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Asymmetric crossing of the attractive and repulsive magnetic potential by Abrikosov vortices
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We present studies of Abrikosov vortex motion across the magnetically charged edges of long thin ferromag-
netic stripes placed above or under a thin superconducting film. The magnetic charges at the stripe edges form
attractive or repulsive potential wells for vortices. Using a relatively small in-plane magnetic field to polarize the
stripe edges and normal-to-plane magnetic field to induce up or down polarized vortices, we tune the attractive or
repulsive stripe-vortex interactions. Imaging of the vortex dynamics reveals that the repulsive magnetic potential
Um

+ acts as a robust vortex pinning barrier, while the attractive Um
− has practically no effect on the vortex motion

irrespective of the position of the stripes located above or underneath the superconducting film. We analyze the
observed asymmetry using equations of the overdamped vortex motion. The formal analytical solution yields
an asymmetry, but the numerical modeling with and without noise terms does not confirm it. Instead, we find
that the asymmetry is caused by the creation of spontaneous vortices at the maxima of Um, which depends on the
edge polarity and suppress Um

−. Furthermore, our experiment and time-dependent Ginzburg-Landau simulations
demonstrate that magnetic pinning dominates over vortex pinning due to corrugations of the superconducting
layer deposited on top of the ferromagnetic stripes.
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I. INTRODUCTION

The dynamics of Abrikosov vortices, each carrying a sin-
gle magnetic flux quantum in superconductors controls the
electromagnetic response of these materials and can define
their multiple applications from high power machines and de-
vices [1–5] to the prospective cryogenic microelectronics for
information technologies [6–9]. The single flux quantum of
individual vortices, �0 = h/2e, which is a universal physical
constant defined by the electron charge e and the Planck con-
stant h, can be used as a bit carrier in digital operations or as a
switch in Josephson circuits (see Refs. [10,11], and references
therein). Different approaches and architectures have been
proposed to store and manipulate vortices for these purposes
(see Refs. [12–15], and references therein). However, there
are still no reliable techniques for manipulating single vortices
en masse. One of the widely discussed routes is to use ferro-
magnetic/superconducting (FM/SC) hybrid structures, where
magnetic elements can induce tunable local magnetic fields
allowing the generation, pinning or propagation of vortices
[16,17]. A large number of experiments confirmed that thin
magnetic islands of different shapes and periodicity placed
on top or underneath a superconducting film can efficiently
alter the vortex dynamics, resulting in matching effects and
directional vortex motion [18–21]. These matching effects in
FM/SC hybrids with periodic magnetic structures and in pure
SC films with regular shape variations (thickness modula-
tions, lattices of holes, periodic corrugations), appear as sharp
minima in the resistivity curves R(H) or as cusps in magneti-

zation M(H) at fields corresponding to integer or half integer
flux quanta, �0, per unit cell. They are frequently observed
close to the SC transition temperature, Tc, and associated with
different physical phenomena, such as oscillations of Tc in
the periodic structure due to flux quantization per unit cell,
field-induced superconductivity due to the local compensation
of stray fields around magnetic patterns by applied fields, and
commensurate pinning of vortices by periodic patterns. In the
majority of experiments, the magnetic elements were placed
underneath the SC film. In this case, though the magnetic
component of pinning was considered to be dominant, there
could be a non-negligible effect arising from the corrugation
of the SC film around the magnetic elements. In some cases,
the periodic roughness of the SC film deposited on top of
the magnetic pattern was considered to be the major pinning
source [19].

At temperatures well below Tc, the matching features are
often supplanted by enhanced vortex pinning from inher-
ent materials defects and cannot be detected via transport
measurements. In this case, the magnetic pattern/vortex in-
teractions can be revealed by local probe microscopy (e.g.,
magnetic-force microscopy (MFM) [22] or scanning Hall
probe [23]), but usually only under static conditions follow-
ing field cooling. Thus the relative strength of the magnetic
pinning and pinning by the SC film corrugations, especially
at lower temperatures and under dynamic conditions, still
remains an open question.

In our recent works [24–27] we studied the effect of thin
magnetic stripes deposited on top of the superconducting film.
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FIG. 1. Sketch of the magnetic fields and charges due to vortices polarized along z and magnetic stripes with M||x. Long Py stripes are
parallel to y (not shown) and are placed above (a) or underneath (b) the Nb film. U (x) is the magnetic potential for vortices induced by the
stripes. The right panel shows the MO image of the enhanced field at the sample edges in a small applied field Hz at T < Tc. The sample size
is 2 × 2 mm. The blue square in the center outlines the area occupied by stripes, and green rectangles show areas of the MO images in Fig. 2.

We demonstrated that over a wide temperature range, the
stripe edges act as magnetically charged lines, which strongly
interact with the point-like magnetic charges of individual
vortices. An appropriate picture of the magnetic monopole
with 2�0 charge, approximating their field above the super-
conductor, was presented by Carneiro and Brandt [28]. The
interaction of the magnetic stripe edge and vortices depends
on their mutual position and polarity. The perpendicularly po-
larized magnetic edge with a linear charge density ρm = Md f

(M is the magnetization and d f is the the thickness of the FM
film) repulses vortices of the same charge sign and attracts
vortices of the opposite polarity. It mimics the interaction be-
tween an electrically charged line and a single electric charge
decaying as Um ∼ Log(r) with the distance r between them.
In the case of a thick SC film (thickness d � λ- SC penetra-
tion depth), when the stray field of the magnetic stripe edge
is entirely screened by the Meissner current, its line charge
doubles [29]. For a very thin SC film (d � λ), the account
of the Meissner screening results in integral cosine and sine
functions for the magnetic edge potential, which has a smaller
amplitude but is qualitatively similar to the logarithmic Um

[25,26]. In this case, one would expect that when the vortex
moves across oppositely charged stripe edges, the maximum
strength, (dUm/dr)max, of the repulsive and attractive barriers
is equivalent and should require the same external force to
cross either of them.

In our earlier experiments [25,26] we used long thin
permalloy (Py) stripes on top of the niobium (Nb) film and
varied the polarity of their edge charges by changing the direc-
tion of the in-plane field. Concurrently, by applying magnetic
fields normal to the SC layer we could introduce vortices of a
certain polarity and move them across the stripes. Unexpect-
edly, we found that the repulsive potential (Um

+) from the
stripe edges strongly delays the motion of positive vortices,
while the attractive potential (Um

−) has practically no effect.
The strange asymmetry was explained by different kinetics of
the vortex motion across U− m

+ and Um
−.

In the present work, we compare the effect on the vortex
motion for magnetic stripes placed above and underneath the
superconducting layer and ascertain that the magnetic interac-
tions between the stripe edges and vortices dominate over the
effect of the SC film corrugations. In both cases the repulsive
potential Um

+ strongly impedes the vortex dynamics, while
the attractive potential Um

− does not hinder the motion of
vortices. We analyze this behavior using the viscous vortex
motion equation with relevant coefficients retrieved from the
experiment and propose that the difference in crossing Um

+
and Um

− is due to the generation of extra vortices by the po-
larized magnetic stripe edges. In addition, we use the dynamic
Ginzburg-Landau equations to model the vortex motion across
the steplike bending of the superconducting film and confirm
that the pinning energy by corrugations is noticeably smaller
than the magnetic potential Um.

II. EXPERIMENT

Periodic arrays of long 75-nm-thick Py stripes (80% Ni,
20% Fe), 30–35 μm wide, with 10–5 μm separation gap
were fabricated using e-beam lithography and deposited either
on top or under 100-nm-thick ∼ 2 × 2 mm superconducting
(Tc = 8.6 K) Nb films (Fig. 1). The Nb films were grown
on oxidized silicon wafers and were insulated from the Py
patterns by chemical-vapor-deposited 10-nm SiO2 layer to
mitigate proximity effects. Both Py and Nb films were sput-
tered in a high vacuum magnetron system. The Py stripe
patterns were positioned in the central area of the Nb squares
leaving a ∼ 200-μm wide band of Nb at the perimeter.

The samples were placed on the cold finger of an optical
cryostat and the distribution of the normal magnetic field on
their surface was imaged with magneto-optics (MO) using
garnet films with a large Verdet constant [30]. The Py stripes
have in-plane magnetization, M, which can be easily polarized
in a desired direction with in-plane magnetic fields � 50 Oe.
When M is aligned parallel to the length of the stripes, the
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stray fields at their long edges are absent and show no MO
contrast. Upon rotating M from the longitudinal direction,
magnetic charges emerge at the stripe edges proportional to
the component of M perpendicular to the edge face (with
charge density ρm = 4πdivM). The visual MO contrast of
dark or bright color demonstrates the polarity and strength of
the stray fields, Hs, at the stripe edges.

When a magnetic field, Hz, is applied normal to the sample
surface, the Py magnetization (Mz ) tilts only slightly out-of-
plane due to the large shape anisotropy of the Py stripes.
The same shape anisotropy defines the demagnetizing field
(Hd ∼ − 4πMz ) which cancels the contribution of Py mag-
netization (4πMz ) to the normal magnetic flux. Thus, the
change of the MO contrast in the applied normal field, at least
in the field range used in our experiment, reveals only the
distribution of superconducting vortices generated at T < Tc

allowing us to study their interactions with the Py stripe edges.
Subtracting the images of the stray fields around the Py stripe
edges taken before application of Hz, from the MO images
obtained in Hz �= 0 at T < Tc, yields a clear picture of the
density of penetrating vortices and reveals their dynamics
affected by the Py-edge potential.

III. RESULTS AND DISCUSSION

The main objective of this study is to compare the inter-
action of vortices with the attractive and repulsive potentials
along the longitudinal Py stripe edges when the stripes are
deposited above a flat Nb film and under the Nb film. In the
latter case the Nb film is corrugated around the stripes as
depicted in Fig. 1(b).

To set up the strongest magnetic coupling between the Py
stripe edges and vortices, we cool the samples below Tc with
an applied in-plane magnetic field perpendicular to the stripe
length. Then a steadily increasing normal field Hz is applied
to generate and move vortices from the sample boundaries
towards and across the Py stripe edges.

Figure 2(a) shows the stray fields Hs after cooling the
sample with Py stripes above the Nb film in an applied in-
plane field directed as shown by the horizontal arrow. The
resulting up and down Hs components in the zero applied
normal field (Hz = 0) are revealed as bright and dark contrast.
The corresponding sketch is shown in Fig. 1(a).

In the following MO images [Figs. 2(b)–2(f)] the initial
Hs frame (Hz = 0) is subtracted from subsequent images,
showing the spatial distribution of only the normal-to-surface
flux in the sample at different Hz. When a large enough Hz

is applied at T < Tc, vortices (bright contrast, positive Bz)
first enter the Nb film from the edges and approach the region
with the Py stripes [Fig. 2(b)]. With increasing Hz, the vortices
are delayed and accumulated on the positively charged stripe
edges. This is delineated in Fig. 2(c) by the increased contrast
at the first stripe edge marked by the red arrow in the right-
hand image and by the second stripe edge behind the blue
arrow in the left-hand image. With further increasing Hz, the
vortices cross the positive stripe edge while leaving a slightly
reduced vortex density outside the stripe, and move further
inwards until they are again hindered and accumulate at the
next positively charged stripe edge [Figs. 2(d) and 2(e))]. The
enhanced vortex density on one side of the positive stripe edge

FIG. 2. MO images of the normal field distribution in areas out-
lined by green rectangles in Fig. 1 for Py stripes placed on top of the
Nb film. (a) Stray fields of the stripes polarized along the horizontal
arrow at T > Tc. Positively and negatively charged stripe edges are
revealed by bright and dark contrast respectively. (b)–(e) normal flux
entry with increasing applied field [ T = 4 K, Hz = 9.9, 14.6, 17. 6,
21 Oe in (b) to (e)]. (f) trapped flux at Hz = 0 after application of
800 Oe. Double arrows show the position of the left and right sides
of the stripe pattern. The dark negative (attractive) left edge does not
hinder vortex motion. In contrast, vortices are delayed and accumu-
late at the bright (repulsive) positively charged edge on the right.
When reducing Hz to zero, negative vortices, induced by the reversed
critical currents, start to enter from the Nb square boundaries and are
impeded at the negative stripe edge [dark contrast along left arrow
in (f)] while they pass the positive stripe edge [right arrow in (f)].
Narrowing of the flux penetration front towards the sample center,
well observed in Fig. 2(e), is due to the finite size of the sample
where currents flow along the sides of the square.

and the reduced vortex density on the other side indicate the
enhanced pinning or the locally increased current along this
edge. In contrast, the negatively charged stripe edges do not
hinder vortex motion as delineated by the blue double-arrow
in the left-hand images of Figs. 2(c)–2(e). A similar effect is
observed after application of a strong normal field, raising the
vortex density in the entire sample, followed by a reduction
of Hz. Decreasing Hz pushes the vortices from the center
towards the sample boundaries. As shown in Fig. 2(f), the
same positively charged stripe edges impede flux exit. At the
same time, the negatively charged edges do not show any
effect on the exit of the positively charged vortices, although
they impede the negatively charged vortices entering from
the sample boundaries at Hz ∼ 0. When the Py stripes are
remagnetized with an opposite in-plane field, the stripe edge
charges switch polarity and the newly formed lines of positive
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FIG. 3. Same as Fig. 2 but the Py stripes are under the Nb film. The position of stripes is presented in the top part of each panel. Positively
and negatively charged stripe edges are bright and dark, respectively. T = 4 K, Hz = 4.6, 11.1, 15.4, 17.6 Oe in (a) to (d). (e) Positive flux
(bright contrast) exit and negative flux (dark contrast) entry with reducing field from 800 to 8 Oe. Red double arrows show the left edge of the
first Py stripe in (b) and (e), and the blue double-arrow in (c) shows the right edge of the first stripe. Unlike in Fig. 2, the negatively charged
Py stripe edges impede vortices and the positive stripe edges does not affect their motion [in accordance with the sketch in Fig. 1(b)]. A slight
contrast is observed along the positive Py stripe edge marked by red arrow in (b), which could be due to the Nb film corrugation. However, it is
much weaker than the contrast on the negative stripe edge. In (e), the entry of negative vortices is inhibited (dark line along the double arrow)
by the positively charged stripe edge.

magnetic charge hinder the motion of positive vortices while
negatively charged Py-edges do not affect the vortex dynamics
(not shown).

The same type of behavior is found in the samples with Py
stripes placed underneath the Nb film as illustrated in Fig. 3.
Although in this case, the negatively charged Py stripe edges
delay the entry of positive vortices, while the positive stripe
edges do not affect their motion as qualitatively explained
by the sketch in Fig. 1(b). Our observations confirm that
the asymmetry in the vortex motion across the repulsive and
attractive potentials is essentially of magnetic nature, while
the corrugation of the Nb film plays only a minor role.

For the case of magnetic stripes polarized along their
length, the magnetic charges emerge only at their short ends.
In this case, the stripes placed on top of the flat Nb film do not
show any effect on the vortex motion across their long sides.
When longitudinally polarized stripes are placed underneath
the Nb film, their uncharged long sides show some effect but
it is much weaker than that of the magnetically charged edges.

To understand the peculiarities of the magnetic vortex pin-
ning by the Py stripes, we analyze the interactions between
the stray fields at the magnetic stripe edges and the vortex flux.
The interactions can be represented as a coupling of the vortex
field outside of the SC film to the magnetization of the stripe
(see, e.g., Ref. [31]). The easiest way to estimate the vortex-
Py-edge coupling is to consider the magnetic charges at the
stripe edge face repelling or attracting the effective magnetic
charge of the vortex. The magnetic charge per unit length of
the dz-wide line aligned with the Py-edge face is Mdz (see
Fig. 4), where M is the magnetization per unit volume of Py,
and the field of this line charge at the position of the vortex is
Hl = Mdz/2π (z2 + R2)1/2.

The force on the pointlike vortex charge (+ or −2�0 [28])
from this line charge will be dFm = �0MRdz/π (z2 + R2),
such that the total force from the d f -wide edge of the stripe

placed at h0 above the SC film, is

Fm = ±(�0MR/π )
∫

dz/(z2 + R2)|h0
h0+d f

= ±(�0M/π ){arctg[(d f + h0)/R] − arctg(h0/R)}. (1)

Then the Py-edge-vortex potential will be

Um =
∫

dRFm|RR+D = ∓(�0M/π )[U (R + D) − U (R)]

(2)
with

U (R) = R{arctg[(d f + h0)/R] − arctg(h0/R)}
+ (1/2){(d f + h0)log[(d f + h0)2 + R2]

− h0log(h0
2 + R2)}. (3)

FIG. 4. Sketch of the geometry for estimating the stripe
edge/vortex potential.
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In Eq. (2) we accounted for the oppositely charged second
edge of the magnetic stripe of width D to avoid the divergence
of the integral.

Taking d f = 75 nm and h0 = 10 nm (values that corre-
spond to our samples), and λ = 84 nm [32], we obtain a good
fit for Eq. (1) with

Fm f = ±(�0M/π )ax/(x2 + b2), (4)

where a = 0.82, b = 0.42, and x = R/λ. Now Fm f represents
the force of a thin line with slightly reduced total magnetic
charge at a height of 0.42λ above the SC film, located close
to the middle of the Py-stripe edge (blue line in Fig. 4).
The resulting potential U− m f decays as −log(x2 + b2), or as

−log−logx at x � b. Eq. (4) gives a convenient form for
analyzing the overdamped motion of vortices across the edge
barrier, which can be described by the Langevin equation:

−ηdx/dt + Fmf + J�0dSC + ζ (t ) = 0. (5)

Here η = η0dSCλ with η0 being the Bardeen-Stephen viscos-
ity, the third term is the Lorentz force of the SC current J in
a dSC-thick SC film, and ζ (t ) depicts the noise. We anticipate
that J = Jc, the critical current associated with the inherent de-
fect pinning of the SC film. The structure of ζ (t ) is described
below.

First, we discuss the solution of Eq. (5) without the noise
term. In its dimensionless form, Eq. (5) reads

dx/dτ + 2Kx/(x2 + b2) + 1 = 0, (6)

where τ = t/t0, t0 = η0λ/Jc�0, and K = ±Ma/2πJcdSC.
The formal solution of this equation is

x + [K/(K2 − b2)
1/2

][x1Log(x − x1) − x2Log(x − x2)]

= τ + const (7)

with x1,2 = K ± [K2 − b2]1/2.
Using M = 800 G for Py, Jc ∼ 1011A/m2 and dSC =

100nm for our Nb film, we obtain |K| ∼ 0.84. An appropriate
plot of the real part of Eq. (7) for ±K is shown in Fig. 5. Here,
the retracting branches of the curves are unphysical and one
would expect that the transition to the upper part of the vortex
trajectory occurs as shown by arrows. The vortex crossing of
the repulsive potential (K > 0) should be essentially delayed
compared to the crossing of the attractive potential (K < 0).

However, the numerical modeling of Eq. (6) with chosen
initial conditions yields a different picture of x(t ), as shown
in Fig. 6. Here, the motion steadily slows to the rest position
in the case of repulsive Um

+, or initially accelerates and then
stops in the case of attractive Um

−. In the stop point, x0, the
force Fd ∼ Jc ∼ 1/|K| is equal to the oppositely directed force
of the potential.

When the driving force Fd exceeds the critical value (maxi-
mum force of the potential defined by |Kc| = b), i.e., at |K| <

b, vortices start moving continuously across both barriers
(Fig. 6), showing slowed and accelerated segments reminis-
cent of the lower branches presented in the formal solution
(Fig. 5) and then smoothly transferring to the higher branches.

Accounting for noise ζn(t ) in Eq. (6) allows crossing the
barrier at smaller driving forces (Fig. 7), i.e., at |K| > |Kc|. We
considered two choices of ζn(t ): random number in the range

FIG. 5. Real part of the solution of Eq. (7), for the attractive K =
−0.84 (blue) and repulsive K = +0.84 (red) potential with b = 0.42.
Retracting branches are unphysical and the system should transfer
from lower to higher branches via jumps, as shown by arrows.

± ζmax (bipolar noise) and between 0 and +ζmax (monopo-
lar noise). The noise mimics the effect of temperature and
accidental knocks from other vortices. The monopolar noise,
suggests preferential knocks from new vortices coming from
the sample boundaries. It is equivalent to an additional driving
force and causes the crossing of the barrier at smaller ζmax

compared to the bipolar noise. However, for both bipolar and

FIG. 6. Trajectories of vortices in the vicinity of the stripe edges
obtained by numerical modeling of Eq. (6). Dimensionless x(t ) are
shown for decreasing driving forces (increasing |K|) for attractive
(K < 0) and repulsive (K > 0) potentials. At a critical driving force,
|Kc| = 0.42, vortices halt in the stop points +/ − x1. At a larger
force, |K| < |Kc|, they pass (although asymmetrically) both K > 0
and K < 0 barriers.

174511-5



V. K. VLASKO-VLASOV et al. PHYSICAL REVIEW B 102, 174511 (2020)

FIG. 7. Vortex trajectories with driving force below critical (1/|K| < 1/|Kc|) in the presence of bipolar (a) and monopolar (b) noise. The
random noise amplitude is defined as ζmax = (3T̃ /ht )1/2 with an effective temperature T̃ and time step of the calculations ht .

monopolar noise, it is hard to see a noticeable difference in
the probability of crossing Um

− and Um
+.

Therefore, numerical modeling shows that the viscous vor-
tex motion alone cannot explain the observed difference in
the vortex crossing of the attractive and repulsive magnetic
barriers by considering only the effect of stray fields Hs at
the magnetic stripe edges. An additional factor, which is
not accounted for in Eq. (5), is the local creation of addi-
tional vortices along these edges induced by the same Hs.
To estimate the probability of this process, it is necessary
to compare the energy of the created vortex line in the
SC film Ev ∼ dsc (�0/4πλ)2[ln(λ/ξ ) + 0.5] with the height
of the magnetic potential, estimated from Eq. (4) as U− m ∼
(�0Mλ/2π )aln(x2 + b2 ∼ α(�0Mλ/2π ) with α ∼ 0.34. The
the creation of new vortices will occur at M � (�0/α8πλ2)
[ln(λ/ξ ) + 0.5]dsc/λ. This condition is realized in our sam-
ples at all temperatures. When Py stripes are above the Nb
film, negative vortices will be formed under the positively
charged stripe edges and positive vortices under the negatively
charged edges. The negative vortices induced under the posi-
tive edge will attract positive vortices entering the sample and
reduce the height of the repulsive Um

+. In turn, the positive
induced vortices under the negative edge will repulse the new
positive vortices and reduce the depth of the attractive Um

−.
However, when new positive vortices approach the Py-stripe
edge, they annihilate the negative induced vortices and restore
the height of Um

+. At the same time, the new positive vortices
under the negative attractive edge will only reduce the depth of
Um

−. As a result, the repulsive magnetic barrier Um
+ is succes-

sively enhanced and the attractive barrier Um
− is suppressed

due to the accumulation of entering vortices in their vicinity.
We suggest this factor as the main reason for the observed
asymmetry of the vortex motion across differently polarized
magnetic edges.

In the case of the Py-stripes under the Nb film, Um will
be slightly altered, which can be described as a change of
the effective distance of the magnetic stripe below the super-
conductor [parameter b in Eq. (4)]. Also, Meissner screening
will be modified due to the corrugation of the SC layer near
the stripe edges. The positively charged stripe edges now
become attractive and the negatively charged edges become

repulsive for the positive vortices [Fig. 1(b)]. In turn, the stray
fields of the positive stripe edge induce positive vortices that
suppress the attractive potential. At the same time, negative
vortices induced at the negative stripe edge are annihilated
by the entering positive vortices, thus restoring the repulsive
potential. Although Um

+ and Um
− switch sides on the stripes,

depending on whether the Py stripes are underneath or atop
the SC film (Fig. 1), the main physical picture of the stripe
edge/vortex interaction remains the same, as we also see in
the experiment.

An additional pinning should arise due to the increased
length of the vortex crossing the corrugated section for Py-
stripes placed underneath the Nb film. A rough estimate of the
added extension of the vortex length is �l ∼ [(2)1/2 − 1]dsc,,
which will increase the vortex energy by �U− v ∼ 0.4Ev . This

�U− v > 0 will enhance the repulsive magnetic barrier, but will

reduce the attractive Um, similar to the effect of Hs-induced
vortices. Yet, �Uv remains several times smaller than |Um|
leaving the magnetic interactions dominant.

A more accurate analysis of �Uv follows from the com-
puter simulations of the vortex motion against the corrugation
of the SC film using the time-dependent Ginzburg-Landau
model [33]. Movies of vortices crossing the corrugation under
the constant current conditions are presented in the Supple-
mental Material [34,35]. By monitoring the time variations of
the vortex energy, we obtain �U ∼ 0.5Ev (a half of the vortex
energy in the flat Nb film), which is in a reasonable agreement
with our simple analytical estimate.

IV. CONCLUSIONS

Using direct magneto-optical imaging we studied the mo-
tion of Abrikosov vortices across the edges of thin in-plane
magnetized permalloy stripes placed atop or underneath a
niobium film to discern the effect of magnetic interaction and
film corrugation on vortex pinning and dynamics. In-plane
polarization of the Py stripes perpendicular to their length
creates lines of positive or negative magnetic charges at the
stripe edges resulting in lines of attractive Um

− or repulsive
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Um
+ potentials acting on magnetic monopoles corresponding

to vortices in the SC layer. We mapped the spatial distribution
of vortices in various Um

− and Um
+ depending on the Py stripe

polarization and on the polarity of vortices created by opposite
normal-to-plane fields.

Remarkably, for both cases with Py stripe arrays on top and
underneath the Nb film, we found that the repulsive magnetic
potential strongly hinders the vortex motion, while the attrac-
tive potential shows negligible effect on their dynamics.

We analyzed our observations using approximation of the
one-dimensional overdamped vortex motion across a loga-
rithmic magnetic potential of charged magnetic lines under
the constant applied drive. The formal analytical solution of
the viscous motion equation shows an asymmetry. However,
the numerical treatment with and without the noise did not
reveal a qualitative difference between Um

+ and Um
−. We then

estimated the conditions for the vortex nucleation by the stray
fields from the charged edges, which pointed to the existence
of the spontaneous vortices of different polarities near the
extrema of Um. Near the maximum of the repulsive potential
these vortices have the polarity opposite to that of new vortices
induced by the applied normal field. Following the pattern
of stray fields, they should be polarized downwards near the
positive stripe edge in Fig. 1(a) and near the negative stripe
edge in Fig. 1(b). As a result, these vortices should attract the
upward polarized new vortices and thus reduce the strength
of the repulsive potential. In turn, near the minimum of the
attractive Um, the spontaneous vortices are polarized parallel

to the new vortices [upwards near the negative stripe edge
in Fig. 1(a) and near the positive stripe edge in Fig. 1(b)].
So they will repulse the incoming vortices and thus reduce
the strength of the attractive potential. However, when new
vortices approach the extrema of Um, they will annihilate
with opposite spontaneous vortices formed at the repulsive
edge and restore the strength of the repulsive Um, which will
then grow due to the accumulation of pinned vortices. At the
same time, when approaching the attractive potential, the new
vortices will only add there and further reduce the depth of the
attractive Um. This scenario explains the observed asymmetric
action of oppositely charged stripe edges.

We conclude that the magnetic structures with in-plane
magnetizations can be used as tunable potentials for efficient
manipulation with Abrikosov vortices. Our MO observations,
analysis of the vortex motion equations, and Ginzburg-Landau
simulations reveal that vortex interactions with magnetic pat-
terns are essentially stronger than the effects of pinning by
film corrugations.
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