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Nanosized superconducting constrictions
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Nanowires of lead between macroscopic electrodes are produced by means of a scanning tunneling micro-
scope. Magnetic fields may destroy the superconductivity in the electrodes, while the wire remains in the
superconducting state. The properties of the resulting microscopic Josephson junctions are investigated.
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It is well known that the magnetic field suppresses sup
conductivity in type-I materials only if the dimensions of th
sample are sufficently large compared to the cohere
length.1,2 Superconductivity survives in small systems.
number of experiments showed the enhancement of the c
cal field in thin films.3 Advances in nanotechnology hav
made it possible to study this effect in small metal
particles.4–6 A different realization can be achieved by a
plying a magnetic field above the bulk critical value to m
croscopic constrictions.7,8 Then, it can happen that the con
striction itself remains superconducting, while the electro
become normal9,10. This device allows us to probe superco
ductivity at small scales through transport measureme
Properties such as the critical current, and its dependenc
field and thickness, can be studied in detail.

When the shape of the constriction is highly irregular, t
critical current will be limited by its narrowest section
and/or the internal barriers which may exist within it. Th
system will behave as a Josephson junction of microsco
dimensions.

Narrow constrictions are generated by pressing a scan
tunneling microscope~STM! tip made of a metal which re
mains normal at low temperatures~Pt-Ir or Au! into a Pb
substrate. The substrate has an area of approximately 12

and a thickness of 0.5 mm. When the tip is first pressed
the substrate, it gets covered by lead atoms. Upon succe
raising and lowering of the tip, a lead bridge is formed b
tween the tip and the substrate. The aspect ratio of
bridge can be varied by changing the position of the tip i
controlled way and its size can be estimated from the ev
tion of the conductance during this process as detailed
Ref. 11. The advantage of working with normal tips is th
the magnetic field needs only to be applied to the subst
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and the constriction. A magnetic field of 2.6 kG~approxi-
mately five times the zero temperature critical field of lea!
at the surface of the sample was produced by a small per
nent magnet placed under the sample.

I -V characteristics for different constrictions are shown
Fig. 1, along with a sketch of the typical dimensions of t
device. The curves show clear signatures of the Joseph
effect, with and without the magnetic field.

The conductance at high voltages is determined by
shape of the constriction. It is given, approximately,
2e2/h times the number of channels which can be acomm
dated within the narrowest part. The number of channels
turn, goes as the cross section over an area of atomic dim
sions. Hence, the high voltage conductance gives a meas
ment of the cross section of the constriction.

At zero voltage, the Josephson effect shunts the cons
tion, leading to the observed peak in the conductivity. T
residual resistivity is due to scattering in the normal pa
outside the constriction. We also observe resonance
cesses at finite voltages, but below the expected value o
gap of the superconducting region. We interpret these
tures as arising from Andreev reflections at the weak link
should be noted that the system contains, at least, two no
metal-superconductor interfaces. Additional reflections th
are also to be expected.

Figure 2 shows the critical current versus normal st
conductance with and without a magnetic field. In the a
sence of an applied field, both quantities are proportion
This can be understood because the critical current of a c
striction measures the number of conducting channels wi
it.

A magnetic field above the bulk critical value reduces t
critical current. The effect is more pronounced in the wi
11 173 ©1998 The American Physical Society
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constrictions. In order to analyze this effect, we calculate
free energy of a cylindrical superconductor in the presenc
a field, which also supports a current. Let us assume tha
field is constant within the cylinder. This situation describ
cylinders much narrower than the penetration depthr
!l(T) well. The current carried by the condensate is p
portional to the gradient of the phase of the order parame
which we write asucueif. Then, the free energy, per un
length is

g5pr 2F S a1
\2

2m
u¹fu2D ucu21

b

2
ucu41

e2r 2

8mc2
H2ucu2G ,

~1!

wherea,b, andm follow the standard notation.1

FIG. 1. Top panel:I -V characteristics of Pb constrictions wit
and without an applied field. The inset shows a sketch of the
pected situation at the constriction. The applied field is five tim
the bulk critical field of lead. Middle panel: conductances for t
same constrictions as in the top part. Bottom panel: estimated
mensions of a typical constriction following the procedure of R
11.
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Minimizing with respect touc2u, we obtain

ucu25uc0u2S 12
~\2/2m!u¹fu21~r 2e2/8mc2!H2

uau D , ~2!

where c0
25a/b. In addition, a5(2e2/mc2)Hc

2(T)l2(T).
Hence,

ucu25uc0u2S 12
\2u¹fu2

2muau
2

e2h2

16 D , ~3!

wheree5r /l(T) and h5H/Hc(T). Finally, we relate¹f
to the current flowing along the cylinder. The critical curre
in the absence of a field, of a cylinder of radiusr is2 I c(T)
5Hc(T)r 2c/3A6l(T). In terms of f 5c/c0 , we can write

f 2512
h2e2

16
2

4

27

i 2

f 4
, ~4!

wherei 5I /I c .
Equation ~4! allows us to determine the critica

field of a cylinder with no current flowing:Hcyl(T)
54Hc(T)@l(T)/r #. This formula is valid forr ,l(T). For
sufficiently large values ofr , solutions with vortices thread
ing the cylinder are also possible.12,13

In the presence of a current, we obtain the critical field
first extractingh( f ,i ) from Eq. ~4! and then calculating the
value of f which maximizes h. In this way, we find
Hcyl(I ,T)5Hcyl(T)A12@ I /I c(T)#2/3. Analogously,

I c~H,T!5I c~T!F12S H

Hcyl~T! D
2G3/2

. ~5!

x-
s

i-
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FIG. 2. Values of the critical current, versus the high volta
conductance, for different constrictions. The applied magnetic fi
is five times the critical magnetic field of Pb. The inset shows in
logarithmic plot, the linear dependence ofI c on RN at low conduc-
tance.
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The transition to the normal state is discontinuous, as i
thin film.1 When the current reaches its critical value, t
superconducting order parameter in the constriction jump
zero.

As a function of the radius of the constriction, Eq.~5!
predicts that the critical current shows a maximum
r 2/l2(T)532H/5Hc(T). For H'5Hc , we haver>l. The
present calculations need to be modified because the
will not be homogeneous within the constriction. Note, ho
ever, that the maximum field compatible with supercond
tivity is not much larger than;Hc for a constriction with
r;l. Hence, the maximum inI c(r ) cannot be reached, if th
applied field is much larger thanHc . It is interesting to note
that in a cylinder of variable width, regions threaded by v
tices and regions with no vortices can coexist. As the sy
metry of the order parameter is different in each region
phase boundary should be generated, and the critical cu
will be suppressed.

The general trend ofI c as a function ofr is consistent
with the results shown in Fig. 2. In the presence of a fie
we find that I c}r 2 for narrow constrictionsr !l(T). For
wider constrictions,I c is strongly supressed by a field.

Finally, we have studied the dependence ofI c on tempera-
ture. The theory presented here predicts that the critical t
perature, in the presence of an applied field above the b
critical value, should depend on the radius of the const
tion. In Fig. 3~a! we have represented, for two different co
strictions, the temperature dependence of (dI/dV)V50Rn
21, which must go to zero as we approach the critical te
perature. We are aware that in some circumstances the e
of thermal fluctuations on the properties of the supercond
ing region can limit the significance of the critical temper
utre deduced from Fig. 3~a!. However, it is clear from Fig.
3~b! that the value of the critical current shows a mark
dependence on temperature consistent with the existenc
superconductivity in the region of the constriction. The f
dependence ofI c on T and r is

I c5
Hc~0!r 2c

3A6l~0!
A12~T/Tc!

2

11~T/Tc!
2

3F12
H2r 2

16Hc
2~0!l2~0!

11~T/Tc!
2

12~T/Tc!
2G 3/2

. ~6!

This expression predicts thatI c has a linear dependence o
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r 2 at low temperatures, and curves downward as the t
perature is increased, in agreement with Fig. 3~b!.

In conclusion, we presented devices in which to stu
superconductivity at small scales. In contrast to previo
work, our superconducting regions are strongly coupled to
environment, which greatly facilitates the measurement
transport properties. The results presented here are in ag
ment with the expected behavior for a narrow supercond
ing cylinder in an applied field, in particular, the dependen
of critical currents on width.
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FIG. 3. ~a! Plot of (dI/dV)V50RN21 vs T for two different
constrictions with estimated radius of 74 Å~circles! and 20 Å
~stars!. ~b! Critical current vs constriction high voltage conductan
at different temperatures. The lines have been drawn to guide
eye.
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