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Abstract The pinning force, Fp, is studied in Nb films of
different thickness in parallel magnetic field H . The asym-
metry in the magnetic field dependence of Fp has been ob-
served for two opposite directions of the transport current.
The effect is less pronounced for thin and thick films where,
respectively, single vortex pinning and pinning of the inter-
nal vortices, is relevant. At intermediate thickness, where the
pinning mechanism is mostly caused by surface effects, an
asymmetry in the Fp(H) dependence is clearly visible. The
different surface barriers that vortices should overcome to
enter the sample from opposite sides of the film explain the
effect, as confirmed by numerical calculations. These have
been obtained by solving the Ginzburg–Landau equations
with asymmetric boundary conditions which take into ac-
count the different superconducting properties of the film–
substrate and film–vacuum interface. Such difference can
also explain the reduction of the critical current usually ob-
served in thin films as a function of their thickness.
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1 Introduction

In bulk superconductors the critical current Ic is determined
by the interaction (pinning) of the vortex lattice with defects.
In superconducting thin films it has been demonstrated that
also the film thickness d plays a role in determining the
critical current density, Jc [1–3]. For example, it has been
shown that for parallel orientation of the external magnetic
field, a crossover from collective to individual pinning oc-
curs when d is lowered [2]. In this case, if d < λ (where
λ is the magnetic field penetration depth), the vortex lattice
becomes less elastic in parallel magnetic field and Jc grows
when d decreases [2]. If the microstructure of the sample
is neglected, the vortex-free Meissner state should appear in
a wide range of magnetic fields and Jc will be determined
by the depairing current density, Jdp. However, the inhomo-
geneities of the film reduce the Jc values which decrease
when d becomes smaller [3]. In general, the transition from
the Meissner to the mixed state in thin films starts with the
penetration of a single vortex chain. If the magnetic field is
increased, the number of vortices in the chain grows up and,
at some value, the chain splits. Further increase of the field
causes the split of three chains, and so on. The position of
the vortex chains is determined by the interaction with the
free surfaces of the film. When the distances between vortex
chains are commensurate with d , maxima in Jc(H) depen-
dence are present [3–10].

Vortex pinning mechanisms have been usually analyzed
on the basis of the Ginzburg–Landau (G–L) theory [11] in
which, as is well known, boundary conditions play a very
important role [12]. If a superconducting sheet is in contact
with the vacuum, the boundary condition for the supercon-
ducting order parameter is usually written in the form

∂ψ/∂x|x=−d/2,d/2 = 0, (1)
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where ψ is the module of the order parameter. More general
boundary conditions can be written in the form [12]

∂ψ/∂x|x=−d/2,d/2 = ±ψ/�, (2)

where � is a phenomenological coefficient. Equation (2) is a
very common condition which gives zero for the component
of the current density normal to the boundary. In Ref. [13]
it was shown that � depends on the properties of the ma-
terial the superconductor is in contact with. In particular, if
the superconductor is in contact with an insulating material,
� = ∞ and boundary conditions (1) are valid. In the case of
a superconductor-normal metal boundary, � is of the order
of hundreds of nm [14].

From the G–L theory an approximate expression fol-

lows: � ≈ ξ2(0)Tc
a(Tc−Tcs)

[15], where Tc is the superconducting
critical temperature of the entire sample, Tcs is the super-
conducting critical temperature of the external layer (which
is smaller than Tc due to degradation and to the proxim-
ity effect), a is the lattice constant and ξ(0) is the zero-
temperature G–L coherence length. Taking from Ref. [3]
ξ(0) = 7.4 nm, Tc = 7.5 K, then a = 0.33 nm [16] and as-
suming Tc/(T − Tcs) ∼ Tc, we get � ∼ 100–200 nm for the
Nb films which will be analyzed in this work. It has been
shown that boundary conditions (2) lead to a depression of
the order parameter [13, 15], and they were used to explain
the decrease of Tc observed in thin Pb, Nb and Bi supercon-
ducting films [14]. It is also clear that the numerical values
for � should be different on the two boundaries of the film
because it interacts with the substrate on one side and with
the vacuum on the other. This results in different conditions
for the vortices to enter the sample, which can produce an
asymmetry of Jc for opposite polarities of the transport cur-
rent and/or magnetic field.

To check this idea and the applicability of the boundary
conditions (2) to the G–L equations, a study of the pinning
mechanisms has been systematically performed in Nb su-
perconducting films of different thickness. The distinctive
feature of our work is the study of the vortex motion in
two directions: toward the substrate and toward the free sur-
face of the sample. This condition has been obtained in the
experiment by changing the direction of the transport cur-
rent which was always applied parallel to the sample sur-
face and perpendicular to the external magnetic field H (in
turn applied in the direction parallel to the plane of the
films). The detailed description of the experimental setup
is published elsewhere [17]. The paper is organized as fol-
lows. In Sect. 2 we describe the preparation and charac-
terization of the samples. In Sect. 3 we discuss the results
obtained on Nb films. In Sect. 4 the main results of the
paper are presented: the model and the numerical calcula-
tions.

Fig. 1 Sketch of the measurement arrangement

2 Experimental

Nb films were grown on Si(100) substrates by dc sputtering.
The thickness of the films was varied in the range between
16 and 103 nm. A standard lift-off technique was used to
define the geometry of the samples which consists of stripes
10 µm wide and 90 µm long. The X-ray analysis of the sam-
ples revealed that the Nb films are granular with grain di-
mensions of the order of 10 nm and that a surface roughness
of the order of few nanometers is present on the samples.
More details about the structural characterization of the Nb
films can be found elsewhere [3].

Current–voltage characteristics were measured using the
standard four-point technique. Ic was determined as the
transport current at which the voltage drop on the sample
is equal to 1 µV. The detection of the critical current in
our experiment was fully automated and this allowed us
to determine the voltage drop with an accuracy of 0.1 µV.
All the measurements were performed in liquid helium at
T = 4.2 K with samples fully immersed in the bath. Fig-
ure 1 shows a sketch of the measurement method used in
our experiments. The distinctive feature of our work is the
change of the polarity of the transport current (which we call
positive or negative), which was applied always parallel to
the film’s surface and perpendicular to the applied magnetic
field which was directed parallel to the film’s surface.

3 Results ob Nb Films of Different Thickness

Jc(H) have been measured for two opposite directions of
the bias current: we call them J+

c and J−
c . The results for

the dependence of the corresponding pinning forces on the
applied magnetic field, F+

p (H) = μ0J
+
c H and F−

p (H) =
μ0J

−
c H , for the sample with d = 32 nm are shown in Fig. 2.

It can be seen that the two curves are very similar even if
some spread of the data is present for μ0H > 0.6 T. As it
was shown in Ref. [3], the single vortex pinning is the pre-
dominant pinning mechanism for Nb films with thickness in
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Fig. 2 Magnetic field dependence of the pinning force for the two
directions of the bias current for the Nb thin film with d = 32 nm.
Open (closed) circles refer to F+

p (F−
p )

Fig. 3 Magnetic field dependence of the pinning force for the two
directions of the bias current for the Nb thin film with d = 81.5 nm.
Open (closed) circles refer to F+

p (F−
p )

the range 16–32 nm (see Fig. 8b of Ref. [3]) and the role of
the boundaries is not relevant in this case.

The situation is completely different for the sample with
d = 81.5 nm. The results for the F±

p (H) measurements are
shown in Fig. 3. At μ0H ≈ 1.1 T a sharp increase of F+

p
is present while a plateau-like behavior is obtained for F−

p .
In Ref. [3] we have shown that the peak in the Fp(H) de-
pendence is related to commensurability effects because for
thicker samples the vertical dimension of the samples be-
gins to play an important role and maxima, which corre-
spond to the commensurability between the film thickness
and the vortex spacing, are observed [3]. In this case, the
commensurability field (μ0H = 1.1 T) corresponds to the
average vortex spacing a0 ∼ (�0/μ0H)1/2 ∼ 43 nm which
is very close to half of the film thickness. This effect on

Fig. 4 Magnetic field dependence of the pinning force for the two
directions of the bias current for the Nb thin film with d = 101.3 nm.
Open (closed) circles refer to F+

p (F−
p )

thick vanadium films was already observed by Fogel and
Cherkasova [7]. In addition, the large difference observed
between F+

p and F−
p in the region close to the commen-

surability field corresponds to the different energy barriers
that vortices should overcome in order to enter the sample.
In one case, the surface barrier is determined by the Nb/Si
interface and in the case of the opposite vortex motions, it
is determined by the free Nb surface. For the thicker Nb
film (d = 103.1 nm) we get again a commensurability ef-
fect, but at μ0H = 0.9 T, which corresponds to the average
vortex spacing a0 ≈ 50 nm, i.e. half of the film thickness,
see Fig. 4. However, in this case, the two curves for F+

p (H)

and F−
p (H) are very similar, because for larger values of d

the weight of the interface on the superconducting properties
becomes less relevant.

4 The Model and the Results of Numerical Calculations

In order to interpret our experimental results, we consid-
ered, for the sake of simplicity, the case in which no vortices
flow in the superconductor. This theoretical approach, even
if simplified, can explain our data. Let us consider a long
and wide superconducting plate of thickness d in a mag-
netic field. The field is assumed to be parallel to the plate
surface. A transport current It flowing through the plate is
also parallel to its surface and perpendicular to the external
field. The system of the G–L equations has the form [3]

4π

c
js = ψ2

λ2

(
φ0

2π
∇θ − A

)
, (3)

∇2ψ −
(

∇θ − 2π

φ0
A

)2

ψ + 1

ξ2

(
ψ − ψ3) = 0, (4)
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where A is the vector potential of the magnetic field (B =
rot A) and js is the current density in the superconductor. In
accordance with Maxwell equation,

rotrot A = 4π

c
js . (5)

In general, the order parameter is written in the form � =
ψeiθ , where θ is the phase of the order parameter. Let us
consider a Cartesian coordinate system (x, y, z). Let y and
z axes lay in the plane of the plate surface (z is directed
along the external magnetic field H ). Then, the vector po-
tential has only y component: A = eyA(x). Since the trans-
port current flowing per unit of the plate width It induces
a magnetic field HI = 2πIt/c on its surface, the total field
near the plate surfaces is H ± HI . It defines the boundary
conditions for the magnetic field.

In contrast to our previous work [3] in which the usual
boundary conditions (1) for the superconducting order para-
meter were used, in this work we apply the general boundary
conditions on the two surfaces in the form

∂ψ/∂x = ψ

�1

∣∣∣∣
x=−d/2

, (6a)

∂ψ/∂x = − ψ

�2

∣∣∣∣
x=d/2

, (6b)

where �1 and �2 are phenomenological coefficients. The
critical current is determined by the maximum transport cur-
rent at which a solution of the G–L equations can be found.
Thus the solution is absent in the vortex-free case if J > Jc

and for thick films, vortices begin to penetrate into the film.
In this case it is possible to say that the critical current is de-
termined by the appearance of vortices in the superconduct-
ing plates and the only pinning centers are the boundaries of
the plates.

The theoretical dependence of the pinning force on the
applied magnetic field was obtained using the samples’ pa-
rameters as experimentally determined. In Figs. 5 and 6, the
calculated dependence of μ0JcH (which is analogous to the
pinning force Fp) as a function of H is reported as examples,
using the parameters for the samples with d = 81.5 nm and
d = 32 nm reported in Ref. [3]. To take into account the dif-
ferent properties of the boundaries, we chose �1 = 140 nm
and �2 = 70 nm. A similar value for the phenomenologi-
cal parameter � was used in Ref. [14] to explain the Tc(d)

dependence observed in Nb films. The theoretical curves in
Fig. 5 reproduce the asymmetry of the magnetic field de-
pendence for F+

p and F−
p as it was experimentally observed

when the direction of the bias current was inverted, while the
two curves in Fig. 6 are very similar. So in agreement with
experiments, the asymmetry of the calculated dependence of
μ0JcH on H for thin film (d = 32 nm) is smaller than the
one derived for the film with d = 81.5 nm. The results con-
firm that the asymmetry observed in our experiments is due

Fig. 5 The calculated dependence of μ0JcH versus the parallel mag-
netic field for the forward (solid line) and backward (dashed line) di-
rection of the transport current for the film with d = 81.5 nm. For de-
tails about the parameters �1 and �2 given in the figure, see the text

Fig. 6 The calculated dependence of μ0JcH versus the parallel mag-
netic field for the forward (solid line) and backward (dashed line) di-
rection of the transport current for the film with d = 32 nm

to the different conditions in which the vortices act when
entering the film respectively from the substrate or from the
outer boundary. We assumed in our calculations that the dis-
appearance of the vortex-free state leads to a resistive state.
It should be noted that the vortex-free model does not work
in the case of thick films in strong magnetic field when H

is close to the upper critical field of the film Hc2, because
vortices begin to penetrate into the film. Also, the calculated
μ0JcH curves do not show the presence of the two max-
ima in the case of thicker samples, which are observed in
the experiment (see Figs. 2 and 3). This is due to the differ-
ent nature of the Fp(H) and μ0JcH curves in the two cases.
In fact, in the free vortex limit the order parameter is sup-
pressed only at the surface of the film and the vortices are
absent in the sample. In our experiment, vortices are present
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Fig. 7 The experimental (theoretical) Jc(d) dependence is shown by
open (closed) symbols. �1 = 140 nm, �2 = 70 nm were used in the
numerical simulation. For further details on the parameters used in the
simulation, see the text

in the thick films at high fields where critical current is also
due to pinning of the vortex lattice. As a result, when the
period of the vortex structure is equal to the film thickness,
another local maximum in the Fp(H) is present [3].

There is a second experimental result which can be ex-
plained using this approach, namely the decrease of Jc when
the thickness of the superconducting films becomes smaller
[3]. The experimental Jc(d) dependence obtained on our
samples at zero magnetic field and T = 4.2 K is shown on
Fig. 7 (lower curve). If boundary conditions (1) are used, the
G–L equations give Jc(d) → Jdp when d → 0. On the other
hand, boundary conditions (6a) and (6b) lead to the suppres-
sion of the superconducting order parameter at the edges of
the plate and, as a result, to the decrease of Jc. Figure 7
shows also the calculated Jc(d) dependence at T = 4.2 K
and H = 0 (upper curve). Again here we used the experi-
mental parameters for the niobium films reported in Ref. [3]
and �1 = 140 nm and �2 = 70 nm. In agreement with the
experiment, for d < 50 nm, Jc decreases with decreasing
thickness of the film. In this approach the decrease of Jc is
due to the influence of the boundary conditions (2) whose
role is stronger when the thickness of the superconducting
film becomes smaller.

However, two results obtained in experiments are not re-
produced by the proposed theoretical model. First, the val-
ues of the calculated critical current and pinning force are
significantly higher compared to the experimental ones. This
could be related to the highly granular structure of our nio-
bium films [3]. Grain boundaries act as weak links and sig-
nificantly reduce Jc of the film. In this respect, the theoret-
ical dependence for Fp(H) and Jc(d) can be interpreted as
an upper limit for both these quantities in parallel field. The
second point missing in the theoretical picture is the pres-
ence of the two maxima in the thicker films. This is due to

the assumption that no vortices are present when the mag-
netic field is applied to the sample. However, as already un-
derlined above, in experiments the vortices are present in the
samples and Jc is also due to their pinning with defects. So,
when the period of the vortex lattice is equal to d , another
local maximum in the Fp(H) dependence is present as ob-
served in the experiment.

5 Conclusions

In conclusion, pinning properties of Nb films with differ-
ent thickness were investigated by measuring the Jc(H) de-
pendence for two opposite directions of the bias current in
the presence of a parallel magnetic field. In a certain thick-
ness range the critical current densities for opposite polari-
ties of the bias current show a marked asymmetry. The vor-
tex free case was theoretically analyzed on the basis of the
G–L equations with asymmetric boundary conditions which
reflect the fact that thin films have different interactions with
the vacuum and the substrate. The reasonable agreement be-
tween the theory and the experimental data confirms the va-
lidity of the model.
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