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We present experimental results on the transport properties of a superconducting aluminum loop connected
to reservoirs. As function of the applied magnetic field, an unexpected behavior is found—a steep enhancement
�for temperatures close to the critical temperature� and a sharp drop �at lower temperatures� of the critical
current at some value of the magnetic field Ba

*�T�. These effects are a consequence of a sudden suppression of
superconductivity at Ba=Ba

* in the banks to which the loop is attached by the current leads. As a result, the
normal metal–superconductor boundaries appear at the ends of the current leads and the quasiparticle distri-
bution function f�E� in the superconductor deviates strongly from its equilibrium value. Calculations based on
the Usadel equations show that the critical current should be enhanced at high temperature �due to the
penetration of the normal current from the normal metal–superconductor boundaries�, whereas at low tempera-
tures, the suppression of the order parameter by the nonequilibrium f�E� dominates and the critical current
decreases. The latter provides a direct experimental verification of the recently proposed mechanism of the
destruction of superconductivity by an applied voltage �R. S. Keizer, M. G. Flokstra, J. Aarts, and T. M.
Klapwijk, Phys. Rev. Lett. 96, 147002 �2006��.
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I. INTRODUCTION

During the past decade, several works have been pub-
lished where it was shown that by applying a magnetic field
to the superconductor, one may restore or even induce
superconductivity.1–4 This effect is mainly connected with
the compensation of the intrinsic magnetic field in the mate-
rial. For example, in Ref. 1, the magnetic field of the mag-
netic dot is compensated by the external magnetic field,
while in Refs. 2 and 3, the external magnetic field orders the
magnetic impurities in the superconductor, which decreases
their depairing effect on superconductivity. In Ref. 4, the
external magnetic field compensates the effective exchange
field of the organic conductor and it leads to the nucleation
of superconductivity in the material.

In the present work, we study a physical system �a super-
conducting loop connected by current leads with bulk super-
conducting banks� where, even in the absence of an intrinsic
magnetic field, the external magnetic field may enhance the
superconducting properties of the system, in particular, its
critical current. Previously, it was shown that the magnetic
field can affect the superconducting properties via orbital and
Zeeman �paramagnetic� effects. Here, we present a different
mechanism where the conversion of part of the system �i.e.,
superconducting banks� influences the critical current in an-
other part of the system �i.e., superconducting loop�. In the
temperature interval close to the critical temperature, it leads
to a higher value of the critical current as compared to a loop
coupled to superconducting banks, whereas at lower tem-
peratures, it leads to an abrupt suppression of the critical
current when the banks become normal. The obtained results
can be explained by the nonequilibrium effects induced by
the voltage drop between the normal banks.

The paper is organized as follows. In Sec. II, we present
our experimental results. Sec. III gives our interpretation of
the experiment, which we support by theoretical calculations
that are based on a self-consistent solution of the Usadel
equations. Finally, in Sec. IV, we present a discussion of the
results, and in Sec. V, we make our final conclusions.

II. EXPERIMENT

Figure 1 shows a scanning electron microscope image of
our experimental system: a 45 nm thick Al superconducting
loop with current and voltage leads, used to investigate the
transport properties. The inner radius of the loop is 728 nm,
outer radius equals 958 nm, and left �right� voltage contact is
300 nm �250 nm� from the loop. The length of the current

FIG. 1. A scanning electron microscope image of the aluminum
loop with attached current and voltage electrodes.
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leads, with width 230 nm �the same as the width of the loop�,
is about 5 �m, and beyond that point, they become wider
and extend to 15 �m before they touch the bulk contacts �not
shown in the image�. The transport measurements we per-
formed in dc mode by sweeping a current from high negative
values, sufficient to drive the system to the normal state, up
to high positive values at a fixed value of the magnetic field
and temperature. Figure 2 shows the current-voltage �I-V�
curves of the loop measured at 0.982Tc at different applied
magnetic fields. The dotted line shows the normal state I-V
curve. Ic

− stands for the critical current at the normal state–
superconducting transition, whereas Ic

+ denotes the critical
current of the superconducting–normal state transition.

Our experimental results are summarized in Figs. 3�a� and
3�b�, where we show contour plots of the measured voltage
as a function of the applied magnetic field and current for
two temperatures, T=0.982Tc and T=0.962Tc, respectively
�Tc stands for the zero-field critical temperature�. The central
region �green� corresponds to the area where the voltage is
practically equal to zero �purely superconducting state�. For
low magnetic fields, both critical currents Ic

+ and Ic
− practi-

cally do not oscillate with applied magnetic field at both
temperatures shown. A sharp transition to the normal state at
I= Ic

+ is observed and, equivalently, from the normal to the
superconducting state at I= Ic

−. At temperatures very close to
Tc �i.e., T�0.995Tc�, oscillations of Ic

± as function of Ba are
observed, as were found earlier in Ref. 5. In the region close
to Tc, a smooth transition from superconducting to the super-
conducting resistive and, finally, to the normal state, and vice
versa, were observed for I� Ic

+�Ic
−�, similar to the findings of

Ref. 5.
At some magnetic field Ba

* �see Fig. 3�, there is a sudden
change in the behavior of Ic�Ba�. Both positive Ic

+ and nega-
tive Ic

− critical currents become larger than Ic
±�0� for tempera-

tures close to Tc. On the other hand, the current Ic
+ abruptly

drops and Ic
− increases at Ba=Ba

* for lower temperatures. At
the same time, oscillations in the critical current appears—
for high temperatures in both Ic

+ and Ic
−, and at low tempera-

tures only for negative current, when a transition from the
normal to the superconducting state occurs.

III. THEORY

The width of the current and voltage leads in our sample
is much smaller than the coherence length ��117 nm at zero
temperature� in the studied temperature range. It means that
the critical magnetic field of the leads Bc��0 /w��T� is
much larger than the critical field of the bulk superconduct-
ors Bc��0 /��T�2. A change in the behavior of our system
occurs when the superconducting banks are driven to the
normal state by the external magnetic field �at B=Ba

* in Fig.
3�. Actually, it is the only transition expected in our system at
the given values of the magnetic field. In order to verify that
this effect is indeed responsible for the experimental obser-
vations, we should compare the properties of our system in
two limits: when the banks are in the superconducting and
normal states.

Let us first consider the case that the banks are in the
superconducting state, which, according to our assumption,
occurs for magnetic fields B�Ba

* �see Fig. 3�. When we ap-
ply a current to our system, the maximal current density is
reached in the current leads. In the loop area, the current
density is half of the one in the superconducting leads be-
cause of the two different paths that the current can follow.
In the presence of an applied magnetic field, an additional
screening current appears in the loop and adds to the trans-
port current in one arm of the loop and subtracts from the
transport current in the other arm of the loop. Because we
did not observe any oscillations of the critical current as

FIG. 2. �Color online� Current-voltage characteristics of the su-
perconducting loop at different values of the magnetic field and T
=0.982Tc. The dotted curve corresponds to the normal state of our
system. At current Ic

−, the loop transits from the normal to the su-
perconducting state, and at I= Ic

+, from the superconducting to the
normal state.

FIG. 3. �Color online� Contour plot of the voltage drop V at the
loop as a function of the applied dc Ia and the magnetic field Ba

measured at �a� T=0.982Tc and �b� T=0.962Tc.
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function of the magnetic field �at B�Ba
*�, we can conclude

that the screening current in the loop does not influence the
transition of our system to the normal state.

Therefore, it is justified to assume that the transition of
the current leads to the normal state results simultaneously
in a transition of the loop to the normal state when the
reservoirs are superconducting. The critical current Ic

+ is
equal to the depairing current IGL�T��1.94�0S�1
−T /Tc�3/2 /�0�ne, where �n is the normal state resistivity and
S is the cross-section of the current lead. An estimation of
IGL at T=0.982Tc for the parameters of the loop of Fig. 1
gives us a value which is only 30% larger than found in the
experiment ��n�2.2	10−7 
 m�. Obviously, the current �Ic

−�
cannot be larger than IGL. The cause of the hysteresis in the
current-voltage �I-V� characteristics at low temperatures and
low magnetic fields �at B�Ba

*� is not clear and needs further
investigation.

The case when the banks are in the normal state is differ-
ent. At the place where the current leads are attached to the
banks, a normal metal–superconductor �N-S� boundary
forms and the normal current flowing from the normal re-
gions converts to superconducting current over a finite
length.6 The finite voltage drop between the normal banks
leads to a nonequilibrium quasiparticle distribution function
f�E ,x� in the superconductor and it affects the superconduct-
ing properties of our system.7,8 To quantify this, we studied
the superconducting loop with two attached superconducting
leads having N-S boundaries at their ends �see inset in Fig.
4� using the Usadel equations9 for the spatial dependence of
the normal ��E�=cos � and anomalous �E�=sin � quasi-
classical Green functions coupled to the Boltzmann equa-
tions for the distribution function f�E ,x�= �1− fL�E ,x�
− fT�E ,x�� /2,10–12

d2�

dx2 + �	2iE −
1

lE
2 
 − ����2 cos ��sin � + 2���cos � = 0,

�1a�

���N1
2 − R2

2� � fL� + 2N2R2 � � � fT −
N1

lE
2 �fL − fL

0� = 0,

�1b�

���N1
2 + N2

2� � fT� + 2N2R2 � � � fL −
N1

lE
2 	 fT − �

�fL
0

�E



− 2N2���fT = 0, �1c�

where fL�E� and fT�T� are so-called longitudinal and trans-
verse parts of f�E�, respectively.10 In Eqs. �1a�–�1c�, � is the
phase of the order parameter �= ���ei�, � is an electrostatic
potential, N1�E�+ iR1�E�=cos ��E�, N2�E�+ iR2�E�
=sin ��E�, and fL

0�E�=tanh�E /2T� is the odd part of the
equilibrium Fermi-Dirac distribution function of the quasi-
particles. The dimensionless length lE=�D�E /�0=LE /�0
=��E�0 /� defines the range over which the nonequilibrium
distribution of the quasiparticles can exist in the sample.
Here, D is a diffusion constant and �0 is a zero-temperature
value of the order parameter �0�1.76kBTc �in weak cou-
pling limit�. The characteristic relaxation time due to inelas-
tic electron-phonon collisions depends on the energy �E�E�.
For low temperature superconductors, it can be taken at the
Fermi energy EF because deviations from equilibrium occur
mainly for �E�� ± ����EF �the energy in Eqs. �1a�–�1c� is
counted from the Fermi level�. In this energy interval, �E
varies slowly for T�Tc �see, for example, Figs. 1 and 2 in
Ref. 13�.

In Eqs. �1a�–�1c�, the order parameter � and energy are
scaled by the �0, and distance is in units of the zero-
temperature coherence length �0=��D /�0. The current is
scaled in units of j0=�0 /�0�ne and the electrostatic potential
is in units of �0=�0 /e ��n is the normal state resistivity and
e is the electric charge�.

The order parameter distribution is determined by the
Ginzburg-Landau equation11

a1
d2�

dx2 + 	1 −
T

Tc
− a2���2 + �1 + i�2
� = 0, �2�

with a1�0.69, a2�0.33, and the additional terms �1
=0

�R2�fL− fL
0�dE / ��� and �2=0

�N2fTdE / ��� �for details, see
Ref. 8�.

The current and electrostatic potential in the system can
be found from the following equations:

j = 2a1���2 � � + �
0

�

��N1
2 + N2

2� � fT

+ 2N2R2�fL − fL
0� � ��dE , �3a�

� = �
0

�

N1fTdE . �3b�

As boundary conditions for Eqs. �1� and �2�, we used the
following relations:

��ends� = ��ends� = 0, �4a�

FIG. 4. �Color online� Current-voltage characteristics of our
model system at different temperatures, obtained in the voltage-
driven regime �Ba=0�. The curves stop at the points where our
model system transits to the normal state. Arrows on two of the
curves indicate the values of the negative �Ic

−� and positive Ic
+ critical

currents measured in our experiment. The current is normalized to
the Ginzburg-Landau depairing current IGL�T�.
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fL�ends� =
1

2
	tanh�E + V�ends�

1.14T/Tc
� + tanh�E − V�ends�

1.14T/Tc
�
 ,

�4b�

fT�ends� =
1

2
	tanh�E + V�ends�

1.14T/Tc
� − tanh�E − V�ends�

1.14T/Tc
�
 ,

�4c�

which model a direct electrical contact of our system to the
normal banks for an applied voltage ±V at the ends.

The coupled nonlinear differential equations �1a�–�1c�
and �2� are solved numerically using the finite difference
technique �for details of numerical procedure, see Ref. 8�.
For our numerical calculations, the following parameters
were used: Llead=50�0, R=8�0 �which are close to the param-
eters of our experimental sample with �0�117 nm�, and lE
=32 �we used a twice smaller value than the typical one for
aluminum,14 LE=�D�E�7 �m; see arguments below�. We
used a one-dimensional model and neglected the nonzero
width of the leads and of the loop, as they are much smaller
than ��T� in the temperature range of interest.

In Fig. 4, we show the calculated I-V characteristics at
different temperatures in the absence of an applied magnetic
field.15 In contrast to Fig. 2, the theoretical curves were ob-
tained in the voltage-driven regime and we plotted curves
only at positive voltages �currents�. Note that for negative
voltages, we have I�−V�=−I�V�. It is important to mention
here that in the experiment, superconducting leads were used
to measure the voltage. Consequently, the electrochemical
potential of the superconducting electrons is measured,
which is different from the electrostatic potential.6 When the
order parameter in the loop is nonzero, the experimentally
measured potential difference is zero although there can be a
finite voltage drop in the loop �see Fig. 5�. In Fig. 4, all
points on the I-V characteristics meet this condition. There-
fore, in the experiment with superconducting voltage leads,
we measure zero voltage for Ic

−� I� Ic
+, and the arrows in

Fig. 4 indicate the points which are identified as the experi-
mentally observable critical currents in the negative and
positive directions. Only when the order parameter is equal
to zero in the loop �at I� Ic

− and at I� Ic
+� do the supercon-

ducting voltage leads measure the electrostatic potential,
which in the experiment is observed as a sharp jump at the
critical currents.

We may distinguish two temperature ranges: the range of
high temperatures, where current Ic

+= �Ic
−�, and the range of

low temperatures, where Ic
+� �Ic

−�. The latter case should ex-
hibit hysteresis in the current-driven regime. In different
temperature ranges, different relaxation mechanisms for the
nonequilibrium carriers will dominate, leading to differences
in the I-V characteristics.

In Fig. 6�a�, we show the dependence of the potential
�1=0

�R2�fL− fL
0�dE / ���, which describes the suppression of

��� by the nonequilibrium fL at different temperatures. Due
to the presence of the coupling term 2N2R2��� fT in Eq.
�1b�, a fast relaxation of fL occurs at the N-S boundaries8 on
the scale of the coherence length. In Fig. 6�a�, this corre-
sponds to a fast decay of �1 at the ends of our system. At
low temperature, the coherence length is short, and this de-
cay will not be strong. As a result, the relaxation of fL mainly
occurs due to the finite time �E, and the characteristic decay
length is LE �leading to a much longer decay of �1; see Fig.
6�a��. Because the length of the leads Llead is comparable to
LE, the relaxation is not complete and the voltage induced
potential �1 suppresses the order parameter both in the leads
and in the loop. This, in turn, leads to a decrease of the
critical current of our system below the depairing current.7

Experimentally, this is observed as an abrupt drop in Ic
+ at

T=0.962Tc when the N-S boundaries form at magnetic field
Ba

* �at this moment, the potential �1 appears abruptly in our
system�. The suppression of the order parameter leads to the
S-shape behavior of the I-V characteristic �see Fig. 4� that
could be found in experiment when one uses normal voltage
leads.

FIG. 5. �Color online� Distribution of the order parameter �solid
symbols� and the electrostatic potential �open symbols� along our
model system �at T=0.98Tc� for two voltages which roughly corre-
spond to I� Ic

+ and I� Ic
−. In both cases, the superconducting volt-

age leads near the loop will measure zero voltage although there is
a voltage drop near the loop.

FIG. 6. �Color online� Distribution of the �a� potential �1, nor-
mal current, and �b� order parameter along our system for relatively
low �T=0.92Tc� and high �T=0.99Tc� temperatures.
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For high temperatures, due to the fast increase of the co-
herence length, the additional decay of fL�E� at the N-S
boundary becomes essential �see Fig. 6�a��. This additional
mechanism effectively relaxes the nonequilibrium fL, and the
potential �1 is mainly nonzero only near the N-S boundaries
�where it even may change the sign and, hence, enhance the
superconducting properties�. Therefore, the suppression of
the order parameter in the loop due to deviations of fL from
equilibrium is effectively weakened in the high temperature
regime.

However, at high temperature, another effect becomes im-
portant, which is connected with the nonequilibrium distri-
bution function. Because fT is nonzero in the superconductor,
a normal current In�0

��N1
2+N2

2�� fTdE can exist in the su-
perconductor �see Fig. 6�b��. Its penetration occurs on a
length scale somewhere in between ��T� and LE �if LE
���T��. The reason is that the part of the normal current that
is converted to a superconducting one near N-S boundaries
via Andreev reflection occurs over a length scale ��T� �for
quasiparticles with energies less than ����, and the other part
of the normal current is converted via inelastic relaxation of
the nonequilibrium quasiparticles having a length scale LE
�for quasiparticles with energies larger than ����, see Eq.
�1c�.

Because ��T� increases with temperature, the normal
component of the current penetrates further in our system.
Since the total current is equal to the sum of the supercon-
ducting Is and the normal In current, a higher current has to
be applied in order to satisfy the condition Ic

+= Is� IGL in our
system. At low temperature, the normal current in the loop
and leads is small �except for regions near the N-S bound-
aries; see Fig. 6�b�� and it has a small effect on the critical
current. On the contrary, at high temperature, the normal
current penetrates far into the superconductor and the critical
current Ic

+ of the N-S-N structure may exceed the depairing
value IGL. In the experiment, this has been observed as an
abrupt increase of Ic

± at T=0.982Tc when the N-S boundaries
form at the ends of the current leads and the normal current
appears abruptly in the loop.

The appearance of hysteresis and the oscillating behavior
of Ic

−�Ba� at low temperature �Ic
+ does not oscillate up to a

magnetic filed much larger than Ba
*� are also accounted for by

our model. Indeed, with decreasing temperature, the differ-
ence in critical currents increases �see Fig. 4�. At high volt-
ages �I� Ic

−�, superconductivity survives only in the loop, but
it is strongly suppressed by the voltage induced nonequilib-
rium quasiparticles �see Fig. 5�. In this case, the effect of the
screening currents becomes important and, as a result, the
I-V characteristics become dependent on the applied mag-
netic flux for currents close to Ic

− �see Fig. 7�. However, for
current I= Ic

+, the order parameter in the loop is practically
not suppressed �see Fig. 5� and the effect of the screening
currents is negligible �see Fig. 7�. At high temperatures, the
order parameter is strongly suppressed in the loop not only at
I� Ic

− but at I� Ic
+ too. It provides strong dependence of both

currents Ic
± on the applied magnetic field at high temperatures

�see Fig. 7�.
When the critical field of the leads and the loop is ap-

proached �Bc��0 /�w�, the order parameter becomes
strongly suppressed in the system. The same occurs when
temperature is increased. Therefore, we expect that, qualita-
tively, the I-V characteristics depend on Ba in the same way
as on temperature, except for oscillations related with the
screening current in the loop. In Fig. 8, we present our the-
oretical results which confirm that idea.16 With increasing
magnetic field, hysteresis becomes weaker and, at some
value, the I-V characteristics become reversible in the
current-driven regime, as was also found in the experiment
�see Fig. 3�b��.

IV. DISCUSSION

In our calculations, we used lE=32 which is almost twice
smaller than the typical value for aluminum,14 lE

Al�60. If we
use the latter value, we obtain qualitatively the same results
as in Fig. 4, but at a temperature closer to Tc. This discrep-
ancy between theory and experiment can be attributed to the
presence of voltage leads in our system. Their width is the

FIG. 7. �Color online� Current-voltage characteristics of our
model system at zero and half magnetic flux quantum through the
loop. At high temperature, both currents Ic

± vary with magnetic field,
while at low temperature, only the current Ic

− changes.

FIG. 8. �Color online� Current-voltage characteristics of our
model system at different magnetic fields at T=0.95Tc. There is a
gradual decrease of the hysteresis in the current-driven regime with
increasing magnetic field �compare with Fig. 4�. Dashed lines mark
the voltage interval where there is no stationary superconducting
state in the current leads.
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same as the linewidth of the loop and the current leads �see
Fig. 1�, and they serve as an effective drain for the relaxation
of f�E ,x�. In addition, the order parameter is larger in the
voltage leads and, thus, enhances the order parameter in the
loop. Furthermore, in our calculations, Llead=50�0�6 �m
has been used as the length of the current leads. The real
length is larger because the current leads become wider at
about 5 �m from the loop and extend to 15 �m before they
reach the bulk superconductor. It is clear that in the wide
lead �even being in the normal state�, an additional relaxation
of the nonequilibrium fL should occur. All the above factors
will shift the temperature at which the critical current be-
comes smaller than the depairing current to lower values.
Besides, they increase the region wherein superconductivity
exists in the loop to larger voltages and also increase the
current �Ic

−�, which is compared to the one found in our model
system.

We should note that a similar enhancement of the critical
current by applied magnetic field was recently observed in
zinc nanowires.18 Similar to our work, this occurs when the
magnetic field suppresses superconductivity in bulk super-
conductors. In contrast to our findings, the current enhance-
ment was observed even at T�0.5Tc and it becomes weaker
when approaching Tc. We explain this difference by the pres-
ence of bulk superconductors �Sn, In, and Pb� having much
shorter decay length LE than for zinc. The samples were
made by mechanically squeezing high-purity superconduct-
ing Pb �Sn, In� wires on both sides of the polycarbonate
membrane, forming a Pb/ZNWs/Pb structure.18 The method
of preparation makes it possible to add another supercon-
ducting material at the end of the zinc nanowires that could
provide an effective relaxation of f�E ,x� and suppress the
effect of the applied voltage. The authors of Ref. 18 noticed
that the observed current enhancement is weaker for a bulk
material with a stronger electron-phonon interaction �thus,
shorter LE�, in agreement with our assumption.

Our experimental results at low temperature �T
=0.962Tc� support the idea of Keizer et al.7 about the sup-
pression of the superconductivity by an applied voltage. In
Ref. 7, it was theoretically found that in a superconductor

with N-S boundaries, the critical current �current at which
the superconductivity vanishes in the sample� can be smaller
than the depairing current. The origin of the effect is the
same as in our case: the normal current creates the voltage
drop between the normal banks and it strongly modifies the
quasiparticle distribution function. In the experiment, we can
suppress superconductivity in the banks and weakly affect
the order parameter in the superconducting leads. As a result,
we can directly compare the critical currents of our system
with superconducting banks �when the critical current is
equal to the depairing current� and with normal banks �when
critical current is smaller than IGL at low temperatures�.

V. CONCLUSIONS

In conclusion, we studied both experimentally and theo-
retically the transport properties of a superconducting loop
connected by superconducting leads to bulk superconducting
reservoirs. We found that when a sufficiently large magnetic
field is applied, the superconducting reservoirs turn to the
normal state and the response of our system drastically
changes. The critical current of the system increases to val-
ues larger than Ic at zero magnetic field �at temperatures
close to Tc� and suppresses Ic at lower temperatures. The last
effect is explained by the strong influence of the nonequilib-
rium quasiparticle distribution function �induced by the volt-
age drop in the normal region� on the value of the order
parameter. We expect that the observed phenomena should
be most pronounced for loops with superconducting leads
with a length smaller or comparable to the decay length of
f�E ,x�.
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