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Observation of the Josephson effect between UBe13 and an s-wave superconductor
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Josephson critical current densitiesJc between UBe13 and ans-wave superconductor have been investigated
for UBe13-Cu-Nb and UBe13-Nb junctions. The result thatJc increases with decreasing temperatures belowTc

of UBe13, together with conventional Shapiro steps, indicates that we have observed the Josephson effect
related to the bulk superconductivity of UBe13, and not the so-called proximity-induced Josephson effect,
which was reported for the point contact between UBe13 and Ta.@S0163-1829~99!09929-4#
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Since the discovery of heavy-fermion superconductiv
in CeCu2Si2 and U-based systems, many studies have b
made to clarify whether the pairing state of heavy-ferm
superconductors~HFS! has a lower spatial symmetry than
conventionals-wave state. Among HFS, UBe13 is thought to
be unconventional, because the temperature dependen
various physical properties, such as specific heat,1 follows
power laws at low temperatures, suggesting a gap func
vanishing on the Fermi surface. In addition, a nonmonoto
decrease inTc in the thoriated system U12xThxBe13, to-
gether with an additional phase transition in a limited
concentration range, has received considerable interest i
cent years.2,3

The Josephson effect between UBe13 and a conventiona
superconductor has been investigated for a point contac
tween UBe13 and Ta by Hanet al.and a significant result ha
been reported.4 They explained the results in terms of
proximity-induced Josephson effect~PIJE!, in which Ta in-
duces ans-wave order parameter in UBe13 near the contac
and a Josephson coupling between the induced and the
superconducting state is observed. As the temperature is
creased, the critical current due to PIJE increases aboveTc of
UBe13, reaches a maximum atTc , and then decreases belo
Tc , indicating that the occurrence of the UBe13 order param-
eter suppresses thes-wave order parameter induced
UBe13. This negatives-wave proximity effect has been re
lated to the triplet order parameter of UBe13. However, the
interpretation in terms of PIJE has been questioned.5,6 Nei-
ther PIJE nor the conventional Josephson effect has b
observed in another investigation for point contacts betw
UBe13 and various superconductors.7 It will be useful to fab-
ricate another type of Josephson junction, for example
superconductor–normal-metal–superconductor (SN8)
junction in which two superconductors S and S8 are sepa-
rated by a normal metal N, and to investigate whether
Josephson effect exists or not. Recently, we have repo
that the SNS8 and SS8 junctions between HFS(CeCu2.2Si2 ,
UPd2Al3 , UPt3) and Nb also show the Josephson effect.8,9 In
PRB 600163-1829/99/60~5!/3076~4!/$15.00
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this paper, the distinct Josephson effect of UBe13-Cu-Nb
junctions (SNS8 junctions! and the UBe13-Nb junction (SS8
junction! is described and is compared with the previo
results for the point-contact junctions.

The polycrystalline sample of UBe13 was synthesized by
arc-melting U and Be in an argon-gas atmosphere. The c
cal temperatureTc determined in an ac susceptibility me
surement was 0.94 K, which indicates that the sample
‘‘ H-type’’ UBe13.3 A piece of the sample was cut to th
cubic shape with edges of about 3 mm to use as a subst
The surface was not polished in consideration of a report
Josephson effects have not been observed when polished
faces of HFS are used.10 Scanning electron microscope im
ages show that the sample has an undulating surface
about 10mm in height and several tens ofmm in length. The
sample surface was rf sputter etched by Ar ion and then
~normal metal!, SiO2 and Nb (s-wave superconductor! were
deposited by rf sputtering technique, as shown in Fig. 1. T
thicknessdN of Cu and the junction areaSare listed in Table
I. The SS8 junction was fabricated in the same way witho
the Cu layer. The current leads were attached to one en
the Nb strip and UBe13 and the voltage leads to the other e
of the Nb strip and UBe13. The electronic mean free pathl N
in Cu at 4.2 K was 0.6mm (dN510 mm) and 0.2mm (dN
50.8 mm), which was calculated from the resistivity of th
adjacent Cu strip deposited at the same time.

The dc voltage was measured using a superconduc
quantum interference device~SQUID! voltmeter which is

FIG. 1. Sample arrangement of UBe13-Cu-Nb junctions. The
UBe13-Nb junction has the similar structure without the Cu laye
3076 ©1999 The American Physical Society
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constructed with a series combination of a standard res
(2.49mV) and an inductance coupled to the SQUID. T
voltage resolution was about 10213 V. The sample was
cooled down to 30 mK using a dilution refrigerator. Th
magnetic field in the sample region was reduced to less
3 mOe by am-metal shield.

We show in Fig. 2 the typical properties of the Josephs
effect between UBe13 and Nb. A continuous rise in voltage i
observed in the current-voltage characteristics, as the cu
is increased from the critical valueI c . The I -V curve is
single valued and not hysteretic, which is typical to SN8
junctions.

If a magnetic field is applied to a uniform junction who
width normal to the field is smaller than the Josephson p
etration depthlJ, a Fraunhofer diffraction pattern should b
observed. In the present junctions, estimatedlJ becomes
smaller than the width of the junction whenI c exceeds
around 500mA. Although an interference pattern is seen
Fig. 2, I c oscillates with no definite period. This pattern su
gests that the junction is not uniform, that is, the local criti
supercurrent density fluctuates spatially. One of the reas
for this fluctuation may be the roughness of the sample
face described above.

We show in Fig. 3 the temperature dependence of crit
supercurrent densityJc , defined simply asJc5I c /S. The
critical supercurrent rises rapidly as the temperature is
duced, and is still increasing even at the largest current v
which can be flowed without heating the sample. TheJc
value becomes small when UBe13 and Nb are separated b
Cu. The Josephson current of the sample withdN510 mm
was too small to be observed in our experiment.

The Josephson current and the junction resistanceR at
about the critical temperatureTc of UBe13 are shown in Fig.
4. Below the critical temperature of Nb, the junction res

TABLE I. Properties of samples. The sample without thedN

value is the UBe13-Nb junction.

dN(mm) S(mm2) R0(mV) rb(nV cm2)

0.29 120 330
0.8 0.19 24 45
10 0.14 11 15

FIG. 2. Magnetic-field dependence ofI c suggesting that the
junction is not uniform. The solid line through the data points is
guide to the eye. Inset:I -V characteristic showing Josephson cri
cal current.
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tance R of the SS8junction consists of the resistance
UBe13 and the boundary resistance between UBe13 and Nb.
A sharp decrease due to the vanishment of the former on
observed atTc;0.94 K of UBe13. We define the junction
resistance just belowTc of UBe13 as the Josephson-junctio
resistanceR0, as listed in Table I. The boundary resistivi
defined asrb5(R02RCu)* S for SNS8 junctions andrb
5R0* S for SS8 junction, whereRCu is the calculated resis
tance of Cu, is also tabulated. As the temperature is lowe
measurable supercurrent appears and the Josephson c
current increases, as seen in Fig. 4. The result that the su
current is observed only below the superconducting tra
tion of UBe13 indicates that we have observed the Joseph
effect between the bulk UBe13 and Nb rather than the
proximity-induced Josephson effect~PIJE!.4

The possibility of PIJE is also ruled out from the Shap
steps, as shown in Fig. 5. The Shapiro steps were obse
by passing the ac current, in addition to the dc current,
rectly through the junction.11 When the ac current is supe
posed, rf interference increases, so that only two indist
steps can be observed. Sincehn/2e is 207 pV at a frequency
of 100 kHz, the observed steps are the conventional o
Fractional steps have not been observed within experime
accuracy thus far. On the contrary, a spacing of the m
Shapiro step is expected to behn/4e in the case of PIJE.6

FIG. 3. Temperature dependence ofJc for UBe13-Nb junction
and UBe13-Cu-Nb junction where the thicknessdN of Cu is 0.8mm.
In the case ofdN510 mm, Jc was not observed within experimen
tal accuracy. The solid line indicates a least-squares fit to the
using the theory in the text.

FIG. 4. Temperature dependence ofJc and junction resistanceR
at about the superconducting transition of UBe13.
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Since only conventional shapiro steps were observed in
point contact between UBe13 and Ta by Hanet al.,4 their
interpretation in terms of PIJE has been questioned.6

The result that PIJE did not appear in our investigat
may be attributed to the properties of an interface wh
depend on fabricating processes of the interface and a
the proximity effect remarkably. For example, Au shows t
Meissner effect due to the proximity effect in Au-clad N
wire, and not in two-layer systems such as Sn/Au, altho
the latter obviously has a smoother interface than
former.12 Since PIJE is smaller than the conventional Jose
son effect, an extremely clean interface which is not o
smooth but also without an alloy layer or intermetallic co
pound may be needed.

The result that the Josephson effect with conventio
Shapiro steps exists between UBe13 and Nb does not exclud
the possibility that UBe13 is a triplet superconductor, sinc
the ordinary pair tunneling of the Cooper pairs between t
let and singlet superconductors can occur due to the s
orbit coupling.13 In addition, the largestJc value which can
be measured is limited because of excessive heating, so
it is impossible to compareI cR0 products with the idea
value between conventional superconductors derived by A
begaokar and Baratoff.14 Considering also that anisotrop
Josephson effects cannot be observed in our investiga
because of using polycrystalline UBe13, we cannot derive
distinct information about the unconventional supercond
tivity of UBe13 from the present results.

Since the Josephson effect of a SNS8 junction between an
s-wave superconductor and an unconventional superc
ductor has not been investigated theoretically, we shall,
the moment, apply the theory concerned with the Joseph
effect between conventional superconductors. The crit
supercurrent of SNS8 junction where S and S8 are conven-
tional superconductors can be calculated by modifying t
of the SNS junction derived by Clarke,15 as given by

Jc5AuFuuF8u
1

jN
e2dN /jN, ~1!

whereA is a constant andjN is the coherence length in N
given by jN5(\vFl N/6pkBT)1/2;vF and l N being the Fermi
velocity and the electronic mean free path in N, respective
uFu and uF8u are the condensation amplitude at the SN a
S8N interface, respectively. Sufficiently lower thanTc8 ,

FIG. 5. Conventional Shapiro steps observed when ac cur
with a frequency of 100 kHz is superposed on dc current.
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where the critical temperatureTc of S is lower thanTc8 of
S8, uF8u can be treated as a constant andJc should vary as
uFuexp(2dN /jN)/jN or (uFSub/jS)exp(2dN /jN)/jN in
which uFSu and jS are the condensation amplitude deep
side S and the Ginzburg-Landau coherence length in S
spectively. The parameterb is often called the extrapolation
length, given by

b5~rN /rS!jN , ~2!

whererN andrS are the normal-state resistivity of the no
mal and superconducting sides, respectively.16 Since uFSu
andjS

21 are proportional to (12T/Tc)
1/2, Jc is expected to

vary with the temperature according to

Jc5A~12T/Tc!exp~2BdNAT!, ~3!

whereA andB are constants.
The solid line in Fig. 3 indicates a least-squares fit to

data for the SNS8 junction using Eq.~3!. Although the fit for
this junction is good, the parameterB;9.0 (mmAK)21 is
rather larger thanB;3.1 (mmAK)21 estimated from the
dirty limit expressionB5(6pkB /\vFl N)1/2 using l N calcu-
lated from the resistivity of the Cu film. This may sugge
that Eq.~3! is oversimplified in the case of the SNS8 junction
with a thin normal layer, since bothB values agree well in
the case of the SNS8 junction with a thick Cu layer (dN
.20 mm) in which the temperature dependence ofJc is de-
termined mostly by the exponential term.8 Nevertheless, if
we estimateJc in the case ofdN510 mm by applying Eq.~3!
with the A and B values obtained in the case ofdN
50.8 mm, Jc is still smaller than 1026 A/cm2 even at 30
mK, providing some explanation why the Josephson effec
the SNS8 junction with dN510 mm cannot be observed
within experimental accuracy.

It is still an open question whether the remarkable red
tion of the Josephson effect for SNS8 junctions as compared
with the SS8 junction or other SNS8 junctions of which
heavy-fermion superconductor is CeCu2Si2 , UPd2Al3 or
UPt3,8,9 relates to the unconventional superconductivity
UBe13, since there are a number of reasons for smallJc even
between conventional superconductors. It should be no
that the largerS;100mV cm of UBe13 as compared with
rN;0.3mV cm tends to reduceb in Eq. ~2! and suppresse
the Josephson effect.

In conclusion, we have investigated both dc and ac
sephson effects between UBe13 and Nb, and observed con
ventional Shapiro steps and the increase inJc with decreas-
ing temperatures belowTc of UBe13. These results indicate
that we have observed the Josephson effect related to
bulk superconductivity of UBe13, and not the proximity-
induced Josephson effect, which was reported for the p
contact between UBe13 and Ta.
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