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Magnetic skyrmions, the topological states possessing chiral magnetic structure with nontrivial
topology, have been widely investigated as a promising candidate for spintronic devices. They can also
couple with superconducting vortices to form skyrmion-vortex pairs, hosting Majorana zero mode, which
is a potential candidate for topological quantum computing. Many theoretical proposals have been put
forward on constructing skyrmion-vortex pairs in heterostructures of chiral magnets and superconductors.
Nevertheless, how to generate skyrmion-vortex pairs in a controllable way experimentally remains a
significant challenge. We have designed a heterostructure of a chiral magnet and superconductor
[Ta/Ir/CoFeB/MgO],/Nb in which zero field Néel-type skyrmions can be stabilized and the super-
conducting vortices can couple with the skyrmions when Nb is in the superconducting state. We have
directly observed the formation of skyrmion-superconducting vortex pairs that is dependent on the
direction of the applied magnetic field. Our results provide an effective method to manipulate the quantum
states of skyrmions with the help of superconducting vortices, which can be used to explore new routines to

control the skyrmions for spintronics devices.
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Introduction—Magnetic skyrmions are small swirling
topological defects induced by chiral magnetic interactions
or broken inversion symmetry [1-6]. There are two typical
types of magnetic skyrmions: Néel-type [7-9] and Bloch-
type [10-13] skyrmions, which correspond to different
symmetries of chiral Dzyaloshinskii-Moriya interactions
[14,15]. Skyrmions can be defined by the topological
number (or winding number) N = (1/4x) [M-[(0M/dx)x
(0M/ay)]dxdy, which is a measure of the winding of the
normalized local magnetization M [16]. Their stabilization
and dynamics depend strongly on their topological proper-
ties. Owing to their topological property, small size, and
high mobility, skyrmions can be manipulated by a very
small current density [17,18]. Skyrmions have been there-
fore proposed as promising candidates for the next gen-
eration, low-power spintronic devices, such as nonvolatile
information storage and logic devices [19-22].

The interaction of skyrmions with another kind of topo-
logical excitation, namely superconducting vortices, in the
heterostructure of chiral magnets and superconductors has
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been widely discussed recently [23,24]. The broken inver-
sion symmetry of the heterostructure leads to a magneto-
electric coupling that mediates an interaction between
skyrmions and superconducting vortices, forming a new
type of composite topological excitation referred to as a
skyrmion-vortex pair (SVP). It is found that non-Abelian
Majorana bound states exist at the vortex core of SVPs [23—
26]. Therefore, heterostructures of chiral magnets and
superconductors have been proposed as a possible platform
for hosting Majorana zero modes and exploring topological
quantum computation with high fault tolerance [27,28]. It
has also been theoretically demonstrated that this kind of
heterostructure provides unprecedented tunability of the di-
rection of motion for skyrmions, which facilitates skyrmion
guidance in racetrack applications [29]. Experimentally,
Kubetzka er al. demonstrated that Fe/Ir on Re substrate
could form a skyrmion-superconductor hybrid system [30].
Recent experiments on chiral magnet-superconductor het-
erostructures at applied magnetic fields have confirmed the
antivortices generated by the stray field of skyrmions based
on unique signatures in experimental data as well as nume-
rical simulations [31]. Nevertheless, in the above men-
tioned experimental works, the skyrmions are stabilized at
relatively high fields so that vortex-vortex interaction is
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non-negligible and the existence of individual SVPs
remains to be clarified. Most importantly, how to generate
SVPs in a controllable way and directly observe them
remains a challenging task.

We have designed a kind of chiral magnet-superconductor
heterostructure (MIS) of [Ta/Ir/CoFeB/MgO],/Nb on Si
substrate [32]. The proximity effect has been suppressed by
inserting an insulator layer between the chiral magnet and
superconductor, so that skyrmion and vortex interact via
stray field only. It is found that in our heterostructures, Néel-
type skyrmions can be stabilized at zero field after their
nucleation at high fields. Formation of SVPs has been
directly observed by magnetic force microscopy (MFM).
When a negative magnetic field is applied, the supercon-
ducting vortices prefer to locate at the centers of the
skyrmions, forming SVPs with enlarged radii. While in a
positive field, superconducting vortices are expelled away
from the skyrmions. Such isolated SVPs can be an ideal
platform to explore Majorana zero mode for topological
computation as well as applications based on the manipu-
lation of skyrmions.

Zero-field skyrmions—To obtain skyrmions at zero
magnetic field, the magnetic field perpendicular to the

sample surface is swept from zero to about 1750 QOe, and
then decreased to zero. MFM images have been acquired in
several representative fields. From the demagnetization
state shown in Fig. 1(c), the alternating up-and-down
(yellow and blue) labyrinthinelike domains with almost
half-to-half occupancy have been observed, corresponding
to a zero net magnetic moment.

With the increasing external field, the yellow domains
become more spatially separated with an enlarged blue
region that represents a uniform domain with positive
moment m,. When the external field reaches around
1750 Oe [blue dash line region marked in Fig. 1(b)], the
stripelike domains evolve into stabilized individual sky-
rmions (yellow round shaped dots), as shown in Figs. 1(h)
and 1(i). When the field is reduced to zero, stable sky-
rmions are clearly observed as shown in Fig. 1(j), repre-
senting an equilibrium spin configuration. Because of the
inhomogeneity of the sample, the size of the skyrmion is
nonuniform (60—100 nm) (detailed analysis can be found
in Ref. [36], sample series IV). The distance between the
isolated skyrmions is of the order of pm. The large distance
between the skyrmions is of a great advantage for the study
of the coupling of skyrmions and superconducting vortices.
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Remnant state

8
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FIG. 1.
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(a) Sample composition: numbers following the layer labels [e.g., Ta(1), Ir(2)] indicate layer thicknesses in nm and there

are seven stacked repeats of the [Ta(1)/Ir(2)/CoFeB(1.1)/MgO(2)] unit. (b) Magnetic hysteresis loops at 7 =10 K for a
[Ta(1)/Ir(2)/CoFeB(1.1)/MgO(2)], film under perpendicular (H,) and parallel (H|) magnetic fields. The arrows indicate field
sweep directions. Individual skyrmions nucleate in the field range of [1700, 2000] Oe, marked as blue dash lines. (¢)—(j) The MFM
images at T = 10 K in our MIS heterostructure during a perpendicular magnetic field H, = 0 Oe — 1750 Oe — 0 Oe sweep.
(c) represents the demagnetization state [the initial state before the application of the magnetic field at the origin of (b)] and (j) represents
the remnant state [marked by the orange star in (b)]. The scale bar is 1 pm and color bars indicate the MFM probe resonance shift A f in
Hz, proportional to m,. Blue (yellow) bar indicates +(—)m,. The MFM scanning area is 5 x 5 pm?.
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Direct visualization of SVPs—After the zero-field sky-
rmions have been formed in the chiral magnet layer at
10 K, which is above the superconducting transition
temperature 7., a perpendicular magnetic field is applied
at the desired strength, and then the sample is cooled down
below T, to 5 K [field cooling (FC)]. Figures 2(a)-2(c)
are the MFM images taken at calibrated magnetic fields
of zero, —3 Oe, 1 Oe with FC processes, respectively.
A characteristic region is marked by a white dashed
rectangle in Figs. 2(a)-2(c), which represents the same
scanning area.
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FIG. 2. MFM images acquired at 7 =5 K, from n =7 MIS
heterostructure at different applied magnetic fields of (a) H, =
0 Oe, (b) —3 Oe, (c) 1 Oe. Each image is taken in a field cooling
process. The scanning area of (a)—(c) is 20 x 20 pm?. The green
squares (red circles) in (a) and (b) represent the vortices induced
by the skyrmions with coaxial (noncoaxial) configurations. The
SVP and individual skyrmion images with their corresponding
MEM profiles in (d) and (e) are enlarged from (a) and (c),
respectively, which are marked by white arrows in (a) and (c).
Red arrows in (a) and (c) represent large and small skyrmions
(marked by “L” and “S”) that are used to extract the different
profiles in the following numerical calculations. All the scale bars
are labeled at left bottom.

Compared with the MFM image for the same scanning
area at 10 K [see Fig. S4(b) [32]], it can be found that
besides the isolated skyrmions that appear as small yellow
dots at fixed positions, there are two other kinds of bright
dots with larger radii in Figs. 2(a) and 2(b) marked by green
squares and red circles, respectively. From Figs. 2(a)-2(c),
we can find the following: (1) when a negative perpendi-
cular magnetic field (H;, = —3 Oe, along —z direction and
parallel to the skyrmions core) is applied, both the numbers
of green squares and red circles increase, as shown in
Fig. 2(b). The additional green squares are generated from
skyrmions in Fig. 2(a) at the same position. Meanwhile, the
additional red circles emerge from the blue background.
(2) When a positive external magnetic field H; =1 Oe,
along +z direction is applied, the green squares in
Figs. 2(a) and 2(b) turn into skyrmions at the same
positions. In the meantime, the red circles are replaced
by a triangular array of dark circles as shown in Fig. 2(c).
By comparing with the MFM images of Nb film in Fig. S2,
we can attribute the red circles and dark dots to super-
conducting vortices. The dark circles in Fig. 2(c) are
actually the antivortices arising from the reversal of the
direction of the magnetic field. It is noticed that the vortices
in green square of Fig. 2(a) always appear at the fixed
positions under individual FC processes of different neg-
ative fields, in contrast to the random distribution of
vortices in bare Nb film as shown in Fig. S4.

We have plotted the profiles of the MFM image of a
skyrmion-vortex pair [marked by arrow (d) in Fig. 2(a)]
and an isolated skyrmion in the same location [marked by
arrow (e) in Fig. 2(c)]. [The profiles of the dark round dots
in Fig. 2(c) are given in Fig. S1 [32] ]. Both profiles exhibit
axial symmetry, with the one of the skyrmions having a
radius of approximately 90 nm and that in the green square
around 190 nm. It has been reported that the stray field of a
skyrmion is strong enough to generate a superconducting
vortex in Nb film [31]. In the meantime, previous theo-
retical calculations on the interaction between a super-
conducting vortex and a skyrmion have shown that when
minimizing the total free energy is taken into consideration
[37-40], the superconducting vortex will be located at the
center of skyrmions, resulting in SVPs with enlarged radii.
This is exactly what has been observed here, as marked
with green squares in Figs. 2(a) and 2(b).

To further investigate the origin of these MFM signals
in green squares, field evolution of the MFM images has
been examined by comparing with those on a bare Nb film
under different magnetic fields (detailed analysis can be
found in [32]). Firstly, with the increase of the magnetic
field from —2 Oe to 2 Oe, no vortex exists at zero field
in Nb film when the polarity of vortices changes from
negative (yellow dots) to positive (dark dots) as shown in
Fig. S4(a). In contrast, skyrmion-induced vortices can
be observed at zero field in MIS sample as shown in
Fig. S4(b). The reason is that in the case of Nb film, the
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superconducting vortices are generated by the spatially
uniform remnant field that can be compensated by an
applied magnetic field. While for the case of MIS sample,
some vortices are generated by the stray field of the
skyrmions that is not spatially uniform and cannot be
compensated by a uniform applied magnetic field.
Secondly, the arrangement of positive and negative vortices
keeps the same (triangle lattice) in Nb film; nevertheless in
MIS sample, the vortices form a triangular lattice in a
positive magnetic field (dark dots) but form an irregular
pattern in a negative field (yellow dots). The detailed
experimental data and analysis are provided in the
Supplemental Material Note 3 and Fig. S4 [32]. It is
further noticed that the number of vortices in a negative
field in MIS sample (yellow dots) is larger than that in Nb
film at the same field; the additional vortices are those
marked by green squares in Fig. S4(c). From above, we can
attribute the one in green square as SVP, which is a result of
one superconducting vortex generated by the stray field of a
skyrmion, located at its center. Based on the above analysis,
we can conclude that we have directly visualized the
formation of SVPs originating from the interaction between
skyrmions and superconducting vortices.

Numerical simulation—It is noticed that SVPs tend to be
formed on skyrmions with large radii. In order to find the
reason, numeric simulations have been carried out using a
boundary-restrained Maxwell-London equation [37] to
calculate the interaction force between a skyrmion and
the superconducting vortex generated by its stray field.
Considering the fact that the distance between individual
skyrmions is rather large (~1 pm), we can neglect the
interaction between the skyrmions and treat each SVP as an
isolated one. We apply the general form for the field
distribution of a superconducting vortex [29,41] and utilize
the same relationship as described in Ref. [37]. The
interaction force between a skyrmion and a superconduct-
ing vortex can be expressed as fy_, = Ju(a) x (—=®)e.,
with Jg (a) = @51 (0F 4_,/0a) being the derivative of the
interaction energy F'y _, with respect to the center-to-center
distance a, and @, the flux quantum. The interaction
energy and supercurrent distribution strongly depend on
the skyrmion polar angle 6(a) [see Egs. (S1) and (S6) in
SM [32]]. We use the 360° domain wall ansatz 6(a) =
arctan{sinh(w)/ sinh[(a - ®)/rg]} to fit the skyrmion pro-
files (rq is the skyrmion radius), and extract different o,
which is defined as the ratio between ry and the skyrmion
wall width r, [42]. The extracted values of @ for the
skyrmions marked by “L” and “S” in Figs. 2(a) and 2(c) are
12 and 1, respectively. The calculated schematic diagram
and interaction force distribution for @ = 12 and w = 1
are shown in Fig. 3 (the corresponding supercurrent
and interaction energy distribution diagram can be found
in [32]). During the calculation, skyrmion chirality 7 = +1
has been chosen [43]. It can be seen that when w = 12 > 1
in Fig. 3(a), the interaction force keeps attractive over a
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FIG. 3. Schematic diagram of the SVP formation in our MIS
sample. (a),(b) Interaction force between a Néel-type skyrmion
with @ = 12(w = 1) in a chiral magnet with a superconducting
vortex, SVP with coaxial (noncoaxial) configuration of a sky-
rmion and a superconducting vortex will be formed. (c),(d) Line
cut of the interaction force —f_, (blue triangles) profile and the
skyrmion profile m, (red circles) in (a),(b).

considerable long range, the interaction energy reaches
minimum at zero center-to-center distance, i.e., forming a
coaxial configuration [a location mark in Fig. 3(a)]. In
contrast, when @ = 1 in Fig. 3(b), the interaction force
shows repulsive first at zero, and becomes attractive after a
specified distance, which indicates that the interaction
energy reaches minimum at a limited center-to-center dis-
tance ag [location marks in Fig. 3(b)]. Therefore, SVP with
coaxial configuration of a skyrmion and a superconducting
vortex will not be formed. These are in good agreement with
the observations in Figs. 2(a) and 2(c).

Discussions—In a ferromagnet-superconductor hetero-
structure where inversion symmetry is broken by the inter-
face, the spatially varying stray field of a skyrmion generates
a supercurrent in the superconductor to form superconduct-
ing vortices. In the calculation by Refs. [29,37,40], sky-
rmion-vortex interaction via stray fields can lead to the
binding of SVPs. It is found that in the ferromagnet-super-
conductor heterostructure, when the vortices are created
directly via the stray field coupling with the ferromagnetic
layer, vortices will be pushed away by the skyrmion when
the orientation of the field is opposite to that of the skyrmion.
This is consistent with our observation that when a positive
magnetic field is applied, SVPs will turn into isolated
skyrmions as shown in Fig. 2(c).

For a Néel-type skyrmion, the average magnetization
inside the skyrmion radius is opposite to that inside the
skyrmion domain wall. Thus, the stray field of skyrmion
with larger @ will be dominated by that inside the radius.
On the contrary, for a skyrmion with smaller w, the stray
field inside the radius will be blurred by that from the
skyrmion domain wall. Therefore, the strength of the stray
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field in a skyrmion with larger @ is stronger than that in a
skyrmion with smaller . This is consistent with the
numeric calculation results that superconducting vortices
can only be induced by skyrmions with large w. Since
® = ry/ry, generally a skyrmion with larger ry tends to
have larger w. As a result, it is easier to induce a coaxial
vortex for a skyrmion with a large radius.

Conclusion—We have designed a kind of chiral magnet-
superconductor heterostructure of [Ta/Ir/CoFeB/MgO],/
Nb where skyrmions can be stabilized at zero applied
magnetic field. The formation of SVPs has been directly
observed that is dependent on the direction of the applied
magnetic field. The superconducting vortices are located at
the centers of the skyrmions under a negative magnetic
field, forming SVPs with enlarged radii. While in a positive
field, superconducting vortices are expelled away from
the skyrmions. The extremely small field operations of
manipulating the skyrmion state provide a practical routine
for controllable manipulation of skyrmion by means of
magnetic field. And the dissipationless superconducting
current in this kind of heterostructure can provide a great
advantage in spintronics devices based on current-driven
skyrmion motion.
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