0.6H.,
corresponding to a possible vortex transition which has
been reported recently both in longitudinal-ultrasound '3
and in torsional-oscillator experiments.'* The vortex
transition is not observed with transverse ultrasound as
well. !> Transverse sound, analogous to the present set of
measurements, primarily involves the creation of elec-
tromagnetic currents without density changes within the
sample.

Since sample 2 did not show any feature near H., we

TABLE I. Parameters obtained from experiment and theory.

Experiment
H. (—) H,\ (=) He, He,
T,+ T,- Tw T, H! (+) H! (+) (T/K) (T/K)
(mK) (mK) (mK) (mK) (c axis) (a axis) (c axis) (a axis)
55010 5125 448 +20 370 £ 40 ~1.0 3.7%£0.5 8.15 4.60
Theory
H! (—) H{{(—)
b2 X H. (+) H! (+)
B K123 (c axis) (a axis)
0.12%+0.04 2.3 1.3 1.5
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performed a resistive measurement using an LR-400
resistance bridge as in our earlier work.” In Fig. 2 we
show the resistive H,, for Hlla axis along with those
determined inductively for Hllc axis. Several features of
this figure are noteworthy. There is a change in the
slope dH.,/dT for Hlla axis which produces a kink at the
temperature Tx. The ratio of the slopes below and
above Ty is 1.52. This ratio is somewhat larger than
that obtained in earlier experiments.” In Fig. 2 we also
identify two other temperatures, 7.+ and T,-. The ex-
perimental values of these various quantities are summa-
rized in Table I.

In Fig. 3 we show the low-field behavior of the mea-
sured frequency for both samples. The behavior is
characterized by an initial flat response corresponding to
the Meissner region of a type-II superconductor and a
clear decrease in the resonance frequency beyond a criti-
cal field for flux entry into the superconductor. To ob-
tain values for the critical field we performed the follow-
ing statistical analysis on the data. A tentative value for
the lower critical field H,, was identified and a horizontal
line fitted to all points at field values less than 0.8H,,.
Next, a linear fit was obtained for all points beyond
1.2H., and the two straight lines were joined smoothly
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FIG. 3. The low-field behavior for the two orientations at
three different temperatures indicated in the figure. H., is
defined as the point of departure of the resonant frequency
from the initial horizontal line as the external magnetic field is
stepped up.

by a polynomial fit. The final value of H., was chosen as
the point on the fit 3 standard deviations away from the
initial horizontal line. The values of H,, obtained this
way including the error bars resulting from the statistical
fit are shown in Fig. 4. It is clear that our ability to
identify the flux-entry field in this technique depends on
the extent of deviation of the measured frequency from
an initial horizontal line. This deviation was somewhat
stronger for sample 2 than for sample 1. As seen in Fig.
4 there is a kink in H,, for Hlla axis at the temperature
which we label as T,+. For the other orientation, Hllic
axis, within the limits of our data no such feature is ob-
served.

Using the experimental results presented above we can
arrive at a number of fundamental parameters relevant
to anisotropic superconductivity in UPt;. According to
the theory of Hess, Tokuyasu, and Sauls, the two physi-
cal transition temperatures, 7.+ and 7T,+, and the extra-
polated value T,- yield the dimensionless ratio of two
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FIG. 4. The lower critical fields for the two orientations
determined from the raw data of the type shown in Fig. 3. For
Hlla axis there is a kink in H., at the temperature 7T, s. The
solid and the dotted lines represent two of the various possible
ways of selecting the points for a two-straight-line fit. The
value of T,+ mentioned in Table I is the average of these two
fits. It is also possible to fit a smooth curve through the experi-
mental points without producing a kink. Such a smoothed be-
havior would be expected in the presence of spin-orbit and im-
purity scattering (Ref. 16). We also note that the values for
the lower critical field are consistent with dc magnetization
measurements in polycrystals of UPt; (Ref. 17).
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Ginzburg-Landau parameters, f,/B;:

2 B (T,++T.-)

These parameters also decide the ratio of the heat-
capacity jumps at the upper and lower superconducting
transitions. Using the experimental values for 7,+, T,
and T, - shown in Table I we find the ratio 8,/8; =0.12.
This is in good agreement with estimates for this ratio
obtained from the experimental heat-capacity jumps of
Fisher et al.! The other experimentally obtained parame-
ter Ty determines the dimensionless ratio of two other
Ginzburg-Landau parameters, x;/x23:

T _Tc‘\/Kl—Tc+ K‘lz (3)
" K1~ K123 '

With these two ratios of the Ginzburg-Landau param-
eters having been determined it is possible to predict the
slopes of the lower critical field curves for the a and ¢
axes of the crystal [Egs. (4) and (5), respectivelyl:

H‘(l(—) B 3 K1

it RSP PRFRE.CHY | JE A , 4
H! (+) [l Bi ] [4 K123 ] @
H: (—) B2 K1 K23 | 1
=l a2 FRLIESIE ) 5
H; (+) [1+ B J [4K123 4x 2] 2

The predicted ratio for Hlla axis is 1.5 and for Hllc axis
is 1.3. Experimentally we find a much larger value for
the ratio of the slopes below and above 7.« for H along
the a axis (see Table I). On the other hand, the small-
ness of the predicted ratio for A along the ¢ axis could be
consistent with the fact that experimentally we are un-
able to observe any feature.

In conclusion, we have reported a comprehensive set of
measurements for H., and H,, in the heavy-electron su-
perconductor UPt;. Along with a kink in H,, for Hlla
axis we also find a kink in H,, at the second supercon-
ducting transition. This is in general agreement with the
predictions from recent theories of the double supercon-
ducting transition in UPt;. However, there appear to be
quantitative discrepancies. This plus several other
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features of H., and H,, in unconventional superconduc-
tors are worthy of further experimental investigation.
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