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Nonlocal response in Hall-shaped superconductors is studied using the time-dependent Ginzburg-Landau
equations. Applying current in one pair of contacts leads to a voltage drop in another pair of contacts situated
at a distance much larger than the coherence length. This effect is a consequence of the long range correlations
in a one-dimensional vortex lattice squeezed in a narrow channel by screening currents. The discrete change in
the number of vortices in the channel with applied magnetic field leads to a nonlocal response which is a
nonmonotonous function of the magnetic field. For specific configurations of the Hall-shaped superconductor
we found a rectifying effect.
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In the last decade a number of hybrid
superconducting/magnetic1 or superconducting2–4 structures
were experimentally investigated which could be used, e.g.,
as rectifiers, vortex lenses, and pumps. Nonlocal effects as a
consequence of vortex interaction were observed in Corbino
disks5,6 and in superconducting strips.7 There is plenty of
theoretical work devoted to the study of the rectify effect in
superconducting structures. Various mechanisms leading to
rectification were studied. For example in Ref. 8 the superconductor with specially modulated thickness and in Ref. 9
the system with asymmetric channel walls were proposed for
controlled motion of the vortices 共magnetic flux兲; numerical
calculations were made for the ratchet effect produced by an
array of randomly distributed,10 and asymmetrically
shaped11,12 pinning centers. The net motion of one kind of
particle under the effect of an ac drive force is also possible
if there is a second kind of particle interacting with the first
one.13–15 Besides, the ratchet effect was experimentally observed in Josephson annular junction with no asymmetry in
space but with a time asymmetric ac signal.16
In our work we studied the response of a Hall-bar-shaped
superconductor to a dc current 共see Fig. 1兲 in the presence of
a perpendicular magnetic field. Recently, we found17 experimentally a nonlocal response in such a geometry with the
superconductor MoGe. Applying a current to one strip 共e.g.,
A to B兲 can lead to the appearance of a voltage in the other
superconducting strip 共e.g., between C and D兲. A similar
nonlocal effect has been observed previously in mesoscopic
semiconducting structures18,19 where it was a consequence of
the wave character of electrons. Here, the nonlocal effect is a
consequence of the current induced deformation of the quasione-dimensional vortex lattice.
Our geometry 共see Fig. 1兲 has the advantage that it allows
us to study differences in vortex entry/exit conditions arising
from the surface barrier effect. It is impossible to study this
by transport measurements in a local geometry because processes of vortex entry and vortex exit are simultaneously
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present in this case. In our nonlocal geometry we show below that the induced nonlocal voltage arises mainly due to
either vortex entry or vortex exit 共depending on the sign of
the applied current兲 via the sample edge in the remote lead
and it results in the rectification of the applied current. To our
knowledge this is the first time that rectification is found
through the surface barrier effect.
In our model the external current was applied along the
AB lead 共Fig. 1兲 and the nonlocal voltage Vnloc was measured
at the CD lead. The nonzero voltage observed along the CD
lead is the result of the interaction of the vortices with the
applied current in the strip AB and the interaction of the
vortices in strip CD with the vortices in the superconductor
AB through the vortices localized in the connecting strip. In
our calculations we used the time-dependent GinzburgLandau equations
u

冉

冊


+ i = 共ⵜ− iA兲2 + 共1 − 兩兩2兲 ,
t
⌬ = div兵Im关*共ⵜ− iA兲兴其,

共1a兲
共1b兲

In Eqs. 共1a兲 and 共1b兲 all the physical quantities 共order parameter  = 兩兩ei, vector potential A, and electrostatical poten-

FIG. 1. Schematic diagram of the Hall-shaped superconductor.
Arrows in the cross of lead CD show the direction of motion of
vortices penetrating the sample through points 5–8 共see text below兲.
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tial 兲 are measured in dimensionless units: The vector potential A and momentum of superconducting condensate
p = ⵜ  − A is scaled in units of ⌽0 / 共2兲 共where ⌽0 is the
quantum of magnetic flux兲, the order parameter is in units of
⌬0, and the coordinates are in units of the coherence length
共T兲. In these units the magnetic field is scaled by Hc2
and the current density by j0 = c⌽0 / 822. Time is scaled
in units of the Ginzburg-Landau relaxation time
GL = ប / 8kB兩Tc − T兩u, the electrostatic potential 共兲 is in
units of 0 = ប / 2eGL.
We neglected screening effects that allow us to neglect the
equation for the vector potential A = 共0 , −Hx , 0兲. This is allowed because in the experiment17 usually the size of the
system was much smaller than eff = 2 / d. In our numerical
calculations we took the width of all stripes equal to 10 and
the size of the structure in the x direction be 140 and 90 in
the y direction 共see Fig. 1兲. At the ends of the A-B lead we
used N-S boundary conditions 共in order to inject the current
into the superconductor兲. At the other boundaries we used
superconductor-vacuum boundary conditions. In the experiment the ends of the structure are connected by wide superconductors 关see Fig. 1共a兲 in Ref. 17兴. As a consequence vortices have the possibility to come and leave our sample from
the wide contacts. At high magnetic fields the vortex lattice
is softer in the wide superconductors and the local disturbance will decay within several intervortex distances.17 In
other words, if a vortex wants to leave the narrow sample
and enter the wide one it should be prohibited because of the
presence of plenty of vortices in the contacts which repel
them. To model both situations we considered two cases: 共i兲
“open ends” case and 共ii兲 “close ends” case. In the “open
ends” case we apply the variation of the critical temperature
in the end of the leads of the Hall-shaped superconductor
Tc共r兲 =

再

Tc0

r ⬎ 10,

Tc0r/10 0 ⬍ r ⬍ 10,

冎

where r is the distance from the lead’s ends. In the “close
ends” case there is no variation of the critical temperature. It
turned out that in contrast to the “close ends” case in the
“open ends” model the vortices may freely leave or enter the
sample if the number of vortices is far from the equilibrium
value for the given value of the magnetic field. It drastically
changes the response of the system on the applied current. In
Fig. 2 we presented local and nonlocal voltage response for
these two cases. For the “open ends” model the nonlocal
voltage response is almost symmetrical with respect to the
sign of the applied current 共at high magnetic fields兲 while for
“close ends” there is a pronounced rectify effect. We explain
that difference by the influence of the surface barrier. Indeed,
the magnetization curve for the “open ends” model exhibits
hysteresis only at low magnetic fields while for the “close
ends” model, the hysteresis exist in a much larger field region 共see Fig. 3兲. Vortex distribution for sweeping up and
sweeping down the magnetic field illustrates the effect of the
surface barrier 共Figs. 4 and 5兲. For the “open ends” model
共Fig. 4兲 the number of the vortices is almost the same for
increasing and decreasing the magnetic field while for the
“close ends” case 共Fig. 5兲 their number differs considerably.

FIG. 2. Magnetic field dependence of the nonlocal voltage 共CD兲
for different directions of the injected current 共j = 0.1j0兲 in the
A-B lead for cases of the “close ends” 共a兲 and “open ends” 共b兲
models. Notice that there are not only qualitative differences 共no
rectify effect for “open ends” model at large magnetic fields兲 but
also quantitative one—weaker nonlocal voltage for “close ends”
model. In the inset the dependence of the local voltage 共AB兲 on H is
shown 共for “open ends” model local voltage response is the same兲.
Vloc appears first at H ⯝ 0.16 because of vortex flow through the
corners 1–4 共see Fig. 1兲. Sharp increase in Vloc at H = 0.3 is connected with vortex flow along the whole A-B lead and at H = 0.56
with the transition of the A-B lead to the normal state.

Below we show in detail how the influence of the surface
barrier leads to the rectify effect. From now we restrict our
discussion to the Hall-shaped superconductor with “close
ends.”
When we apply the current along the AB lead it acts on
the vortices through the Lorentz force ⌽0关n ⫻ j兴 / c which
leads to a force directing the vortices to leave the lead. But
the vortices in the neighborhood will prevent that motion.
The vortices are prevented to leave the sample through the
edges because of the presence of a surface barrier 共see Refs.
20–23 for a discussion on the effect of the surface barrier on
the critical current兲. As a result, for currents less than the
critical one 共which actually depends on the number of
vortices and hence on the value of the magnetic field兲
the local and nonlocal voltage drop is equal to zero. In
Fig. 6 we present the vortex distribution at H = 0.2 and for
j = I / wd= 0.08 j 0 共w is the width and d is the thickness of the
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FIG. 3. Magnetization curves of the Hall-shaped superconductor
with “close” and “open” ends are obtained by sweeping the magnetic field up and down from H = 0 to H = Hc2. At H ⲏ 0.2Hc2 the
M共H兲 is almost reversible for “open ends” model.

superconducting leads兲 just below the critical value.
Throughout the paper we call I− the current which pushes the
vortices to the direction of the CD contact and I+ which pulls
the vortices in the opposite direction 共at the given direction
of the external magnetic field兲.
Comparison with Fig. 5 clearly shows that the current in
the AB lead indeed drives the vortex system in the CD lead
to the critical state. The larger the value of the injected current the further the vortex configuration in the CD lead from
equilibrium.
When the current in the AB lead exceeds some critical
value Ic 共which depends on the applied magnetic field兲 the
vortex/flux flow regime starts. Because of the presence of

FIG. 4. Vortex configurations for sweeping up 共a兲, sweeping
down 共b兲 magnetic field for the case of “open ends” model. There is
no injected current in the system.

FIG. 5. Vortex configurations for sweeping up 共a兲, sweeping
down 共b兲 magnetic field for the case of “close ends” model. There is
no injected current in the system.

corners in our geometry 共points 1–4 in Fig. 1兲 vortex flow
first occurs through such sharp corners where the surface
barrier is first suppressed 共the same is found when the corners are sharp on a length scale determined by 兲. With increasing applied current, vortices start to penetrate/leave the
sample in other points 共e.g., the sides of the sample兲 which
leads to a sharp increase in the local voltage. A similar behavior is found if we keep the value of the injected current
constant and change the magnetic field 关see the inset of Fig.
2共a兲兴.
A nonlocal voltage 共CD兲 appears at currents larger than
the critical one. In Fig. 2共a兲 we show the dependence of the
nonlocal voltage on the applied magnetic field at a fixed
value of the injected current j = I / wd= 0.1 j0. At currents just
above Ic共H兲 the nonlocal voltage Vnloc共t兲 ⫽ 0 with a timeaveraged 具Vnloc典 = 0. The vortices only tremble in the CD lead
as a consequence of the changing number of vortices in the
AB lead due to the entrance/exit of vortices in this lead. It is
necessary to increase further the injected current in order to
observe a nonzero 具Vnloc典. Our calculation shows that the
nonlocal voltage drop is always connected with the entrance/
exit of vortices through the corners of lead CD 共points 5–8 in
Fig. 1兲.
We should note that 具Vnloc典 depends on the direction of the
injected current. In Fig. 7 we present the time dependence of
Vnloc共t兲 at H = 0.5. Every peak in Fig. 7 corresponds to the
entrance or exit of vortices in the corners of the C-D stripe.
For 共+兲 direction of the current, a positive peak corresponds
to the entrance of vortices through points 6 and 8, and a
negative peak to the entrance of vortices through points 5
and 7. The latter process does not contribute to the timeaveraged 具Vnloc典 because it is compensated by the subsequent
motion of the vortices in the direction of the A-B lead. For
the 共−兲 direction of the current, positive peaks correspond to
the exit of vortices through points 5 and 7 and negative peaks
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FIG. 7. Time dependence of the nonlocal voltage for 共+兲 共a兲 and
共−兲 共b兲 directions of the injected current at H = 0.5.

FIG. 6. Vortex distribution in the Hall-shaped superconductor
with nonzero 共a兲,共c兲, and zero 共b兲 injected current. The value of the
current I± was taken just below the critical one. Vortex distribution
in 共b兲 case was found by starting from the initial condition  = 0
everywhere which models the field cooled condition.

to the exit of vortices through points 6 and 8. In the former
case, this process also does not give a contribution to 具Vnloc典
because the vortices were coming from the A-B lead. So only
the passage of the vortices through the cross in the C-D
stripe 共they should enter or exit via points 6 and 8—see Fig.
1兲 lead to a nonzero contribution to 具Vnloc典. This is connected
with the fact that the time-averaged voltage in the y direction
is proportional to the integrated displacement of the vortex in
the x direction. For vortices penetrating or leaving through
points 5 and 7 this displacement is equal to zero 共see Fig. 1兲.
From Fig. 7 it is clearly seen that vortices more easily enter
the C-D lead 关Fig. 7共a兲兴 than leave it 关number of peaks is
large for 共+兲 current than for 共−兲 one兴. This seems to be a
general property of the investigated system when one injects
current in the A-B lead and we connect this with the presence
of the surface barrier.
The nonlocal voltage 具Vnloc典 is also a quite nonmonotonous function with the applied magnetic field for a fixed
value of the applied current. As was discussed in Ref. 17 this
is connected with the small size and geometry of our system.
Changing the magnetic field crucially changes the number of
vortices and the vortex structure in our sample. For a large
system we can expect that the response of the vortex lattice
should gradually increase with growing H at low magnetic
fields and at H ⬃ Hc2 it approaches zero, as shown in Fig.
3共a兲 of Ref. 17. The reason is that when the vortex lattice is
close to a triangle one, with changing H only the lattice
parameter varies. But, in our system a change of H also leads

to a change of the arrangement of vortices. This influences
the vortex entry/exit process in the cross area. At different H
it becomes easier or harder to push共pull兲 vortices in共out兲 of
the C-D stripe and it also changes the “channels” via which
vortices enter/leave the sample. In Fig. 8 we show the vortex
structure and in Fig. 9 the nonlocal voltage response for two
values of the magnetic fields. For H = 0.52 vortices mainly
enter through the corners 6 and 8 and 具Vnloc典 is relatively
large. But at H = 0.56 the majority of the vortices enter
through the corners 5 and 6 and 具Vnloc典 is small because these
vortices do not contribute to the time-averaged nonlocal voltage.
This led us to believe that the surface barrier is responsible for the dependence of the nonlocal voltage on the di-

FIG. 8. Snapshot of the vortex distribution in a Hall-shaped
superconductor at H = 0.52 共a兲 and H = 0.56 共b兲. Applied current
共j = 0.1兲 with 共+兲 direction in A-B lead exceeds the critical value and
it leads to flux flow. At H = 0.56 part of the A-B lead is in the normal
state.
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FIG. 9. Time dependence of the nonlocal voltage for the vortex
structures of Fig. 8.

rection of the current. It is interesting to note that the local
voltage is direction independent 共see insert in Fig. 5兲. This
originates from the fact that the number of vortices in the
A-B stripe does not depend on the direction of the applied
current 共see Fig. 6兲.
In conclusion, the physical reason for the occurrence of
nonlocal effects in Hall-shaped mesoscopic superconductors
is the intervortex interaction. Besides due to the specific geometry of the system and the presence of the surface barrier
the nonlocal voltage response is nonmonotonous with a
changing magnetic field and it depends on the direction of
the applied current. This is mainly connected with the com-
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