Downloaded from UvA-DARE, the institutional repository of the University of Amsterdam (UvA)
http://hdl.handle.net/11245/2.46680

File ID uvapub:46680
Filename 214370y.pdf
Version unknown

SOURCE (OR PART OF THE FOLLOWING SOURCE):

Type article

Title Bulk superconductivity in the heavy-fermion superconductor UPt3

Author(s) T.T.M. Palstra, K.H. Kes, J.A. Mydosh, A. de Visser, J.J.M. Franse, A.
Menovsky

Faculty UvA: Universiteitsbhibliotheek

Year 1984

FULL BIBLIOGRAPHIC DETAILS:
http://hdl.handle.net/11245/1.426866

Copyright

1t is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s) and/or
copyright holder(s), other than for strictly personal, individual use, unless the work is under an open content licence (like
Creative Commons).

UvA-DARE is a service provided by the library of the University of Amsterdam (http://dare.uva.nl)
(pagedate: 2014-11-27)


http://hdl.handle.net/11245/2.46680
http://hdl.handle.net/11245/1.426866
http://dare.uva.nl

RAPID COMMUNICATIONS
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Bulk superconductivity in the heavy-fermion superconductor UPt;

T. T. M. Palstra, P. H. Kes, and J. A. Mydosh
Kamerlingh Onnes Laboratorium der Rijks-Universiteit Leiden,
2300 RA Leiden, The Netherlands

A. de Visser, J. J. M. Franse, and A. Menovsky
Natuurkundig Laboratorium der Universiteit van Amsterdam,
1018 XE Amsterdam, The Netherlands
(Received 28 June 1984)

We have investigated the superconducting properties of UPt; by determining the Meissner effect via ac
and dc susceptibility and magnetization measurements. We found an upper and lower limit of the super-
conducting volume fraction of 80% and 30% with magnetization and flux expulsion experiments, respec-
tively. Thus, the superconductivity of UPt; is a bulk property.

Recently a new class of superconductors, the heavy-
fermion superconductor, has attracted a great deal of in-
terest. These superconductors are characterized by a high
effective mass of the pairing electrons, which can reach up
to 200 times the free-electron mass. This enhancement is
explained by a strong interaction of the conduction electrons
with the 4f or 5f electrons, that are located in a narrow
band at the Fermi level. This interaction results in a high
correlation of the electron system and causes the high effec-
tive mass. These systems have a high value of the specific-
heat coefficient v, which can be of order 1 J/molK?, and
they also have very large values for the initial slope of the
critical field B/, (T.) = — (dB.2/dT)|r-7,=~5-25 T/K. At
present a number of compounds have been shown to belong
to this class of superconductor, e.g., CeCusSi; (Ref. 1) and
UBes; (Ref. 2).

The compound UPt;, discussed in this article, was also
claimed to be a heavy-fermion superconductor.’ However,
in distinction to the above materials, UPt; exhibits strong
spin fluctuations and even local moments at higher tempera-
tures.>®* The superconductivity was deduced from the
behavior of the resistivity, ac susceptibility, and specific
heat. Nevertheless, the results of the first two methods can
be explained by the superconductivity of filamentary ex-
clusions of nonstochiometric UPt;. Furthermore, the
discontinuity in the specific heat at 7, was only 30% of the
value predicted by the BCS theory and the temperatures at-
tained in this experiment were not low enough to cover the
complete superconducting transition.

In this Rapid Communication we demonstrate bulk super-
conductivity by measuring the Meissner effect by means of
magnetization and dc susceptibility experiments. We have
studied a sample with a superconducting transition tempera-
ture 7,=490 mK and found that the superconducting
volume fraction in the Meissner state lies in-between 30%
and 80% at 350 mK. We have also measured the tempera-
ture dependence of the critical fields B,; and B,, and ob-
tained values for some of the parameters characterizing the
superconductmg state of this heavy-fermion superconduc-
tor.’

A polycrystalline UPt; sample was prepared by arc melting
the appropriate amounts of pure U and Pt in a titanium get-
tered atmosphere. After casting of the melt into a water-
cooled crucible, a cylindrical sample was obtained, with a di-
ameter of 4.8 mm and a length of 4.5 mm. Then it was an-
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nealed for 48 h at 900°C. Also a powdered sample was
made, which was annealed for 48 h at 800°C. Ultrapure Cd
(T.,=0.52 K) and Sn (7T,=3.72 K) cylinders of the same
dimensions served as reference samples.

All measurements were performed in a continuous cycling
He cryostat spanning temperatures from 0.3 to 10 K. The
coil system consisted of superconducting primary coils, each
having two secondary pick-up coils of copper wire. The
temperature was measured with a calibrated Ge resistor and
controlled within 1 mK by a PID temperature controller. A
magnetic field up to 1 T could be applied by means of a su-
perconducting magnet. The magnetoresistance of the Ge
resistor resulted in temperature deviations of at most 2 mK.

The ac susceptibility X,c was measured by means of a
standard mutual inductance technique, using a frequency of
10.9 Hz and a driving field of 0.05 mT. We measured the
dc susceptibility X4 by recording the induced voltage Vg of
the pick-up coils while ramping the magnetic field at a typi-
cal rate of 0.2 mT/s. The signals are calibrated by compar-
ing the results with those of the Cd and Sn reference sam-
ples. In order to avoid flux pinning effects, the sample was
heated above T, and cooled in zero field before ramping the
magnetic field. The magnetization can be obtained by nu-
merical or analog integration. Additionally the magnetiza-
tion was measured directly by means of a flux transformer
method, similar to that described by Andres and Wernick.”
Here the primary coil of 30 turns of superconducting NbTi
wire was wound directly on the UPt; cylinder.

In Fig. 1 we show a typical trace of the dc susceptibility of
the UPt; cylinder versus the magnetic field. This figure
clearly demonstrates a nearly total Meissner effect and also
shows that the virgin curve differs considerably from the
flux pinned state. Another method put forward to measure
the superconducting volume fraction® is to cool the sample
in a constant dc magnetic field through 7, and measure the
flux expulsion A®. The results are presented in Fig. 2 to-
gether with the virgin magnetization curve. Here, the initial
slopes at H =0 yield the superconducting volume fractions.
Figure 3 shows these fractions as obtained by both methods
plotted as a function of temperature. The two methods give
an upper and lower limit to the superconducting volume
fraction as will be discussed below.

In Fig. 4 we plot the magnetization of UPt; at 352 mK.
This curve was obtained by the flux transformer method.
The curve is rounded at B.; probably because of demagne-
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FIG. 1. dc susceptibility (normalized with respect to Cd and Sn)
vs magnetic field of UPt; at 353 mK (+=7/T,=0.73). The lower
curve is the virgin curve. For decreasing field the curve is a mirror
image with respect to the ordinate.

tizing effects. The anomaly at B., cannot be seen in this
plot because the Ginzburg-Landau parameter « is extremely
high and thus B.; is much larger than B,;. The dc suscepti-
bility and magnetization ascertained that B.;=2.2 mT at 353
mK and from the ac susceptibility we found that B.,,=0.6 T
at this temperature.’ From B.,/B.; = 2«?/Ink one calculates
that k = 20.

Figure 5 shows the temperature dependence of B, and
B.,. We have taken B.; as the field where Xg.=0, thus,
where M =M (H) has a maximum. We derived B, from
ac susceptibility measurements, where T.(B.;) was defined
as the 50% point of the superconducting transition. We
failed to observe the anomaly at B., in Xq.(H) and M (H).
This anomaly is in the order of (2«2)~! and because
k = 20, the anomaly is smaller than our experimental accu-
racy.

The superconducting transition of UPt; at 0.5 K in the
presence of spin fluctuations is evidenced from dc resistivi-
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FIG. 2. Magnetization vs magnetic field of UPt; obtained by the
two methods. Zero-field cooling denotes the virgin magnetization
curve. The curves denoted by ‘‘field cooling’ were drawn through
the data points (not shown) obtained by measuring the flux expul-
sion at constant magnetic field as a function of temperature. The
dashed lines represent the full Meissner effect (M = H) and the ini-
tial slope of the 332-mK curve.
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FIG. 3. Superconducting volume fraction of UPt; vs temperature
as obtained by the field cooling (X) and the zero-field cooling (O)
methods.

ty, ac susceptibility, and specific-heat experiments.>® The
observed high value of B/;=4.4 T/K, the enormous
specific-heat coefficient y =422 mJ/molK?, and a residual
resistivity of po=3x10"% Q m (Ref. 6) yield an effective
mass for the pairing electrons of m* = 180m, thereby classi-
fying this material as a heavy-fermion superconductor. This
analysis,’ similar to that for CeCu,Si,, ° assumes a spherical
Fermi surface and that UPt; is not a strong-coupling super-
conductor. Using the above values, a coherence length
£0=2.0x10"% m, a mean free path /=3.6x10"% m, and
the London penetration depth of A=3.6x10"7 m have
been calculated. The Ginzburg-Landau parameter is found
to be k=23 in agreement with the value obtained from the
critical fields. The remaining question is whether this
behavior represents a bulk property or if it arises from fila-
mentary and/or surface effects. So far, specific-heat mea-
surements could not exclude the latter possibility, because
the jump in the specific heat was only 30% of the value ex-
pected from BCS theory.

The method used to measure the Meissner effect of
CeCu,Si, by cooling in field® gives only a lower limit for the
superconducting volume fraction, because no correction can
be made for flux trapping processes, which seem to be of
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FIG. 4. Virgin magnetization curve and magnetization loop of
UPt; at 352 mK. A minor hysteresis loop determined by X, at 13
mT is also included.
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FIG. 5. Temperature dependence of the critical fields B,; (inset)
for a polycrystalline sample, and B,, for a single crystal along the a
axis. See also Ref. 5.

particular importance. It is well known that the supercon-
ducting transition propagates more quickly along the surface
than into the bulk.!® Furthermore, one can calculate that
any superconducting surface in a small magnetic field forms
an energy barrier impeding the passage of flux lines.!
Thus, when cooling the sample below T,, initially the sur-
face becomes superconducting, forming this energy barrier.
When the superconducting transition propagates farther into
the bulk, the flux lines should be expelled from the inner
part of the sample. However, if the pinning forces are
large, the flux lines will be trapped at the surface barrier.
Although the sample may be a good superconductor, it is
well possible that very little flux is expelled. These pinning
forces are especially large when the surface is oriented paral-
lel to the magnetic field,!? as was the case in the experi-
ments on the CeCu,Si, bars. The pinning forces can de-
crease by more than two orders of magnitude when the sur-
face is not parallel to the magnetic field and this explains
why the powdered samples will always show a more com-
plete expulsion of flux than cylinders oriented parallel to the
magnetic field.?

Besides the surface pinning, bulk pinning will also occur.
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Here, the flux lines are pinned at defects within the crystal
lattice. The hysteresis of the magnetization loop (see Fig.
4) shows the results of these enormous pinning effects.
Nevertheless, the expelled flux will still set a lower limit of
the superconducting volume fraction.

In order to avoid such difficulties with flux pinning, we
have cooled our samples below 7T, in zero field and subse-
quently measured X4 or M, while sweeping the magnetic
field. The initial slope of M vs H determines the supercon-
ducting volume fraction. However, in this experiment it is
impossible to discern normal regions embedded in super-
conducting regions. Thus, this method will set the upper
limit of the superconducting volume fraction. We think that
for UPt; it gives a more reliable estimate because of the
enormous pinning effects. ac susceptibility, which is also
limited by flux pinning, will only allow a poor estimate of
the superconducting volume fraction.

In addition, we have measured a UPt; powdered sample
which gave similar results as the cylinder. The supercon-
ducting volume fraction at 357 mK, obtained from dc sus-
ceptibility, was 80% for the cylinder and 50% for the
powder. This difference can be ascribed to a different tran-
sition temperature, T.(bulk)=0.50 K, T.(powder)=0.45
K, and a different transition width, A7T.(bulk)=0.10 K and
AT.(powder) > 0.10 K. These quantities, 7, and AT,
seem to be very dependent on the annealing or cold work-
ing procedures.’

We conclude from our measurements that the supercon-
ductivity of UPt; is a bulk property. The superconducting
behavior of UPt; seems to be dominated by the 5f electrons
of the U atoms. This can be inferred from the high effec-
tive mass of the pairing electrons. It has been argued?® that
the superconducting electron pairs would have a parallel
alignment (p wave) because the superconducting transition
occurs in the presence of spin fluctuations which favors a
parallel alignment. Further experimental investigations,
such as tunneling and Knight-shift measurements, and the
effect of nonmagnetic impurities, are needed to verify this
hypothesis.!?
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