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We introduce a type of vortex entry edge barrier which controls the critical current in a perpendicular
magnetic field in thin-film weak-pinning superconducting strips. Measurements of the critical current in thin-
film amorphous-MoGe strips show a linear decrease with increasing magnetic field strength at low magnetic
fields, and a crossover at a well-defined threshold field to an inverse power-law decay that is independent of the
strip width. This behavior has not been observed previously due to bulk pinning, which only becomes domi-
nant in our MoGe samples at high magnetic fields. To describe our results, we present calculations of the
current distribution in thin superconducting strips with a finite penetration depth and negligible bulk pinning,
and show that the measured critical currents in our MoGe samples correspond to a current density at the strip
edge which approaches the Ginzburg-Landau depairing limit. Shape variations and defects along the strip
edges influence the vortex entry conditions, leading to deviations from the ideal behavior, including offsets in
the critical current maximum with respect to zero field.
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Sample edges play an important role in the dynamics of
vortices in superconductors. In addition to intervortex forces
and bulk pinning at defect sites, which limit vortex flow in
uniform superconductors, interactions with the edges of a
superconductor can significantly affect vortex transport in
finite size superconducting structures and thin-film devices.
The vortex screening current distribution is distorted near a
surface so that the boundary condition of no normal current
flow at the surface is satisfied. This distortion creates a sur-
face barrier, first considered by Bean and Livingston,1 and
delays the entry of vortices until a magnetic field strength
which can be much greater than the lower critical field Hc1
when vortex nucleation in the bulk first becomes energeti-
cally favorable. Another type of vortex entry barrier can oc-
cur in superconductors with a large demagnetizing factor,
such as thin platelet crystals in a perpendicular magnetic
field. The associated strong curvature of the field lines at the
sample edges results in a broad distribution of the screening
currents across the entire top and bottom surfaces of the
sample. If the sample is thicker than the penetration depth,
then the curved field lines can cause the entry of tilted vortex
segments at the sample corners. As the segments penetrate
further into the superconductor, the length of the segment
increases initially, leading to an energetic barrier against vor-
tex entry. These so-called geometrical barriers have been
studied extensively, particularly in wide, thick samples of the
type-II superconductors.2–4
In this paper, we consider a different regime for which the

sample thickness is much less than the penetration depth so
that the vortices behave essentially as 2D objects. In this
thin-film limit, the vortices cannot cut across the sample cor-
ners, but the large demagnetizing factor again leads to a
broad current distribution across the strip width, while the

vortices still interact with the sample edge via a Bean-
Livingston surface barrier mechanism. This hybrid effect,
which we call an edge barrier, is particularly important for
understanding vortex phenomena in microfabricated thin-
film devices, including flux-flow noise processes in super-
conducting quantum interference device,5 vortex transport in
weak-pinning channels,6–8 and the realization of asymmetric
vortex ratchet devices.9 To investigate the effect of the edge
barrier on the dynamics of vortices, we have measured the
magnetic field dependence of the critical current of patterned
thin-film amorphous MoGe strips. The weak bulk pinning of
this material ensures that the critical current is dominated by
the vortex interactions with the strip edge over a wide range
of magnetic field. We observe several distinct regimes of
magnetic field dependence which we identify with different
vortex distributions within the strip. In order to fit our data
quantitatively, we have calculated the current distribution
and vortex entry conditions for thin-film strips in which the
thin-film !transverse" penetration depth is comparable to the
strip width, the regime appropriate for our samples and most
relevant for typical thin-film superconductor devices.
Using standard photolithographic processing and Ar ion

milling, we fabricated strips ranging in width from 10 to
40 #m from 200 nm thick films of amorphous MoGe. Films
were sputter deposited onto silicon substrates and had the
following properties: superconducting transition temperature
Tc"6.5 K, normal state resistivity $n"180 #% cm, and
critical field slope dBc2 /dT!Tc"2.8 T/K. The superconduct-
ing transition-metal glasses have been studied extensively
because of their weak vortex pinning,10 typically exhibiting
bulk critical current densities less than 104 A/cm2 at low
magnetic fields, several orders of magnitude lower than most
superconducting materials. Because of the short electronic

PHYSICAL REVIEW B, VOLUME 64, 014503

0163-1829/2001/64!1"/014503!6"/$20.00 ©2001 The American Physical Society64 014503-1



mean free path in these amorphous films, the dirty-limit
expressions10 can be applied, yielding &(0)"550 nm and
'GL(0)"5.1 nm. Each sample contained four separate
strips, each with its own set of wide current leads and a pair
of voltage leads separated by 200 #m. During the measure-
ments, the strips were fully immersed in liquid helium for
optimum cooling and all the data were obtained at 4.2 K. The
Dewar was surrounded by a double-walled #-metal shield
which reduced the residual magnetic flux density at the
sample to below 1 mG, and the measurement insert con-
tained a superconducting Helmholtz coil that allowed for the
application of uniform magnetic fields up to 2#104 A/m
((250 Oe). Transport currents were passed through the
strips using a custom voltage-controlled current supply,
while the voltage along the strip was measured with a low-
noise preamplifier coupled to a computer.
We determined the critical current of the strips by slowly

increasing the current at a rate of (50 mA/min until the
voltage along the strip exceeded the threshold voltage crite-
rion of 1 #V, well above the noise level of our amplifier.
Repeated measurements of Ic at zero applied field yielded a
variation of less than 0.5 mA for critical currents which were
on the order of 50 mA. Changes in the voltage threshold
yielded only small variations in the measured value of Ic and
did not noticeably modify the field dependence of Ic for low
magnetic field. This method provides a better measure of the
breakdown of the supercurrent state than the standard tech-
nique of extrapolating the flux-flow resistance back to zero
voltage to obtain a dynamic critical current, especially at low
magnetic field for which the current-voltage characteristics
of the strips displayed several knees in the resistive state.
These low-field resistive properties of strips with an edge
barrier have been studied theoretically,11,12 and our measure-
ments of these current-voltage characteristics will be the sub-
ject of a future paper.
The field dependence of the critical current, Ic(Ha), for a

25 #m wide, 200 nm thick strip is shown in Fig. 1. As the
magnetic field is increased from zero, Ic initially decreases

linearly. When Ic drops to approximately one-half of its zero
field value, the data deviate from the linear dependence and
the critical current decays as Ha

!1 , as indicated by the curved
line. It is significant that the critical current exhibits no hys-
teresis with magnetic field for fields as large 3500 A/m, in-
dicating the lack of bulk pinning effects on the vortex trans-
port in this range of magnetic field.
We have measured Ic(Ha) for 200 nm thick strips with

widths of 10, 20, 25, 30, and 40 #m. All strips show the
same qualitative behavior, with wider strips having a larger
Ic(0) and a steeper slope dIc /dHa for the low-field linear
decrease, as shown in Fig. 2!a". The slopes, which are plotted
in Fig. 3!a" as a function of strip width, are symmetric with
magnetic field polarity to within the uncertainty of the linear
fits introduced by errors in the measured Ic . At fields above
the linear region, the data merge onto a single curve, indicat-
ing that the critical current becomes independent of the strip
width. This can also be seen in the double-logarithmic plot in
Fig. 2!b" for the 20 and 40 #m wide strips. On this graph,
the low-field linear behavior appears as a line with down-
ward curvature that merges into the Ha

!1 slope. The coeffi-

FIG. 1. Ic vs Ha for a 25 #m wide, 200 nm thick a-MoGe strip.
Linear fits at low field have slopes of !51.9 #m (Ha$0) and
50.6 #m (Ha%0). Curved lines are fits to a1 /Ha , with a1 equal to
15.9A2/m (Ha$0) and !16.4A2/m (Ha%0).

FIG. 2. !a" Linear plot of Ic vs Ha for strips of different widths.
All widths merge to a common curve when the critical current
drops to 50% of its zero field value. !b" Log-log plot of Ic vs Ha for
the 20 and 40 #m wide strips. The curved lines at low fields cor-
respond to the linear fits for the critical current, while the straight
dashed lines indicate the two distinct regimes of 1/Ha dependence
with coefficients a1 !low field regime" and a2 !high field regime".
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cients of the Ha
!1 fits, a1, show no systematic change with

the strip width, varying by less than 20%, as shown in Fig.
3!b". This variation is most likely due to different amounts of
roughness on the strip edges, thus altering the vortex entry
conditions. At somewhat larger magnetic fields, the Ic(Ha)
data follow a shallower power-law behavior over a narrow
field range that is common for all samples, before again de-
caying as Ha

!1 . The coefficients, a2, in the high field regime
are also independent of strip width but are approximately
15% larger than those in the initial Ha

!1 region, as shown in
Fig. 3!b".
We have also measured the 10, 20, 30, and 40 #m wide,

200 nm thick strips in magnetic fields up to 2.4#106 A/m
(#0Ha)3 T) in a different cryogenic system with a super-
conducting solenoid. At these large fields, the actual super-
current is quite small, while the linear flux-flow slope per-
sists over much of the current-voltage characteristic. Thus in
this range of fields, Ic is more appropriately measured by
extrapolating the flux-flow resistance back to zero voltage.
The critical currents measured at these higher fields continue
to vary as Ha

!1 , although above fields of about 2
#105 A/m ((2.5 kOe), the critical current curves begin to
separate such that the wider strips have a larger Ic . For mag-
netic fields above 2#106 A/m, Ic scales linearly with the
strip width, thus the critical current density is independent of
W and is on the order of 102 A/cm2 for Ha"2#106 A/m.
To understand the observed magnetic field dependence of

the critical current, we propose a theoretical model for the
vortex dynamics in thin-film superconducting strips in which
bulk pinning can be neglected. We assume a strip of width
W, thickness d, and bulk penetration depth & , oriented as
shown in Fig. 4. The entry and dynamics of vortices in wide,
thin superconducting strips for which W&&&d was studied

by Kupriyanov and Likharev,13 and more recently extended
to strips of moderate thickness (W&d$&) in which geo-
metrical barriers !due to vortex bending" are important by
Benkraouda and Clem.14 The screening current distribution
for wide, thick (d&&) strips has been studied by Brandt and
Mikitik15 using conformal mapping techniques. In the super-
conducting strips we have measured, which have dimensions
typical for thin-film electronic devices, the thin-film penetra-
tion depth &!"&2/d ((2 #m for the 200 nm thick films" is
comparable to the strip width and hence falls in a regime not
previously considered. Although our measured Ic(Ha)
curves qualitatively resemble the behavior described by these
previous treatments, the finite penetration depth significantly
alters the current density distribution across the strip width,
which must be determined in order to calculate the condi-
tions for vortex entry. Assuming that the superconducting
coherence length ''&! , the current density distribution
j(y) is given by the Maxwell-London equation16,17

&!

d j!y "

dy (
1
2*"!W/2

W/2 j!y!"

y!y!
dy!"#Ha!

n!y "

#0
+0$ /d ,

!1"

where Ha is the applied field and n(y) is the spatial density
distribution of any magnetic fluxons penetrating the strip.
First we consider the Meissner state of the strip for which

n(y)"0. We have solved Eq. !1" numerically in this limit
and obtained the following empirical expression for j(y) for
an applied field Ha and transport current I that is accurate to
)2% across the width of the strip

j!y ")
Hay

d!,-!W/2"2!y2.(/&!W

(
I

2d0!!W/2"2!y2(1&!W
, !2"

where the fitting parameters , , / , 1 and 0 are functions of
W/&! given by

FIG. 3. !a" Low field linear slope vs strip width. Solid line is a
fit to our model as described in Eq. !4" with &"670 nm. Dashed
straight line has a slope of * and represents the dependence ex-
pected from the solution in the wide-strip limit (W/&!&1). !b"
Coefficients a1 !low field regime" and a2 !high field regime" of the
1/Ha dependence in the intermediate field range vs strip width.

FIG. 4. Schematic of strip layout, defining the axes and param-
eters used in calculations of the current density distribution.
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For the range of strips we have studied, W/&!)5!20,
the parameters / , 1 , and 0 obey the scaling relationship
0!/1"1/2 to within 1%, which will ultimately allow us to
express the critical currents in terms of the single parameter
/ with a high degree of accuracy. For W/&!&1, these pa-
rameters approach the values: ,"1/4, /"1/2* , 1"2/* ,
0"*/2, and j(y) coincides with the expression obtained
previously for the thin-film, wide-strip limit.13,14 A screening
current distribution with the general form !2" was measured
by Indenbom et al.18 in BSCCO crystals with a rectangular
cross section in a perpendicular magnetic field using
magneto-optical imaging.
In the absence of bulk pinning, the critical current in the

Meissner regime is determined by the conditions for vortices
to enter the sample at the edges. The vortices are driven by
the Lorentz force from the currents flowing in the strip. At
the lowest magnetic fields, the vortices traverse the entire
width of the strip, resulting in a finite voltage along the strip.
Previous numerical simulations and analytical calculations of
vortex entry showed that for a uniform, defect-free surface, a
row of vortices first enters the superconductor at a critical
value of current density j s that is approximately equal to the
Ginzburg-Landau depairing current density jGL
"+0/3!3* #0'&2.12,19 Defects along the strip edge can al-
low vortex entry at a lower current density.20 The expression
for j(y) in Eq. !2" can be used to calculate the current den-
sity at the edges of the strip, y")W/2. Thus, the first entry
of vortices when j((W/2)" j s defines the critical current,
Ic(Ha), which for the strips we have measured is given by

Ic!Ha""Ic!0 "!
W
2/

Ha"Ic!0 "# 1!
Ha

Hs
$ , !4"

where Ic(0)" j sd!&!W// is the critical current in zero
magnetic field, and Hs"2 j sd!/&! /W is the field at which
vortices enter the strip when I"0, i.e., no applied transport
current. In the wide-strip limit, Eq. !4" approaches the previ-
ously obtained result, Ic(Ha)"Ic(0)!*WHa .13,14
Now we consider the regime in which there is a net den-

sity of vortices in the strip. With no transport current, vorti-
ces which enter the strip when Ha exceeds Hs at both edges
are pushed towards the center of the strip by the Lorentz
force from the screening currents. In the absence of bulk
pinning, the resulting vortex distribution exhibits a domelike

profile which is symmetric about the center of the strip. No
current flows in the dome region, so the screening currents
are confined to the vortex-free areas between the dome and
the strip edges.13,14,21 A transport current, I in the strip has
two effects: it lowers the entry field for vortices to enter at
one edge of the strip from Hs to Hs-1!I/Ic(0). , and it
creates a Lorentz force that shifts the vortex dome to one
side. The critical current is only reached when the dome
boundary touches one edge of the strip so that the vortices
can exit the strip and the current density at the opposite edge
exceeds the critical entry value, j s so that vortices can enter
the strip, resulting in a finite steady state voltage along the
strip. Thus, for current flow in the (x direction, the vortex
dome at the critical current extends from y"!W/2, the edge
of the strip, to a point y"b which depends on Ha . In the
presence of a vortex dome, Ic(Ha) can be determined by
applying Eq. !2" to the vortex-free part of the strip of width
W!"W/2!b , through which all the current must flow. Us-
ing the conditions j(!W!/2)"0 !at the edge of the dome,
y"b) and j(W!/2)" j s !at the strip edge, y"W/2), we ob-
tain the width of the vortex-free region and the critical cur-
rent of the strip

W!
&!

"# j sd

2!*Ha
$ 2(!# j sd

2!*Ha
$ 4(# j sdHa

$ 2, !5"

Ic!Ha""
Ic
2!0 "/

2WHa
"
Ic!0 "Hs

4Ha
"

! j sd "2&!

2Ha
, !6"

valid in the field regime Ha$Hs/2 for which there is a vor-
tex dome. As we observe, this expression predicts that the
critical current in the vortex dome regime should be indepen-
dent of the strip width for the samples we have studied.
Physically, this phenomenon occurs because the width of the
current-carrying region W! !outside the vortex dome" is in-
dependent of the strip width. In the wide-strip limit Ic(Ha)
"Ic

2(0)/4*WHa , the previously obtained result.13,14,22
Our measurements of the MoGe strip critical currents are

in good agreement with the predictions of this model. We
observe the initial linear suppression of Ic(Ha) with mag-
netic field, and, at the predicted reduction to 50% of the peak
current, we find the expected crossover to a Ha

!1 dependence
of the critical current and its independence from the strip
width. Thus, the field-dependent critical current, as in Fig. 1,
can be regarded as a phase diagram for the vortex state of the
strip, with the triangular region below the linear curves !and
their extrapolations" defining the Meissner phase, and the
region bordered by the 1/H curve and the extrapolation of
the low-field linear curve defining the vortex dome phase. To
test the quantitative predictions of our model, we compare
the width dependence of the low-field linear slope deduced
from our measurements of Ic(Ha) in the Meissner state of
the strip, plotted in Fig. 3!a", with the prediction of Eq. !4".
The solid line fit is given by !dIc /dHa!"W/2/ , as predicted
from Eq. !4", taking &(4.2 K)"670 nm. This value of & is
consistent with independent measurements using a two-coil
screening technique. For comparison, we also show the de-
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pendence expected for the wide-strip limit !dIc /dHa!, which
substantially overestimates the low-field linear slope.
We can use our results to determine the magnitude of the

vortex entry critical current density j s at the strip edge. Val-
ues calculated from the measured Ic(0) using Eq. !4", are
shown in Table I for the different strip widths. These values
are between 70 and 90% of jGL(4.2K)"2.6#106 A/cm2,
determined by assuming a (1!T/Tc)!1/2 variation for 'GL ,
as expected from BCS theory. The reduction of j s below jGL
could be caused by defects along the edge or a tapering of
the edge profile. Alternatively, j s can be deduced from mea-
surements in the vortex dome state of the strip. The corre-
sponding values of j s from our fits to the initial Ha

!1 varia-
tion are also given in Table I and coincide with the values
obtained from the low-field linear fits. Above the crossover
to the higher field region of Ha

!1 variation, the corresponding
values of j s are larger. Although the origin of this crossover
is not understood, we find that it occurs when W!, the width
of the vortex-free region adjacent to the dome, becomes on
the order of &! . This suggests that the crossover may arise
from a weaker influence of edge defects on j s , a scenario
that could be tested by experiments with controlled edge
defect distributions.
The lack of width dependence of Ic for magnetic fields in

the vortex dome regime indicates that the vortex transport in
these strips is dominated by the edge barrier rather than bulk
pinning. A bulk pinning mechanism would cause the critical
current to scale with the strip width. At the largest magnetic
fields of our measurements, the critical current due to the
edge barrier has been reduced to the level of the critical
current due to the residual bulk pinning in the strips, causing
the Ic curves to separate according to the strip width. We are
planning further measurements with much wider strips to
investigate the field dependence of the bulk pinning in these
films in order fully discriminate between the edge barrier and
bulk pinning contributions.
While all of the strips we have measured show the same

qualitative behavior, illustrated by Fig. 1, we have observed
deviations in some samples, as shown in Fig. 5, which ap-
pear to be related to defects along the strip edge. For some of
the strips, we observe a slight offset in the maximum of Ic
away from zero field as in Ic(Ha) for the 30 #m strip. This
offset is not related to the self-field of the current in the
leads, as the polarity of the offset in roughly half of the
instances we have observed it is of the wrong sign. A
rougher edge on one side of the strip could account for this

offset maximum, as the roughness could lower the entry bar-
rier for vortices along that edge. For the magnetic field and
transport current polarities corresponding to the entry of vor-
tices parallel to Ha along the cleaner edge, the lower barriers
at the rough edge could allow for the entry of antivortices
generated by the strip self-field. An increase in Ha would
require a larger transport current to bring in these antivorti-
ces, hence a larger Ic . Eventually the applied magnetic field
would be large enough to favor the entry of positive vortices
along the cleaner edge, corresponding to the maximum in

TABLE I. Measured zero-field critical currents Ic(0) and values of the vortex entry current density j s , for
strips of different widths. j s0 is calculated from the measured Ic(0) using the expression following Eq. !4",
while j s1 and j s2 are determined from the coefficients of the low-field and high-field regimes of the 1/Ha
dependence in the vortex dome regime described in Eq. !6".

W(#m) Ic(0)(mA) j s0(106A/cm2) j s1(106A/cm2) j s2(106A/cm2)

10 35.0 2.3 2.1 2.4
20 52.5 2.0 2.0 2.4
25 56.6 1.9 1.9 2.1
30 62.4 1.8
40 81.6 2.0 2.0 2.3

FIG. 5. !a" Ic vs Ha for a 30 #m wide, 200 nm thick a-MoGe
strip, exhibiting an offset in the peak critical current, most likely
caused by differences in the shape or roughness of the two edges.
!b" Ic vs Ha for a 10 #m wide, 200 nm thick a-MoGe strip, show-
ing a reduction of the critical current below the extrapolated linear
behavior at small magnetic fields which may be caused by instabili-
ties near defects or non-uniform vortex entry at the edges.
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Ic(Ha). Because of the offset maximum observed in some of
the strips, Ic(0) is defined as the intersection point of the
linear fits for the two polarities of Ha . Some of the strips
also exhibit a rounding off of Ic near the zero-field maxi-
mum, as in the Ic(Ha) plot for the 10 #m wide strip. This
may be related to an instability along the strip edge, possibly
localized at edge defects, which causes a breakdown of the
supercurrent state for the largest values of the transport cur-
rent, i.e., near Ha"0. Further studies of this effect are
planned.
In summary, we have studied the critical current of weak-

pinning MoGe thin-film superconducting strips, observing
the effects of the edge vortex entry barrier that have previ-
ously been masked by bulk pinning. At low magnetic fields,
the critical current decreases linearly, determined by when
the current density at the edge of the strip approaches the
Ginzburg-Landau depairing current density. For larger fields,
the critical current decays as an inverse power law and be-
comes independent of the strip width. At larger magnetic

fields still, the critical current curves separate and eventually
scale with the strip width as the residual bulk pinning in the
strips dominates the vortex transport. Defects and possible
variations of the strip profile along the strip edges reduce the
vortex entry conditions below the value expected for a clean
edge. Magnetic imaging of the flux entry and dynamics in
these strips could address the issues of nonuniformity of the
vortex entry.
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