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Manipulating vortices with domain walls in superconductor-ferromagnet heterostructures
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Vortices are pointlike topological defects in superconductors whose motion dictates superconducting prop-
erties and controls device performance. In superconductor-ferromagnet heterostructures, vortices interact with
topological defects in the ferromagnet such as linelike domain walls. While in previous heterostructure gen-
erations, vortex-domain wall interactions were mediated by stray fields; in new heterostructure families, more
important become exchange fields and spin-orbit coupling. However, spin-orbit coupling’s role in vortex-domain
wall interactions remains unexplored. Here we uncover, via numerical simulations and Ginzburg-Landau theory,
that Rashba spin-orbit coupling induces magnetoelectric interactions between vortices and domain walls that
crucially depend on the wall’s winding direction—its helicity. The wall’s helicity controls whether vortices
are pushed or dragged by Néel walls, and their gliding direction along Bloch walls. Our work capitalizes on
interactions between topological defects from different order parameters and of different dimensionality to
engineer enhanced functionality.
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Introduction. Nature provides numerous examples where
nanostructures of dissimilar kind and dimensionality work to-
gether to achieve specific functions: supramolecular capsules
trap small molecules and act as catalytic centers [1,2], lipid
bilayer membranes enclose organelles that determine cells’
functionality [3], RNA polymerase glides along a DNA strand
to transcribe genetic information [4,5]. In the spirit of these
examples from Nature, topological defects of ordered media
in condensed matter [6,7], such as pointlike skyrmions [8–12]
and vortices [13–17], as well as linelike dislocations [18–21]
and domain walls [22–25], have been actively investigated for
technological applications. For instance, recent experiments
have reported on skyrmion confinement using domain walls
in liquid crystals and magnets [26,27]. Similarly, recent theo-
retical studies [28,29] and their experimental realization [30]
have demonstrated guidance of magnetic skyrmions along
tracks provided by the helical phase in helimagnets [31–33].
The main challenge faced by these recent reports was ensuring
the coexistence of topological defects with different dimen-
sionality and of the same order parameter [34].

An alternative to overcome this challenge and a path to-
wards engineering enhanced functionality, as in the above
examples from Nature, is to employ different order param-
eters: thus providing a much richer toolbox to manipulate
individual and coupled structures. Progress has been made in
superconductor-ferromagnet heterostructures [35–37], where
magnetic domain walls interact with superconducting vortices
via stray fields [38,39]. Moreover, the displacement [40,41]
and confinement [42] of superconducting vortices by the stray
field of magnetic domain walls have been experimentally
demonstrated.

Current interest in proximity-coupled superconductor-
magnet heterostructures stems from topological supercon-
ductivity [43–45] and the promise of realizing Majorana

bound states [46,47] whose manipulation, for example, could
be achieved via controlling magnetic skyrmions [48–51].
Spin-orbit coupling (SOC), necessary for topological su-
perconductivity, is also present in heterostructures hosting
superconducting vortices and magnetic domain walls, but its
role has so far been neglected and remains unexplored.

Here we exploit the rich interplay between distinct order
parameters in proximity-coupled superconductor-ferromagnet
heterostructures, arising from the magnetoelectric effect
induced by Rashba SOC [52–54], to manipulate supercon-
ducting vortices with magnetic domain walls (Fig. 1).

Textured ferromagnet proximity coupled to a supercon-
ductor. We assume the magnetic domain wall dynamics to

FIG. 1. Superconducting vortices manipulated by magnetic do-
main walls in superconductor-ferromagnet heterostructures. A do-
main wall in the ferromagnetic thin film (FM) that is proximity
coupled to a superconducting layer (SC) interacts with vortices (blue
tubes) via the magnetoelectric effect induced by spin-orbit coupling.
The winding of the domain wall (helicity) and the vortices (vorticity)
control whether vortices glide along the domain wall, get dragged, or
(as depicted) pushed.
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be externally controlled, for instance by in-plane magnetic
fields [55,56] or temperature gradients [57–59], and aim to
model its effect on the superconductor. The phenomena we are
interested in possess a natural separation of timescales. While
magnetic domain walls attain speeds of ∼10 µm/s when
driven by in-plane magnetic fields [56] and of ∼102 µm/s
when driven by temperature gradients [59], itinerant electrons
in clean superconductors are orders of magnitude faster due
to typical Fermi velocities of ∼106 m/s [60]. Therefore, we
adopt an adiabatic approach where we simulate the time evo-
lution of the superconducting order parameter as a sequence
of static configuration steps. At each step, the magnetic texture
in the proximity-coupled ferromagnet is a parameter set that
modifies the electronic energy spectrum and eigenstates in the
superconductor through the tight-binding Hamiltonian,

H = − t
∑

〈i j〉
c†

i c j − μ
∑

i

c†
i ci −

∑

i

c†
i (hi · σ)ci

+ i αR

∑

〈i j〉
c†

i ẑ · (d̂ i j × σ)c j +
∑

i

(�ic
†
i↑c†

i↓ + H.c.).

(1)

Itinerant electrons of spin α are created (annihilated) at site
i of the square lattice, on the xy plane and with lattice con-
stant a, via the operator c†

iα (ciα ), and ci = (ci↑, ci↓)T . Here,
t is the hopping parameter, μ is the chemical potential, and
hi is the exchange field due to the magnetic texture in the
proximity-coupled ferromagnet. Rashba SOC enters through
the fourth term, where αR is the coupling strength, the unit
vector d̂ i j is oriented along the nearest-neighbor link from j
to i, σ is the vector of Pauli matrices, and the coefficient i
is the imaginary unit. Finally, �i is the complex-valued and
spatially dependent superconducting order parameter that we
compute self-consistently (see [51] for details).

The above microscopic theory is valid for any magnetic
texture; it was previously used to study pointlike skyrmions
[61]. In this work, we consider domain walls whose linelike
structure brings about new physics and functionality.

With this adiabatic and self-consistent model, we charac-
terize the interactions between magnetic domain walls and
superconducting vortices.

Vortex response to a moving domain wall. To reveal the
interaction between a superconducting vortex and a magnetic
domain wall, we simulate their adiabatic time evolution. The
exchange field induced by the magnetic domain wall, aligned
parallel to the y axis and centered at x = 0, reads

h(dw) = h0[sin �(x) n̂(dw)(γ ) + cos �(x)ẑ], (2)

with h0 the exchange field strength, n̂(dw)(γ ) = cos γ x̂ +
sin γ ŷ, and γ the domain wall helicity. We choose h(dw)

pointing asymptotically upward (downward) to the domain
wall’s left (right): cos �(x) = − tanh(x/d ), with d the domain
wall width.

In the vortex vicinity, the superconducting order parameter
phase becomes θ (v) = qvφ + ϕ. The winding number of θ (v)

about the vortex core, its vorticity qv , and its chirality ϕ are
determined by the background exchange field at the vortex
and the Rashba SOC strength αR. For concreteness, we focus
on vortices with qv = 1 [62].

We simulate four distinct helicity cases: Néel walls
with γ = 0, π and Bloch walls with γ = π/2, 3π/2 (see
Supplemental Material [63]). Implementing a rigid, right-
ward domain wall motion yields strikingly different vortex
responses.

A Néel wall with γ = π , when sufficiently close, con-
stantly pushes the vortex to the right [Fig. 2(a), Neel-
Push.mp4]. However, if the Néel wall has helicity γ = 0, a
drastically different behavior occurs. The vortex is attracted
towards the domain wall and eventually crosses to the left
domain. Once in the domain wall’s “wake,” the vortex settles
at a distance and the domain wall drags it [Fig. 2(b), Neel-
Drag.mp4].

In contrast, Bloch walls initially attract the vortex. Once
sufficiently close, the vortex chirality changes and the vortex
motion acquires a vertical component. Eventually, the vor-
tex gets trapped and then glides along the domain wall: for
γ = 3π/2 in the ŷ direction [Fig. 2(c), Bloch-Glide-Up.mp4]
and for γ = π/2 in the −ŷ direction [Fig. 2(d), Bloch-Glide-
Down.mp4].

These diverse four cases admit a unified description, as
we explain next, underpinned by the Rashba SOC-induced
magnetoelectric effect [52–54].

Vortex-domain wall interactions. The numerical simula-
tions presented above can be comprehended qualitatively
through the Ginzburg-Landau theory of superconductors
[64]. The spatially asymmetric Rashba SOC introduces
coupling mechanisms between the superconducting conden-
sate and the ferromagnetic layer, known as magnetoelectric
interactions [52–54,61,65]. These interactions are incorpo-
rated into the Ginzburg-Landau phenomenology through the
magnetoelectric free energy functional Fme[ψ∗, ψ, A, h] =∫

drF (1)
me , where F (1)

me = −κ (1)(ẑ × h) · P is a SOC-induced
Lifshitz invariant, and the positive constant κ (1) parame-
terizes the magnetoelectric coupling to first order in SOC
[66]. Here, h is the exchange field induced in the su-
perconductor by the adjacent ferromagnetic layer via the
exchange proximity effect, P = Re[ψ∗(−ih̄∇ − 2eA/c)ψ] is
the superconducting condensate’s momentum density, ψ (r) =
|ψ (r)| exp[iθ (r)] is the superconductor’s complex order pa-
rameter field, 2e (e = −|e|) is the charge of a Cooper pair,
c is the speed of light, and A is the magnetic vector po-
tential. We concentrate on a thin-film type-II superconductor
where the magnetic field’s penetration depth is significantly
larger than the typical length scales that characterize spatial
variations of magnetic domain walls and superconducting
vortices; thus, we can disregard the magnetic vector poten-
tial [67]. An essential consequence of this magnetoelectric
interaction is the emergence of the anomalous supercurrent
density jas = −2e|ψ |2κ (1)(ẑ × h) [63]. This is an addi-
tional contribution to the conventional supercurrent jcs =
eP/m generated by phase gradients in ψ , resulting in a
net supercurrent density of js = jcs + jas. Therefore, in
proximity-coupled superconductor-ferromagnet heterostruc-
tures, textures with an in-plane component such as ferromag-
netic domain walls produce anomalous supercurrents.

Incorporating the exchange field given by Eq. (2), we find
the anomalous supercurrent density associated with a domain
wall of general helicity j (dw)

as (x, γ ) = −g(1)(x) ẑ × n̂(dw)(γ ),
where g(1)(x) = κ (1)2eh0|ψ |2sech(x/d ). While Néel walls
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(c) (d)

(a) (b)

FIG. 2. Vortex response to a moving domain wall depends on helicity. Snapshots show the vortex time evolution in response to a rightward-
moving domain wall (vertical red line) with helicity (red arrow): (a) γ = π , (b) γ = 0, (c) γ = 3π/2, and (d) γ = π/2. The superconducting
order parameter is color coded (color wheel, normalization constant Rnorm = 0.75) by its curl and divergence; lengths are in lattice constant
a units; light blue arrows denote the supercurrent. A Néel wall with (a) γ = π constantly pushes the vortex. In contrast, a Néel wall with
(b) γ = 0 initially attracts the vortex, lets it move to the left domain, then drags it. After getting trapped by a Bloch wall, vortices glide along
the wall in the ŷ direction for (c) γ = 3π/2 and in the −ŷ direction for (d) γ = π/2.

generate supercurrents along the wall, Bloch walls generate
supercurrents across the wall.

On the other hand, a vortex centered at R = Rx x̂ + Ry ŷ
can be characterized by the order parameter field ψ (v)(r) =
ψ0 tanh(|r − R|/ξ ) exp[iθ (v)(r)], where θ (v) varies by 2π in
making a complete circuit counterclockwise about the vortex
center, ψ0 denotes the order parameter’s absolute value far
from the vortex core, and ξ represents the coherence length
[64]. This vortex profile generates the conventional super-

current density j (v)
cs = h̄eψ2

0
m

tanh2(|r−R|/ξ )
|r−R|2 ẑ × (r − R), which is

strongest when |r − R| ∼ ξ and approaches zero as |r − R| →
0 and |r − R| → ∞.

The vortex-domain wall magnetoelectric interactions
are governed by the effective free energy Feff (R, γ ) =
Fme[ψ (v)∗, ψ (v), h(dw)], which is obtained by substituting
h(dw), the exchange field of a domain wall with helicity γ

given by Eq. (2), and ψ (v), the profile of a vortex centered
at R, into the magnetoelectric energy functional Fme, followed
by integrating over the spatial coordinate r. Through its depen-
dence on R and γ , Feff determines how the superconductor’s
free energy varies with the vortex’s position relative to the
domain wall.

We numerically compute the effective free energy, as-
suming the domain wall width and the coherence length are
similar, d ∼ ξ , in the vicinity of Néel [Fig. 3(a)] and Bloch
[Fig. 3(b)] walls. For γ = π (γ = 0) Néel walls, Feff ex-
hibits a global minimum at Rx ∼ ξ (Rx ∼ −ξ ) from the wall’s
center. This explains the simulation for γ = π [Fig. 2(a)],
where the vortex is pushed in front of the domain wall as it
moves to the right, while for γ = 0 [Fig. 2(b)], the vortex
crosses into the left domain and is dragged behind the moving
wall. In contrast, for γ = π/2 (γ = 3π/2) Bloch walls, Feff

exhibits a global minimum at the end of the wall towards −ŷ
(+ŷ), where it intersects the sample boundary. Therefore, the
effective free energy gives rise to a y component in the vortex

(a)

(b)

FIG. 3. Effective free energy landscapes: interacting vortex-
domain wall. Minima of Feff , with the domain wall fixed at
Rx = 0, indicate the vortex equilibrium position. Parameters: sam-
ple size [−∞, +∞] × [−10 ξ, 10 ξ ], domain wall width d = 0.4 ξ ,
and F (1)

0 = κ (1)π h̄ d h0ψ
2
0 . (a) Néel wall with helicity γ = π : global

minimum at (Rx ∼ ξ, Ry = 0), to the right of the wall’s center,
explains the simulation [Fig. 2(a)] where the wall pushes the vor-
tex. (b) Bloch wall with helicity γ = π/2: global minimum at
(Rx = 0, Ry = −10 ξ ), at one of the wall ends on the sample bound-
ary, explains the simulation [Fig. 2(d)] where the vortex glides along
the wall.
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 (a)  (b)  (c)

FIG. 4. Wiping the slate clean of superconducting vortices. Con-
figurational sequence of a rightward-moving Néel wall with helicity
γ = π that pushes vortices away from the sample area, acting as a
vortex “eraser” or “rake.”

motion [Figs. 2(c) and 2(d)], which explains its gliding along
the wall.

Our analytical calculations [63] corroborate these numeri-
cal results and their helicity dependence. For Bloch walls, they
also clearly show the removal of Feff ’s minima and maxima
as the sample size approaches infinity—these minima and
maxima are finite-size effects.

A simple physical picture of vortex-domain wall interac-
tions follows from the interplay between anomalous and con-
ventional supercurrents densities. When the superconductor-
ferromagnet heterostructure contains a domain wall and a
vortex, the superconductor aims to minimize its free energy by
relocating the vortex to reduce the total supercurrent density
js = j (v)

cs + j (dw)
as to a minimum [63]. For a Néel wall, the

vortex reaches an equilibrium position at a distance |Rx| ∼ ξ

from the wall’s center because this ensures that the area with
the strongest conventional supercurrent density around the
vortex partly offsets the anomalous supercurrent density in-
duced along the wall; while for Bloch walls, the vortex attains
its equilibrium position at one of the wall ends to counteract
the anomalous supercurrent density induced in the sample
interior.

Exploiting these helicity-dependent vortex-domain wall in-
teractions, in the following section we demonstrate practical
routes to manipulate superconducting vortices with magnetic
domain walls.

Manipulating vortices with domain walls. Vortex manipu-
lation is relevant for technological applications. For instance,
directional guidance of vortices underpins vortex-based logic
platforms [51,68–70]. Additionally, confining vortices to nar-
row constrictions enhances vortex pinning, which extends the
magnetic field range of the zero-resistance state [71] and im-
proves the performance of superconducting electronic devices
[72]. We employ the helicity-dependent vortex-domain wall
interactions detailed in the previous sections to manipulate
vortices with domain walls.

A Néel wall with helicity γ = π pushes away and thus
removes vortices from a specific sample area (Fig. 4, Vortex-
Eraser.mp4). The same mechanism populates with vortices
empty sample areas. Being mobile barriers, these domain
walls can also suppress or trigger vortex avalanches [73–75].

Bloch walls, in finite-size setups, serve as unidirectional
vortex channels where the wall’s helicity controls the vortices
propagation direction [Figs. 2(c) and 2(d)]. Alternatively, two
Néel walls brought closer form a vortex channel; assisted
by repulsive vortex-vortex interactions, they also assemble
a vortex chain (Fig. 5, Vortex-Chain-Assembly.mp4). Al-
though vortex chains have been reported before in anisotropic
[76–78] and nanopatterned superconductors [72,79] and

 (a)  (b)  (c)

FIG. 5. Assembling a superconducting vortex chain using two
magnetic domain walls. Configurational sequence of vortices con-
fined between two Néel walls with helicity γ = π . As the separation
between walls decreases, vortices rearrange (by wall pushing and
repulsive vortex-vortex interactions) and form a chain.

between twin boundaries [80], mobile magnetic domain walls
represent an attractive noninvasive avenue to construct recon-
figurable channels for vortices and vortex chains.

Our simulations demonstrate that exploiting the depen-
dence on the wall’s helicity of the vortex-domain wall
interactions leads to enhanced functionality.

Discussion and conclusion. The experimental realization
of our predictions requires superconductor-ferromagnet het-
erostructures where vortices and domain walls interact via
Rashba SOC. The high-quality interfaces needed for Rashba
SOC can be assembled using van der Waals (vdW) ma-
terials. For example, evidence of Rashba SOC has been
reported at the interface of vdW ferromagnets and type-
II superconductors: Fe0.29TaS2/NbN [81] and CrBr3/NbSe2

[82]. Furthermore, CrBr3/NbSe2 supports vortices [83] and
CrBr3 hosts Bloch walls [84,85]. Gliding vortices along
Bloch walls [Figs. 2(c) and 2(d)] we propose to ob-
serve in the existing CrBr3/NbSe2 heterostructure. Another
vdW ferromagnet that exhibits Bloch walls is Fe3GeTe2

[86]; by decreasing its thickness or engineering its cap-
ping layer, Fe3GeTe2 can favor Néel walls [87,88]. Vortex
pushing or dragging by Néel walls [Figs. 2(a) and 2(b)]
we suggest to observe in Fe3GeTe2/NbSe2 heterostructures.
Therefore, superconductor-ferromagnet heterostructures suit-
able for the experimental realization of our predictions are
available.

Conclusive experimental confirmation of our predictions
needs tracking domain wall and vortex positions. Domain
wall observation and helicity determination require measuring
the magnetization’s three components, achievable using spin-
polarized scanning tunneling microscopy (SP-STM) [89],
spin-polarized low-energy electron microscopy (SPLEEM)
[90], or Lorentz transmission electron microscopy (TEM),
even without sample tilting [91]. Additionally, note that our
findings of helicity-dependent vortex-domain wall interac-
tions provide an indirect method to measure the domain wall
helicity. Vortex detection can be done via Lorentz TEM [92],
magneto-optical imaging [39,40], magnetic force microscopy
(MFM) [93,94], STM [95], and superconducting quantum
interference device (SQUID) magnetometry [96]. Employ-
ment of a single technique to simultaneously image vortices
and domain walls facilitates data collection and minimizes
system disruption; this has been demonstrated using MFM
[42]. There exist plenty of imaging techniques to confirm
our predictions.

We have explained how Rashba spin-orbit coupling in
superconductor-ferromagnet heterostructures induces interac-
tions between superconducting vortices and magnetic domain
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walls. Leveraging the dependence of these interactions on
the domain walls’ helicity, we have showcased enhanced
functionalities that result from manipulating vortices
with domain walls. The mobility of domain walls affords
them a further advantage: repurposing the same sample by
noninvasive reconfiguration of the magnetic landscape. Our
work epitomizes Nature’s paradigm of functionality via
the interaction of dissimilar nanostructures, and embraces
its extension to the condensed matter realm of topological
defects of different order parameters and dimensionality.
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