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High-resolution tunneling electron spin transport properties (longitudinal spin current (LSC) and spin transfer
torque (STT) maps) of topologically distinct real-space magnetic skyrmionic textures are reported by employing
a 3D-WKB combined scalar charge and vector spin transport theory in the framework of spin-polarized scanning
tunneling microscopy (SP-STM). For our theoretical investigation metastable skyrmionic spin structures with
various topological charges (Q = 3, 2, 1, 0, 1, 2 ) in the (Pt0.95Ir0.05)/Fe/Pd(111) ultrathin magnetic film are
considered. Using an out-of-plane magnetized SP-STM tip it is found that the maps of the LSC vectors acting on
the spins of the magnetic textures and all STT vector components exhibit the same topology as the skyrmionic
objects. In contrast, an in-plane magnetized tip generally does not result in spin transport vector maps that are
topologically equivalent to the underlying spin structure, except for the LSC vectors acting on the spins of the
skyrmionic textures at a specific relation between the spin polarizations of the sample and the tip. The magnitudes of the spin transport vector quantities exhibit close relations to charge current SP-STM images irrespectively of the skyrmionic topologies. Moreover, we find that the STT efficiency (torque/current ratio) acting
on the spins of the skyrmions can reach large values up to ~ 25 meV/µ A (~ 0.97 h/e ) above the rim of the
magnetic objects, but it considerably varies between large and small values depending on the lateral position of
the SP-STM tip above the topological spin textures. A simple expression for the STT efficiency is introduced to
explain its variation. Our calculated spin transport vectors can be used for the investigation of spin-polarized
tunneling-current-induced spin dynamics of topologically distinct surface magnetic skyrmionic textures.

1. Introduction
Individual magnetic skyrmions are promising building blocks for
high-density information storage and low-power information carrier
applications in spintronics [1–7] due to their small size and topological
properties. Skyrmions and other topological spin textures are formed of
closed magnetic domain walls of diverse complexity in real space
[8–18]. To describe this complexity they are characterized by topological invariants: the winding number or topological charge [1,9,19] of
the three-dimensional spin vectors, or the vorticity [1,10,13,20] of their
in-plane spin components. First-principles calculations provided deep
insight into the role of antisymmetric Dzyaloshinsky-Moriya and isotropic Heisenberg magnetic exchange interactions, exchange

⁎

frustration, and magnetocrystalline anisotropy in the formation of
skyrmions in thin magnetic films [13,21–28]. Recently, the investigation of the role of higher-order magnetic interactions [29–32] on the
skyrmion stability [33] is attracting interest. Moving towards realistic
spintronic applications several works reported on the existence of stable
skyrmions at room temperature [34–38]. Their stability depending on
the temperature (mostly using minimum-energy-path-based methods)
and other factors, like the magnetic-field-dependent size and shape, is
under active research nowadays [39–50].
For the practical use in future spintronic devices, important aspects
of skyrmionic bits are the well-controlled writing, reading, deleting, as
well as the movement of the topological spin textures. Tailoring these
aspects at will requires an advanced understanding of their spin
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transport, spin dynamics and spin switching properties. Due to the
small size of the skyrmions a viable route to controllably manipulate
their spins is through local perturbations either by a focused laser beam,
see e.g., Ref. [51], or by the tip field of a magnetic force microscope
[52], or in an even more localized fashion by using other scanning
probe methods with atomically sharp tips.
Spin-polarized scanning tunneling microscopy (SP-STM) has been
extensively used to image and manipulate magnetic skyrmions and
other complex magnetic objects at surfaces [4,20,53–55]. Controlled
creation and annihilation of skyrmions have been reported in the
seminal work of Romming et al. [56] using local current pulses of the
tip of an STM with opposite voltage polarities. These effects have been
explained by the electric fields in the STM junction [57], and very recently the transition rate was mapped on the nanometer scale [58], but
the roles of the tunneling spin transfer torque (STT) and other spin
transport processes in an SP-STM are less understood, and only a few
works addressed such questions so far [59–62]. Wieser et al. [59] demonstrated the creation, movement, and annihilation of a skyrmion
with an SP-STM tip by theoretical means. Their employed STT vectors
in the Landau-Lifshitz-Gilbert (LLG) equation of spin dynamics are
calculated by assuming maximally spin-polarized tips (PT = ± 1) within
the Tersoff-Hamann approximation [63,64] of electron tunneling. An
electron tunneling model capable of describing the scalar charge current and vector spin transport in a consistent way has been proposed in
our previous works [60–62], where the electronic structures of the
sample and the tip based on first-principles calculations can be incorporated [60], going beyond the Tersoff-Hamann approximation.
In the present work, the tunneling electron spin transport properties
of six topologically distinct magnetic skyrmions in an ultrathin film are
reported based on theoretical calculations. We utilize an electron tunneling theory for the combined calculation of scalar charge and vector
spin transport in SP-STM within the three-dimensional (3D) WentzelKramers-Brillouin (WKB) framework [60–62]. The topologies of the
maps of the calculated tunneling vector spin transport quantities, the
longitudinal spin current (LSC) and the STT, are compared with those of
the underlying spin structures, depending on the magnetization orientation of the SP-STM tip. The magnitudes of the spin transport LSC
and STT vector quantities exhibit close relations to charge current SPSTM images irrespectively of the skyrmionic topologies. An important
quantity, the STT efficiency, measures the exerted torque on the spins of
the skyrmionic structures per unit charge current [60]. Such STT efficiency maps are reported in high spatial resolution for the first time
above topologically different skyrmionic spin textures. We find a great
variation of the STT efficiency depending on the lateral position of the
SP-STM tip, and we identify regions for large values up to ~ 25 meV/µ A
(~ 0.97 h/e ) above the rim of the magnetic objects.
The paper is organized as follows. Together with some general
considerations, the studied skyrmionic spin structures with different
topologies are briefly described in Section 2. In Section 3 the combined
tunneling electron charge and vector spin transport 3D-WKB theoretical
model in SP-STM considering noncollinear magnetic surfaces is briefly
presented. The tunneling vector spin transport (LSC and STT) properties
of the topologically distinct skyrmionic textures and the relations to the
electronic charge current, in particular the STT efficiency, are reported
in Section 4. Summary and conclusions are found in Section 5.

q (r) d 2r =

Q=

e
h

Beff (r) d2r ,

(1)

where the integrals are performed over the surface, h is Planck’s constant, e is the elementary charge, h/e is the magnetic flux quantum, and
Beff (r) = (h/e) q (r) is the z-component of the emergent magnetic field
[62,65]
due
to
the
topological
charge
density
q (r) = sS (r)·( x sS (r) × y sS (r))/4 of the real-space spin texture.
For our analysis it is important to introduce another topological
invariant, the vorticity [1,10] of the spin texture. The vorticity (m)
counts the number of times the in-plane components of sS (r) rotate
around the circle when following an arbitrary closed curve in the surface plane enclosing the center of the localized spin texture [13,20].
The sign of m is characteristic for the direction of such an in-plane spin
rotation, and the best choice for the closed curve is above the largest inplane components of the spin structures for a visual analysis. Note that
for the skyrmionic spin structures investigated here, Q is related to m by
the spin direction of the out-of-plane ferromagnetic background far
) as [13]:
from the localized skyrmionic texture sS (|r|
Q = mez · sS (|r|
).
The continuum description of the topological magnetic configurations consisting of classical spins can be transformed to discrete lattices,
where the spin vector field of unit length has an atomic site “a”-dependence, saS , in the 2D surface plane. Recipes for calculating the scalar
chirality of three-spin-plaquettes of saS on 2D lattices can be found, e.g.,
in Refs. [40,66,67]. The scalar chirality can also be defined as an
atomic-site-dependent quantity [62,68]:

Ca =

1
n

arctan
i, j

1+

saS ·(siS × sSj )
a i
sS · sS + saS · sSj +

siS ·sSj

,

(2)

where “i” and “j” are among the neighboring spins of site “a”, and all
(number of n) triangular plaquettes are formed with an “a i j ”
counterclockwise order with the usual choice of Cartesian axes and
looking toward the z direction as in all figures reported in this paper.
Based on Ca the discretized topological charge density is
(3)

qa = Ca/A 0 ,

where A0 is the surface area associated with each atomic site in the 2D
lattice of the surface plane. Due to the topological charge density qa ,
a
a
ez , where Beff
there is an emergent magnetic field at site “a”: Baeff = Beff
is the discrete equivalent of Beff (r) in Eq. (1), and

Baeff = (h/e) qa ez = B0 Ca ez ,

(4)

where B0 = h/(eA 0) is the unit of the emergent magnetic field (area
density of the magnetic flux quantum) characteristic for the 2D lattice.
With all of these, the topological charge Q in Eq. (1) can be calculated
on the discrete 2D lattice as

Q=

Ca = A0
a

a
Beff
/ B0.

qa =
a

a

(5)

The considered six topologically distinct metastable skyrmionic
objects - spin structures on a discrete 2D hexagonal lattice of atomic
sites - under investigation in the present paper were obtained by a
combination of ab initio and spin dynamics calculations in the
(Pt 0.95 Ir 0.05 )Fe/Pd(111) ultrathin magnetic film, and their stability was
analyzed in detail [13,24]. The resulting spin structures, which are
expected to remain stable at temperature and external field values
achievable in low-temperature SP-STM experiments [13], are shown in
the first row of Fig. 1. For their topological characterization, the scalar
chirality of the spin at site “a” on a hexagonal lattice is obtained by
using Eq. (2) with n = 6. Based on the calculated Ca values, the discrete
topological charge density qa , and following Eq. (5) the topological
charge (Q) of the spin structures in Fig. 1 can be determined: they range
from Q = 3 to Q = 2 as shown in Fig. 1. The vorticity (m = Q in
Fig. 1) can be obtained by counting the number of counterclockwise
360° rotations of the in-plane spin components along the perimeter of

2. Skyrmionic spin structures
In a continuum description the classical spin configurations of topological magnetic objects (e.g. skyrmions) can be represented by a
vector field of unit length, sS (r) , which has a spatial dependence in the
two-dimensional (2D) surface (denoted by the subscript S) plane. The
winding number or topological charge Q of the vector field counts the
number of times sS (r) winds around the unit sphere:
2
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Fig. 1. Skyrmionic spin structures (data taken from Ref. [13]) with various topological charges Q (first row), and the emergent magnetic field vectors, Baeff , at atomic
positions “a” due to the topological charge density qa according to Eq. (4) (second row). Red and blue colors respectively correspond to positive and negative out-ofplane (z) vector components: spin (first row) and Baeff (second row). For determining the vorticity (m) an illustrative example is shown for m = 1 (Q = 1) by a yellow
circular arrow as a closed curve, along which the number of counterclockwise 360° rotations of the in-plane (gray) spins has to be counted. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

the spin structures. An illustrative example is shown by a yellow circular arrow as a closed curve above the largest in-plane (gray) spin
components for m = 1 (Q = 1) in Fig. 1. The second row of Fig. 1
reports the site-dependent emergent magnetic field vectors, Baeff , due to
the topological charge density qa following Eq. (4). Note that the value
of B0 in the considered (Pt 0.95 Ir 0.05 )Fe/Pd(111) surface system is
6.3 × 10 4 T.

The electron transmission function is [69]

t (r) = exp[ 4

The tunneling electron charge and spin transport properties of the
magnetic skyrmions are described within the 3D-WKB electron tunneling theory [20,60–62,70–79], and the theoretical calculations are
performed using the 3D-WKB-STM code [80]. The tunneling transport
properties are determined at the tip apex position, RT , by calculating a
superposition (sum over “a”) of 1D WKB tunneling electron transition
contributions between the magnetic tip apex atom (characterized by a
spin unit vector sT ) and the surface atoms “a” at positions R a (characterized by local spin unit vectors saS ). The scalar charge current (I)
[69], the out-of-plane T and in-plane Tj ( j {T , S } ) components of the
STT vectors, and the LSC vectors TjL ( j {T , S } ) at RT are calculated in
the limits of elastic tunneling and low bias voltage V as [61]

I

t (RT

R a)(1 + PS PT cos a ),

a

T (RT , V )=e|V |

t (RT

R a) PS PT saS

× sT ,

(RT , V )=eV

(saS

t (RT

R a) PS sT ×

× sT ),

t (RT

R a) PT saS × (sT × saS),

t (RT

R a)(PT + PS cos a ) sT ,

t (RT

R a)(PS + PT cos a ) saS.

a

T SL (RT , V )=eV
a

T S (RT , V ) = T (RT , V ) + T S (RT , V ).

(9)

(10)

A simple expression for the STT efficiency is proposed in Eq. (11) in
Section 4 to understand its governing factors.
Note that the visualizational parameters for the presentation of the
results in the present work correspond to those employed in Refs.
[20,61,62].

a

TTL (RT , V )=eV

(8)

(RT , V ) = |T S (RT , V )|/ I (RT , V ).

a

T S (RT , V )=eV

TT (RT , V ) = T (RT , V ) + TT (RT , V )

The STT efficiency maps acting on the surface atomic spins are
calculated as

a

TT

(7)

where M is the mass of the electron, and is the effective work func= 5 eV is selected. In the transmission
tion. In the present work
function t (r) all electronic states are assumed to be exponentially decaying spherical states [63,64,69], and the electron-orbital dependence
[60,73,75,77–79] of t (r) is omitted for simplicity. The latter would play
a significant role at higher bias voltages with realistic composition of
the densities of states for all electron orbitals involved in the tunneling.
Such a functionality is implemented in the 3D-WKB-STM code, and
could be employed in the future in combination with first-principles
methods when direct comparison with high-resolution spin transport
SP-STM measurements would be seeked. Due to the fast decay of t (r) , in
the following discussion the spin direction sSA of the surface atom A,
which is closest to the tip apex position RT (below the tip), is understood when referring to a single A value [61].
The upper indices j {T , S } in Tj and TjL in Eq. (6) denote the tip
or sample side, on which spin moments the tunneling in-plane STT and
the LSC are acting. With this distinction, the total STT vectors can be
obtained as [61]

3. 3D-WKB electron tunneling theory

e2
(RT , V )= h |V |

2M |r|/h],

(6)

4. Results and discussion

Here, a is the angle between the spin moment of surface atom “a”
and the tip apex atom, thus cos a = saS · sT . PS and PT denote the scalar
spin polarization of the surface atoms and the tip apex atom at their
respective Fermi energies, and they are independent parameters in our
tunneling model [61]. In the present work PS = 0.5 and PT = 0.8 spin
polarization values were selected, and |V | = 1.5 meV absolute bias
voltage has been considered. Eq. (6) enables the calculation of the
tunneling electron charge and spin transport quantities with an arbitrarily high spatial resolution by adjusting the tip position RT , approaching the continuum limit where topological arguments become
applicable.

Employing the above-described combined electron tunneling charge
and vector spin transport 3D-WKB theory, a set of skyrmionic spin
structures with different topological charges (shown in Fig. 1) is considered, and their spin transport properties are investigated in high
spatial resolution, also in relation to charge transport properties.
Fig. 2 shows a set of charge current SP-STM images [20] of the
different skyrmionic objects listed in Fig. 1. The images in the first row
of Fig. 2 are taken with an out-of-plane magnetized tip, and diverse
contrasts can be identified, which resemble the shape of the skyrmions
3
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Fig. 2. Constant-current SP-STM images (taken from Ref. [20]) of the skyrmionic spin structures in Fig. 1 at |V | = 1.5 meV using two differently oriented magnetic
tips: an out-of-plane (pointing to the + z [111] direction) and an in-plane (pointing to the + x [11̄0] direction). The tip magnetization orientations are explicitly
indicated. Bright and dark contrast respectively means higher and lower apparent height of the constant-current contour. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

at first sight (compare with Fig. 1), and more rigorously they correspond to the symmetries of the spin structures [20]: axial symmetry for
1. The second row of Fig. 2
Q = 1, and C|1+ Q| symmetry for Q
shows SP-STM images with an in-plane magnetized tip. Except for the
skyrmionic object with Q = 0 (chimera skyrmion), the number of bright
and dark contrast regions each corresponds to the absolute value of Q
for all spin structures [20]: a skyrmion and an antiskyrmion (|Q| = 1), a
double skyrmion and a double antiskyrmion (|Q| = 2 ), and a triple
skyrmion (|Q| = 3). A more detailed discussion on the SP-STM contrasts,
their rotation with respect to in-plane tip magnetization rotations, and
relation to the topological charge density can be found in Ref. [20].
In the following, we focus on the tunneling spin transport properties
of the skyrmionic objects with various topologies shown in Fig. 1. Fig. 3
reports their 2D maps of calculated longitudinal spin current (LSC)
magnitudes and vectors obtained at a constant-height condition by a
scanning magnetic tip. An out-of-plane and an in-plane magnetized tip
is considered, and their magnetization directions are shown in the
images of the LSC magnitudes. The top and bottom half of Fig. 3 contain
LSC data acting on the spin of the tip apex atom (TTL ) and on the spins
of the skyrmionic objects on the sample surface (T SL ), respectively.
When comparing with Fig. 2 we find that the contrast patterns of the
LSC magnitudes qualitatively correspond to those of the charge current
for all skyrmionic topologies. The reasons for their apparently similar
A -dependence can be deduced from Eq. (6) and they were analyzed in
detail for the Q = 1 skyrmion in Ref. [61]. Fig. 3 clearly demonstrates
that the identified relation between the LSC magnitude and the charge
current is not affected by the topology of the skyrmionic spin structure.
Thus, we propose that the tip-position-dependent contrast of the LSC
magnitudes can be qualitatively predicted based on the known (measured or calculated) charge current SP-STM images of skyrmionic objects with an arbitrary topology of their real-space spins.
The 2D vector maps of Fig. 3 show the LSC vectors TTL and T SL at
S tunneling direction. Due to
positive bias voltage (V > 0 ), i.e., at T
the definitions of the LSC vectors in Eq. (6), changing the sign of the
T , would
bias voltage to V < 0 , thus the tunneling direction to S
result in LSC vectors of opposite directions each. The TTL vectors are
always in line with the spin direction of the tip apex atom (sT ), and
their parallel or antiparallel alignment is determined by the sign of PT
and the relation of |PT | to |PS |, generally by the sign of (PT + PS cos A)
[61]. As can be seen in the top half of Fig. 3, the TTL vectors point
oppositely to sT due to PT = 0.8, and the vector magnitudes clearly
reflect the scalar |TTL| magnitudes depending on the tip position. Similarly, the T SL vectors are always in line with the spin direction of the
surface atom closest to the tip position (sSA ), and their parallel or antiparallel orientation is determined by the sign of PS and the relation of
|PS | to |PT |, generally by the sign of (PS + PT cos A) [61]. Comparing with
the spin structures in Fig. 1, as can be seen in the bottom half of Fig. 3,
the T SL vectors generally point oppositely to sSA due to PS = 0.5, except

for the regions with small |T SL| magnitudes if |PT | > |PS | (as in the presented case), that is in the regions enclosed by the |T SL| minima shown
as blue belts in Fig. 3, where cos A < PS / PT ( 0.625 in the presented
case) [61].
Concerning the topological properties of the calculated (normalized) LSC vector maps, the following statements can be made. The TTL
vectors do not show topological properties due to their in-line direction
with the spin of the tip apex atom. Since the T SL vectors generally
follow the direction of sSA by the scanning tip if PS > 0 and the opposite
direction of sSA if PS < 0 , they are good candidates to exhibit the same
topological properties as the underlying spin structure saS . These, however, depend on the relation between the spin polarizations of the
sample and the tip. The case of |PT | > |PS | is shown in Fig. 3, where the
out-of-plane magnetized tip results in T SL vectors that clearly show the
same topology as saS (Fig. 1) in the sense of the vorticity but not the
topological charge. An in-plane magnetized tip does not provide topological correspondence between the T SL and saS vectors neither in the
sense of the vorticity nor of the topological charge, due to the presence
of the small regions exhibiting reversed T SL vectors compared to the
general trend (within the blue belts of |T SL| minima in Fig. 3). Such
regions with reversed T SL vectors are completely non-existing if
|PT | < |PS |, and in this case both out-of-plane and in-plane magnetized
tips result in T SL vectors that are topologically equivalent to saS in the
sense of both the vorticity and the topological charge (not shown here).
Such examples for the Q = 1 skyrmion can be seen in Fig. 5 of Ref.
[61].
Fig. 4 shows 2D maps of calculated spin transfer torque (STT)
magnitudes, out-of-plane and in-plane STT vector components, and
total STT vectors for the topologically distinct skyrmionic spin textures
in Fig. 1 at a constant-height condition, employing an out-of-plane
magnetized scanning tip. Since all STT components have a sin A -dependence [61] due to the vector product sSA × sT in Eq. (6), the magnitudes of the STT components are qualitatively similar and their 2D
maps are practically the same, and this is denoted by |T| and shown in
the top row of Fig. 4. Taking an out-of-plane magnetized tip, the STT
minima (blue regions in Fig. 4) and maxima (red regions in Fig. 4) are
observed above surface regions with dominating out-of-plane and inplane spin components, respectively. The maximal STT (red) regions
corresponding to the in-plane spins of the skyrmionic objects follow
their shapes and symmetries: axial symmetry for Q = 1, and C|1+ Q|
1. In relation to the charge current (cos A -depensymmetry for Q
dence), it was established that the STT minima are observed at the
regions, where the charge current has maxima or minima [61]. The top
row of Fig. 4 in relation to the top row of Fig. 2 clearly demonstrates
that the identified relation between the STT magnitude and the charge
current is not affected by the topology of the skyrmionic spin structure.
Thus, we propose that the tip-position-dependent contrast of the STT
magnitudes can be qualitatively predicted based on the known
4
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Fig. 3. Longitudinal spin current (LSC) magnitudes and vectors acting on the scanning tip, |TTL (V )| and TTL (V ) , and on the skyrmionic spin structures, |T SL (V )| and
T SL (V ) , 6 Å above the magnetic textures shown in Fig. 1 at |V | = 1.5 meV using an out-of-plane and an in-plane magnetized tip (magnetization directions are
S tunneling direction, and their red and blue colors correspond to positive
explicitly indicated). The LSC vectors are given at positive bias voltage (V > 0 ), i.e., at T
and negative out-of-plane (z) vector components, respectively. The color scales of the LSC magnitudes correspond to |TTL (+z )| (first row): red maximum at 5.7 neV,
TL
blue minimum at 1.3 neV; |T (+x )| (third row): red maximum at 5.6 neV, blue minimum at 1.4 neV; |T SL ( +z )| (fifth row): red maximum at 5.7 neV, blue minimum at
0.2 neV; and |T SL ( +x )| (seventh row): red maximum at 5.2 neV, blue minimum at 0 neV. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

(measured or calculated) charge current SP-STM images of skyrmionic
objects with an arbitrary topology of their real-space spins.
Below the row of the STT magnitudes in Fig. 4, the 2D maps of the
STT vectors and vector components are shown. Note that the T and the
TT components, thus, the total STT vectors acting on the spin of the tip
apex atom, TT , lie in the surface plane since the tip is magnetized in the
out-of-plane direction. On the other hand, the T S and T S vectors do not
lie in the surface plane. This can be understood from the fact that the
sSA ), which
T S vectors always lie in the local sSA sT planes (and T S

vary in the skyrmionic spin structures depending on the tip position. A
more detailed explanation on the STT vectors and their components for
the Q = 1 skyrmion is given in Ref. [61].
It is important to find in Fig. 4 that the (non-zero) T vectors exhibit
the same topology as the underlying spin structure saS (see Fig. 1) in the
sense of the vorticity, i.e., the rotation direction of the in-plane-lying T
vectors along the perimeter of the spin structures corresponds to the
vorticity of the skyrmionic texture irrespective of their topological
charge value. This finding holds for the (non-zero) in-plane-lying
5
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Fig. 4. Spin transfer torque (STT) magnitudes |T (V )| and vectors [out-of-plane component T (V ) , in-plane component Tj (V ) , total Tj (V ) = T (V ) + Tj (V ) ] acting on
the spin of the scanning tip apex atom ( j = T ) and on the spins of the skyrmionic textures ( j = S ) shown in Fig. 1 at |V | = 1.5 meV using an out-of-plane (+ z = [111]
direction) magnetized tip at 6 Å tip-sample distance. The T (V ) vectors are the same for both tunneling directions, the Tj (V ) vectors are shown for positive bias
S tunneling direction, and the total Tj (V ) vectors are given at both bias polarities and tunneling directions. Red and blue colors of the STT
voltage (V > 0 ), i.e., at T
vectors correspond to positive and negative out-of-plane (z) vector components, respectively. The color scales of the STT magnitudes correspond to |TT (+z )|: red
maximum at 2.7 neV, blue minimum at 0 neV; and |T S ( +z )|: red maximum at 3.6 neV, blue minimum at 0 neV. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

TT (V ) and TT (V ) = T (V ) + TT (V ) vectors, and for the (non-zero) inplane components of the T S (V ) and T S (V ) = T (V ) + T S (V ) vectors as
well, where the rotational direction of the in-plane components of the
listed torque vectors corresponds to the vorticity of the spin texture.
Fig. 5 shows 2D maps of calculated STT magnitudes, out-of-plane
and in-plane STT vector components, and total STT vectors for the topologically distinct skyrmions in Fig. 1 at a constant-height condition,
employing an in-plane magnetized scanning tip. Again, the 2D maps of
the magnitudes of the out-of-plane, in-plane, and total STT vectors for a
given skyrmion are essentially the same due to the sin A -dependence
with different scaling factors [61], and the STT magnitude is denoted by

|T| and shown in the top row of Fig. 5. The STT minima and maxima
(blue and red regions in Fig. 5, respectively) are obtained where the
spins of the skyrmions are in line (parallel or antiparallel) with and
perpendicular to the in-plane tip magnetization direction, respectively
[61]. Thus, the maximal STT (red) regions correspond to the out-ofplane spins outside of the skyrmionic objects and inside the skyrmionic
cores as well as to the in-plane spins in the ± y direction perpendicular
to x, and the minimal STT (blue) regions correspond to the maxima and
minima of the charge current SP-STM maps (compare the top row of
Fig. 5 with the second row of Fig. 2). The topological properties of the
skyrmionic spin textures are encoded in the number of minimal STT
6
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Fig. 5. Same as in Fig. 4 using an in-plane (+ x = [11̄0] direction) magnetized tip. The color scales of the STT magnitudes correspond to |TT (+x )|: red maximum at
2.8 neV, blue minimum at 0 neV; and |T S ( +x )|: red maximum at 3.9 neV, blue minimum at 0.4 neV. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

regions (nSTTmin ) obtained with any in-plane magnetized tip, i.e.,
|Q| = n STTmin /2 , except for Q = 0 , for the same reason as for the charge
current [20].
The calculated 2D maps of the STT vectors and their components in
Fig. 5 show a large variety depending on the spin moment they are
acting on (T or S), the topology of the underlying skyrmionic spin
T ). The change of
S or S
structure, and the tunneling direction (T
the tip magnetization direction from out-of-plane (STT in Fig. 4)) to inplane reduces the overall symmetry of the coupled surface-tip system
and affects the electron tunneling process, which is reflected by the lack
of any obvious correspondence between the observed topological
properties of the STT vector maps in Fig. 5 in comparison with those of
the skyrmionic textures in Fig. 1. For example, even though the TT (V )
maps in Fig. 5 exhibit out-of-plane ( z ) components outside the

skyrmionic objects, the TT vectors are restricted to be in the yz-plane at
a tip magnetization direction of x. This clearly results in a lost connection between the topologies of the TT maps and of the underlying
spin structures.
The tunneling STT efficiency ( ) is defined as the exerted absolute
torque per current acting on the surface spins [60], see Eq. (10). Next,
we analyze the effect of the lateral position of the SP-STM tip on this
quantity.
Fig. 6 shows 2D maps of such calculated STT efficiencies for the
topologically distinct skyrmions in Fig. 1 at a constant-height condition,
employing an out-of-plane and an in-plane magnetized scanning tip.
For the out-of-plane (+ z ) magnetized tip (first row of Fig. 6) we obtain
maximal values of 23.2 meV/µ A (~ 0.9 h/e ) and similar maps as for
the STT magnitudes in the top row of Fig. 4. After a close inspection we
7
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Fig. 6. STT efficiency ( ) maps based on Eq. (10) 6 Å above the magnetic textures shown in Fig. 1 at |V | = 1.5 meV using an out-of-plane (first row) and an in-plane
(second row) magnetized tip (magnetization directions are explicitly indicated). The color scales correspond to tip+ z (first row): red maximum at 23.2 meV/µ A, blue
minimum at 0 meV/µ A; and tip+ x (second row): red maximum at 24.9 meV/µ A, blue minimum at 1.6 meV/µ A. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

find that the (red) regions of maximal are slightly shifted toward the
core of the skyrmionic objects in all cases. The reason is the decreasing
current values when moving from the rim toward the core of the skyrmionic structures at positive effective spin polarization (PS PT > 0 ), see
the top row of Fig. 2. This behavior would change to the opposite at
negative effective spin polarization values (PS PT < 0 ) [61], or at opposite tip polarity ( z ). Therefore, independently of the exact skyrmionic topologies, the following lateral positions of the SP-STM tip are
identified for achieving maximal STT efficiency when using out-ofplane magnetized tips: (i) the tip moved slightly toward the core of the
skyrmion from above the in-plane spins at PS PT > 0 with + z -polarized
tip or at PS PT < 0 with z -polarized tip, and (ii) the tip moved slightly
outward from above the in-plane spins at PS PT < 0 with + z -polarized
tip or at PS PT > 0 with z -polarized tip.
The maximal
values are further increased to 24.9 meV/µ A
(~ 0.97 h/e ) when considering an in-plane magnetized SP-STM tip. The
obtained 2D maps of (second row of Fig. 6), again, resemble those of
the STT magnitudes in Fig. 5. However, we observe a considerable
asymmetry between minimum regions of (some blue-green regions
are increased in size and the others are decreased in size with a red belt
appearing around, exactly |Q| numbers each, for Q 0 ) compared to
those of the STT magnitudes. This is caused by the asymmetry of the
charge current in these regions. We recall that the STT minima are
obtained where the charge current has maxima or minima [61]. For
positive effective spin polarization (PS PT > 0 ) the current is maximal
(minimal) at tip positions above in-plane spins of the skyrmionic textures, which are parallel (antiparallel) magnetized with respect to the
in-plane tip magnetization, see the second row of Fig. 2 in comparison
to Fig. 1. This behavior would change to the opposite at negative effective spin polarization values (PS PT < 0 ) [61]. Therefore, independently of the exact skyrmionic topologies, the following lateral
positions of the SP-STM tip are identified for achieving maximal STT
efficiency when using in-plane magnetized tips: the tip moved slightly
around the in-plane spins, which are (i) antiparallel to the tip magnetization at PS PT > 0 , and (ii) parallel to the tip magnetization at
PS PT < 0 .
To understand these results even better, a simple formula for the
STT efficiency is proposed. Following Ref. [61], can be approximated
by the dominating contribution from the surface atom A closest to the
tip apex atom, and from Eq. (6) one obtains:
A (PS ,

PT ,

A)

=

2
|TAS|
h |PT sin A | 1 + PS
=
.
IA
e 1 + PS PT cos A

PT = 0.8) the above expression shows the following A -dependent
function: A ( A ) = (h/e)(0.8 1.25 |sin A |)/(1 + 0.4cos A) that reaches a
maximal value of 0.976 h/e at Amax = 113.58 . Thus, this simple A expression can explain our numerically simulated maximal value of
(0.97 h/e with in-plane magnetized tips). The determined Amax angles at
this maximum illustrate the extent of the necessary lateral tip movement with respect to the above indicated areas of spins for out-of-plane
and in-plane magnetized SP-STM tips, in order to maximize the STT
efficiency.
Finally, we note that the STT efficiency values are expected to decrease compared to the above reported values when realistic electron
densities of states and orbital-dependent electron tunneling are accounted for [60]. Moreover, both the ferromagnetic core and the domain wall rim regions of the skyrmionic textures are expected to qualitatively exhibit the same electron charge and spin transport
characteristics as identified above, independently of the size of the
magnetic objects [62].
5. Summary and conclusions
Employing a combined electron charge and vector spin transport
theory within spin-polarized scanning tunneling microscopy (SP-STM),
the high-resolution tunneling electron spin transport properties of a set
of topologically distinct magnetic skyrmionic textures were investigated on a surface of a 2D hexagonal lattice. The studied six prototypical (metastable) skyrmionic real-space spin structures possess
various topological charges: Q = 3, 2, 1, 0, 1, 2 . We reported important insights into their spin transport properties and their topological relation to the spin textures by providing 2D maps of longitudinal
spin current (LSC) and spin transfer torque (STT) magnitudes and
vector quantities in high spatial resolution obtained by differently
magnetized scanning tips. Using an out-of-plane magnetized tip it was
found that the maps of the LSC vectors acting on the spins of the skyrmions and all STT vector components (out-of-plane, in-plane, and total
STT) exhibit the same topology in the sense of the vorticity as the realspace spin textures. In contrast, we found that an in-plane magnetized
tip generally does not result in spin transport vector maps that are topologically equivalent to the underlying spin structure, except for the
LSC vectors acting on the spins of the skyrmionic textures if |PT | < |PS |.
For this relation of spin polarizations a topological equivalence between
the LSC vectors acting on the spins of the skyrmions and the real-space
spin textures in the sense of the topological charge was identified independently of the magnetic orientation of the SP-STM tip. The magnitudes of the spin transport vector quantities exhibit close relations to
charge current SP-STM images irrespectively of the skyrmionic topologies.
Moreover, we found that the STT efficiency acting on the spins of

(11)

This approximated STT efficiency has a maximal value of
max
= (h/e)|PT | [1 + PS2]/[1 (PS PT )2] at Amax = arccos( PS PT ) .
A
With the applied spin polarization parameters (PS = 0.5 and
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the skyrmions, |T S|/I , can reach large values up to ~ 25 meV/µ A
(~ 0.97 h/e ), and it considerably varies between large and small values
depending on the lateral position of the SP-STM tip above the topological spin textures. We introduced a simple expression, Eq. (11), to
explain the variation of the STT efficiency. Based on these results, and
depending on the magnetic orientation of the tip and on the sign of the
effective spin polarization of the magnetic tunnel junction, we identified lateral tip positions above the rim of the magnetic objects, where
maximal STT efficiency can be achieved.
In this work we demonstrated the calculation of low-energy tunneling electron spin transport quantities in high spatial resolution above
static topologically distinct skyrmionic spin structures. This will be
extremely useful in the future in combination with atomistic spin dynamics methods in a dynamic setup involving higher energy tunneling
electrons above fluctuating topological spin states, where the local STT
vectors due to the presence of an SP-STM tip can be calculated following our model, and thermal effects can concomitantly be included.
Furthermore, spin dynamics simulations are expected to reveal the relationship between the regions of maximal STT efficiency identified in
our present work, and the lateral tip positions where the dynamical
process of the switching can really be optimized. Such a combination
would result in detailed microscopic insights into the creation, movement, and annihilation of topologically distinct surface magnetic skyrmionic textures by the magnetic STM tip, complementing existing
minimum-energy-path-based methods.

143001, , https://doi.org/10.1088/1361-648X/ab5488.
[7] C.H. Back, V. Cros, H. Ebert, K. Everschor-Sitte, A. Fert, M. Garst, T. Ma,
S. Mankovsky, T. Monchesky, M.V. Mostovoy, N. Nagaosa, S. Parkin, C. Pfleiderer,
N. Reyren, A. Rosch, Y. Taguchi, Y. Tokura, K. von Bergmann, J. Zang, The 2020
Skyrmionics roadmap, J. Phys. D Appl. Phys. (2020), https://doi.org/10.1088/
1361-6463/ab8418.
[8] T. Okubo, S. Chung, H. Kawamura, Multiple-q states and the skyrmion lattice of the
triangular-lattice Heisenberg antiferromagnet under magnetic fields, Phys. Rev.
Lett. 108 (2012) 017206, , https://doi.org/10.1103/PhysRevLett.108.017206.
[9] A.O. Leonov, M. Mostovoy, Multiply periodic states and isolated skyrmions in an
anisotropic frustrated magnet, Nat. Commun. 6 (2015) 8275, https://doi.org/10.
1038/ncomms9275.
[10] S.-Z. Lin, S. Hayami, Ginzburg-Landau theory for skyrmions in inversion-symmetric
magnets with competing interactions, Phys. Rev. B 93 (2016) 064430, , https://doi.
org/10.1103/PhysRevB.93.064430.
[11] X. Zhang, Y. Zhou, M. Ezawa, Antiferromagnetic skyrmion: stability, creation and
manipulation, Sci. Rep. 6 (2016) 24795, https://doi.org/10.1038/srep24795.
[12] X. Zhang, J. Xia, Y. Zhou, D. Wang, X. Liu, W. Zhao, M. Ezawa, Control and manipulation of a magnetic skyrmionium in nanostructures, Phys. Rev. B 94 (2016)
094420, , https://doi.org/10.1103/PhysRevB.94.094420.
[13] L. Rózsa, K. Palotás, A. Deák, E. Simon, R. Yanes, L. Udvardi, L. Szunyogh,
U. Nowak, Formation and stability of metastable skyrmionic spin structures with
various topologies in an ultrathin film, Phys. Rev. B 95 (2017) 094423, , https://
doi.org/10.1103/PhysRevB.95.094423.
[14] H. Yang, C. Wang, X. Wang, X.S. Wang, Y. Cao, P. Yan, Twisted skyrmions at domain boundaries and the method of image skyrmions, Phys. Rev. B 98 (2018)
014433, , https://doi.org/10.1103/PhysRevB.98.014433.
[15] J. Hagemeister, A. Siemens, L. Rózsa, E.Y. Vedmedenko, R. Wiesendanger,
Controlled creation and stability of kπ)skyrmions on a discrete lattice, Phys. Rev. B
97 (2018) 174436, , https://doi.org/10.1103/PhysRevB.97.174436.
[16] V.D. Stavrou, D. Kourounis, K. Dimakopoulos, I. Panagiotopoulos, L.N. Gergidis,
Magnetic skyrmions in FePt nanoparticles having Reuleaux 3D geometry: a micromagnetic simulation study, Nanoscale 11 (2019) 20102–20114, https://doi.org/
10.1039/C9NR04829D.
[17] D. Capic, D.A. Garanin, E.M. Chudnovsky, Stabilty of biskyrmions in centrosymmetric magnetic films, Phys. Rev. B 100 (2019) 014432, , https://doi.org/10.1103/
PhysRevB.100.014432.
[18] M.E. Villalba, F.A. Gómez Albarracín, H.D. Rosales, D.C. Cabra, Field-induced
pseudo-skyrmion phase in the antiferromagnetic kagome lattice, Phys. Rev. B 100
(2019) 245106, , https://doi.org/10.1103/PhysRevB.100.245106.
[19] A.O. Leonov, T.L. Monchesky, N. Romming, A. Kubetzka, A.N. Bogdanov,
R. Wiesendanger, The properties of isolated chiral skyrmions in thin magnetic films,
New J. Phys. 18 (2016) 065003, , https://doi.org/10.1088/1367-2630/18/6/
065003.
[20] K. Palotás, L. Rózsa, E. Simon, L. Udvardi, L. Szunyogh, Spin-polarized scanning
tunneling microscopy characteristics of skyrmionic spin structures exhibiting various topologies, Phys. Rev. B 96 (2017) 024410, , https://doi.org/10.1103/
PhysRevB.96.024410.
[21] S. Heinze, K. von Bergmann, M. Menzel, J. Brede, A. Kubetzka, R. Wiesendanger,
G. Bihlmayer, S. Blügel, Spontaneous atomic-scale magnetic skyrmion lattice in two
dimensions, Nat. Phys. 7 (2011) 713–718, https://doi.org/10.1038/nphys2045.
[22] B. Dupé, M. Hoffmann, C. Paillard, S. Heinze, Tailoring magnetic skyrmions in
ultra-thin transition metal films, Nat. Commun. 5 (2014) 4030, https://doi.org/10.
1038/ncomms5030.
[23] E. Simon, K. Palotás, L. Rózsa, L. Udvardi, L. Szunyogh, Formation of magnetic
skyrmions with tunable properties in PdFe bilayer deposited on Ir(111), Phys. Rev.
B 90 (2014) 094410, , https://doi.org/10.1103/PhysRevB.90.094410.
[24] L. Rózsa, A. Deák, E. Simon, R. Yanes, L. Udvardi, L. Szunyogh, U. Nowak,
Skyrmions with attractive interactions in an ultrathin magnetic film, Phys. Rev.
Lett. 117 (2016) 157205, , https://doi.org/10.1103/PhysRevLett.117.157205.
[25] S. von Malottki, B. Dupé, P.F. Bessarab, A. Delin, S. Heinze, Enhanced skyrmion
stability due to exchange frustration, Sci. Rep. 7 (2017) 12299, https://doi.org/10.
1038/s41598-017-12525-x.
[26] P.-J. Hsu, L. Rózsa, A. Finco, L. Schmidt, K. Palotás, E. Vedmedenko, L. Udvardi,
L. Szunyogh, A. Kubetzka, K. von Bergmann, R. Wiesendanger, Inducing skyrmions
in ultrathin Fe films by hydrogen exposure, Nat. Commun. 9 (2018) 1571, https://
doi.org/10.1038/s41467-018-04015-z.
[27] S. Haldar, S. von Malottki, S. Meyer, P.F. Bessarab, S. Heinze, First-principles prediction of sub-10-nm skyrmions in Pd/Fe bilayers on Rh(111), Phys. Rev. B 98
(2018) 060413, , https://doi.org/10.1103/PhysRevB.98.060413.
[28] S. Meyer, M. Perini, S. von Malottki, A. Kubetzka, R. Wiesendanger, K. von
Bergmann, S. Heinze, Isolated zero field sub-10 nm skyrmions in ultrathin Co films,
Nat. Commun. 10 (2019) 3823, https://doi.org/10.1038/s41467-019-11831-4.
[29] N. Romming, H. Pralow, A. Kubetzka, M. Hoffmann, S. von Malottki, S. Meyer,
B. Dupé, R. Wiesendanger, K. von Bergmann, S. Heinze, Competition of
Dzyaloshinskii-Moriya and higher-order exchange interactions in Rh/Fe atomic
bilayers on Ir(111), Phys. Rev. Lett. 120 (2018) 207201, , https://doi.org/10.1103/
PhysRevLett.120.207201.
[30] A. Krönlein, M. Schmitt, M. Hoffmann, J. Kemmer, N. Seubert, M. Vogt, J. Küspert,
M. Böhme, B. Alonazi, J. Kügel, H.A. Albrithen, M. Bode, G. Bihlmayer, S. Blügel,
Magnetic ground state stabilized by three-site interactions: Fe/Rh(111), Phys. Rev.
Lett. 120 (2018) 207202, , https://doi.org/10.1103/PhysRevLett.120.207202.
[31] A. Lászlóffy, L. Rózsa, K. Palotás, L. Udvardi, L. Szunyogh, Magnetic structure of
monatomic Fe chains on Re(0001): Emergence of chiral multispin interactions,
Phys. Rev. B 99 (2019) 184430, , https://doi.org/10.1103/PhysRevB.99.184430.
[32] S. Brinker, M. dos Santos Dias, S. Lounis, The chiral biquadratic pair interaction,

CRediT authorship contribution statement
Krisztián Palotás: Conceptualization, Methodology, Software,
Validation, Formal analysis, Investigation, Resources, Writing - original
draft, Visualization, Funding acquisition. Levente Rózsa: Methodology,
Writing - review & editing, Funding acquisition. Eszter Simon: Writing
- review & editing, Funding acquisition. László Szunyogh: Writing review & editing, Supervision, Funding acquisition.
Declaration of Competing Interest
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence the work reported in this paper.
Acknowledgments
Financial supports of the National Research, Development, and
Innovation Office of Hungary (NKFIH) under Projects No. K115575, No.
PD120917, No. FK124100, and No. K131938, of the Quantum
Information National Laboratory of Hungary, of the SASPRO Fellowship
of the Slovak Academy of Sciences (project No. 1239/02/01), and of
the Alexander von Humboldt Foundation are gratefully acknowledged.
References
[1] N. Nagaosa, Y. Tokura, Topological properties and dynamics of magnetic skyrmions, Nat. Nanotech. 8 (2013) 899–911, https://doi.org/10.1038/nnano.2013.
243.
[2] A. Fert, V. Cros, J. Sampaio, Skyrmions on the track, Nat. Nanotech. 8 (2013)
152–156, https://doi.org/10.1038/nnano.2013.29.
[3] X. Zhang, M. Ezawa, Y. Zhou, Magnetic skyrmion logic gates: conversion, duplication and merging of skyrmions, Sci. Rep. 5 (2015) 9400, https://doi.org/10.
1038/srep09400.
[4] R. Wiesendanger, Nanoscale magnetic skyrmions in metallic films and multilayers:
a new twist for spintronics, Nat. Rev. Mat. 1 (2016) 16044, https://doi.org/10.
1038/natrevmats.2016.44.
[5] A. Fert, N. Reyren, V. Cros, Magnetic skyrmions: advances in physics and potential
applications, Nat. Rev. Mat. 2 (2017) 17031, https://doi.org/10.1038/natrevmats.
2017.31.
[6] X. Zhang, Y. Zhou, K.M. Song, T.-E. Park, J. Xia, M. Ezawa, X. Liu, W. Zhao, G. Zhao,
S. Woo, Skyrmion-electronics: writing, deleting, reading and processing magnetic
skyrmions toward spintronic applications, J. Phys. Condens. Matter 32 (2020)

9

Journal of Magnetism and Magnetic Materials 519 (2021) 167440

K. Palotás, et al.

81 (2009) 1495–1550, https://doi.org/10.1103/RevModPhys.81.1495.
[56] N. Romming, C. Hanneken, M. Menzel, J.E. Bickel, B. Wolter, K. von Bergmann,
A. Kubetzka, R. Wiesendanger, Writing and deleting single magnetic skyrmions,
Science 341 (2013) 636–639, https://doi.org/10.1126/science.1240573.
[57] P.-J. Hsu, A. Kubetzka, A. Finco, N. Romming, K. von Bergmann, R. Wiesendanger,
Electric field driven switching of individual magnetic skyrmions, Nat. Nanotech. 12
(2017) 123–126, https://doi.org/10.1038/nnano.2016.234.
[58] F. Muckel, S. von Malottki, C. Holl, B. Pestka, M. Pratzer, P.F. Bessarab, S. Heinze,
M. Morgenstern, Mechanisms of skyrmion collapse revealed by sub-nm maps of the
transition rate, arXiv:2004.07178 (2020). https://arxiv.org/abs/2004.07178.
[59] R. Wieser, R. Shindou, X.C. Xie, Manipulation of magnetic skyrmions with a scanning tunneling microscope, Phys. Rev. B 95 (2017) 064417, , https://doi.org/10.
1103/PhysRevB.95.064417.
[60] K. Palotás, G. Mándi, L. Szunyogh, Enhancement of the spin transfer torque efficiency in magnetic STM junctions, Phys. Rev. B 94 (2016) 064434, , https://doi.
org/10.1103/PhysRevB.94.064434.
[61] K. Palotás, L. Rózsa, L. Szunyogh, Theory of high-resolution tunneling spin transport on a magnetic skyrmion, Phys. Rev. B 97 (2018) 174402, , https://doi.org/10.
1103/PhysRevB.97.174402.
[62] K. Palotás, High-resolution combined tunneling electron charge and spin transport
theory of Néel and Bloch skyrmions, Phys. Rev. B 98 (2018) 094409, , https://doi.
org/10.1103/PhysRevB.98.094409.
[63] J. Tersoff, D.R. Hamann, Theory and application for the scanning tunneling microscope, Phys. Rev. Lett. 50 (1983) 1998–2001, https://doi.org/10.1103/
PhysRevLett.50.1998.
[64] J. Tersoff, D.R. Hamann, Theory of the scanning tunneling microscope, Phys. Rev. B
31 (1985) 805–813, https://doi.org/10.1103/PhysRevB.31.805.
[65] M. Raju, A. Yagil, A. Soumyanarayanan, A.K.C. Tan, A. Almoalem, F. Ma,
O.M. Auslaender, C. Panagopoulos, The evolution of skyrmions in Ir/Fe/Co/Pt
multilayers and their topological Hall signature, Nat. Commun. 10 (2019) 696,
https://doi.org/10.1038/s41467-018-08041-9.
[66] B. Berg, M. Lüscher, Definition and statistical distributions of a topological number
in the lattice O(3) σ)model, Nucl. Phys. B 190 (1981) 412–424, https://doi.org/10.
1016/0550-3213(81)90568-X.
[67] G. Yin, Y. Li, L. Kong, R.K. Lake, C.L. Chien, J. Zang, Topological charge analysis of
ultrafast single skyrmion creation, Phys. Rev. B 93 (2016) 174403, , https://doi.
org/10.1103/PhysRevB.93.174403.
[68] I.L. Fernandes, M. Bouhassoune, S. Lounis, Defect-implantation for the all-electrical
detection of non-collinear spin-textures, Nat. Commun. 11 (2020) 1602, https://
doi.org/10.1038/s41467-020-15379-6.
[69] S. Heinze, Simulation of spin-polarized scanning tunneling microscopy images of
nanoscale non-collinear magnetic structures, Appl. Phys. A 85 (2006) 407–414,
https://doi.org/10.1007/s00339-006-3692-z.
[70] K. Palotás, W.A. Hofer, L. Szunyogh, Theoretical study of the role of the tip in
enhancing the sensitivity of differential conductance tunneling spectroscopy on
magnetic surfaces, Phys. Rev. B 83 (2011) 214410, , https://doi.org/10.1103/
PhysRevB.83.214410.
[71] K. Palotás, W.A. Hofer, L. Szunyogh, Simulation of spin-polarized scanning tunneling microscopy on complex magnetic surfaces: Case of a Cr monolayer on Ag
(111), Phys. Rev. B 84 (2011) 174428, , https://doi.org/10.1103/PhysRevB.84.
174428.
[72] K. Palotás, W.A. Hofer, L. Szunyogh, Simulation of spin-polarized scanning tunneling spectroscopy on complex magnetic surfaces: Case of a Cr monolayer on Ag
(111), Phys. Rev. B 85 (2012) 205427, , https://doi.org/10.1103/PhysRevB.85.
205427.
[73] K. Palotás, G. Mándi, L. Szunyogh, Orbital-dependent electron tunneling within the
atom superposition approach: theory and application to W(110), Phys. Rev. B 86
(2012) 235415, , https://doi.org/10.1103/PhysRevB.86.235415.
[74] K. Palotás, Prediction of the bias voltage dependent magnetic contrast in spin-polarized scanning tunneling microscopy, Phys. Rev. B 87 (2013) 024417, , https://
doi.org/10.1103/PhysRevB.87.024417.
[75] G. Mándi, N. Nagy, K. Palotás, Arbitrary tip orientation in STM simulations: 3D
WKB theory and application to W(110), J. Phys. Condens. Matter 25 (2013)
445009, , https://doi.org/10.1088/0953-8984/25/44/445009.
[76] P. Nita, K. Palotás, M. Jałochowski, M. Krawiec, Surface diffusion of Pb atoms on
the Si(553)-Au surface in narrow quasi-one-dimensional channels, Phys. Rev. B 89
(2014) 165426, , https://doi.org/10.1103/PhysRevB.89.165426.
[77] G. Mándi, K. Palotás, Arbitrary tip orientation in STM simulations: 3D WKB theory
and application to W(110), Appl. Surf. Sci. 304 (2014) 65–72, https://doi.org/10.
1016/j.apsusc.2014.02.143.
[78] G. Mándi, G. Teobaldi, K. Palotás, Contrast stability and ’stripe’ formation in
scanning tunnelling microscopy imaging of highly oriented pyrolytic graphite: the
role of STM-tip orientations, J. Phys. Condens. Matter 26 (2014) 485007, , https://
doi.org/10.1088/0953-8984/26/48/485007.
[79] G. Mándi, G. Teobaldi, K. Palotás, What is the orientation of the tip in a scanning
tunneling microscope? Prog. Surf. Sci. 90 (2015) 223–238, https://doi.org/10.
1016/j.progsurf.2015.02.001.
[80] K. Palotás, G. Mándi, W.A. Hofer, Three-dimensional Wentzel-Kramers-Brillouin
approach for the simulation of scanning tunneling microscopy and spectroscopy,
Front. Phys. 9 (2014) 711–747, https://doi.org/10.1007/s11467-013-0354-4.

New J. Phys. 21 (2019) 083015, , https://doi.org/10.1088/1367-2630/ab35c9.
[33] S. Paul, S. Haldar, S. von Malottki, S. Heinze, Role of higher-order exchange interactions for skyrmion stability, Nat. Commun. 11 (2020) 4756, https://doi.org/
10.1038/s41467-020-18473-x.
[34] C. Moreau-Luchaire, C. Moutafis, N. Reyren, J. Sampaio, C.A.F. Vaz, N. Van Horne,
K. Bouzehouane, K. Garcia, C. Deranlot, P. Warnicke, P. Wohlhüter, J.-M. George,
M. Weigand, J. Raabe, V. Cros, A. Fert, Additive interfacial chiral interaction in
multilayers for stabilization of small individual skyrmions at room temperature,
Nat. Nanotech. 11 (2016) 444–448, https://doi.org/10.1038/nnano.2015.313.
[35] O. Boulle, J. Vogel, H. Yang, S. Pizzini, D. de Souza Chaves, A. Locatelli,
T.O. Menteş, A. Sala, L.D. Buda-Prejbeanu, O. Klein, M. Belmegueani, Y. Roussigné,
A. Stashkevich, S.M. Chérif, L. Aballe, M. Foerster, M. Chshiev, S. Auffret,
I.M. Miron, G. Gaudin, Room-temperature chiral magnetic skyrmions in ultrathin
magnetic nanostructures, Nat. Nanotech. 11 (2016) 449–454, https://doi.org/10.
1038/nnano.2015.315.
[36] S. Woo, K. Litzius, B. Krüger, M.-Y. Im, L. Caretta, K. Richter, M. Mann, A. Krone,
R.M. Reeve, M. Weigand, P. Agrawal, I. Lemesh, M.-A. Mawass, P. Fischer, M. Kläui,
G.S.D. Beach, Observation of room-temperature magnetic skyrmions and their
current-driven dynamics in ultrathin metallic ferromagnets, Nat. Mater. 15 (2016)
501–506, https://doi.org/10.1038/nmat4593.
[37] A. Soumyanarayanan, M. Raju, A.L. Gonzalez Oyarce, A.K.C. Tan, M.-Y. Im,
A.P. Petrović, P. Ho, K.H. Khoo, M. Tran, C.K. Gan, F. Ernult, C. Panagopoulos,
Tunable room-temperature magnetic skyrmions in Ir/Fe/Co/Pt multilayers, Nat.
Mater. 16 (2017) 898–904, https://doi.org/10.1038/nmat4934.
[38] W. Legrand, D. Maccariello, F. Ajejas, S. Collin, A. Vecchiola, K. Bouzehouane,
N. Reyren, V. Cros, A. Fert, Room-temperature stabilization of antiferromagnetic
skyrmions in synthetic antiferromagnets, Nat. Mater. 19 (2020) 34–42, https://doi.
org/10.1038/s41563-019-0468-3.
[39] J. Hagemeister, N. Romming, K. von Bergmann, E.Y. Vedmedenko,
R. Wiesendanger, Stability of single skyrmionic bits, Nat. Commun. 6 (2015) 8455,
https://doi.org/10.1038/ncomms9455.
[40] L. Rózsa, E. Simon, K. Palotás, L. Udvardi, L. Szunyogh, Complex magnetic phase
diagram and skyrmion lifetime in an ultrathin film from atomistic simulations,
Phys. Rev. B 93 (2016) 024417, , https://doi.org/10.1103/PhysRevB.93.024417.
[41] P.F. Bessarab, V.M. Uzdin, H. Jónsson, Method for finding mechanism and activation energy of magnetic transitions, applied to skyrmion and antivortex annihilation, Comput. Phys. Commun. 196 (2015) 335–347, https://doi.org/10.1016/j.cpc.
2015.07.001.
[42] I.S. Lobanov, H. Jónsson, V.M. Uzdin, Mechanism and activation energy of magnetic skyrmion annihilation obtained from minimum energy path calculations,
Phys. Rev. B 94 (2016) 174418, , https://doi.org/10.1103/PhysRevB.94.174418.
[43] D. Stosic, J. Mulkers, B. Van Waeyenberge, T.B. Ludermir, M.V. Milošević, Paths to
collapse for isolated skyrmions in few-monolayer ferromagnetic films, Phys. Rev. B
95 (2017) 214418, , https://doi.org/10.1103/PhysRevB.95.214418.
[44] P.F. Bessarab, G.P. Müller, I.S. Lobanov, F.N. Rybakov, N.S. Kiselev, H. Jónsson,
V.M. Uzdin, S. Blügel, L. Bergqvist, A. Delin, Lifetime of racetrack skyrmions, Sci.
Rep. 8 (2018) 3433, https://doi.org/10.1038/s41598-018-21623-3.
[45] M. Böttcher, S. Heinze, S. Egorov, J. Sinova, B. Dupé, B-T phase diagram of Pd/Fe/Ir
(111) computed with parallel tempering Monte Carlo, New J. Phys. 20 (2018)
103014, , https://doi.org/10.1088/1367-2630/aae282.
[46] S. von Malottki, P.F. Bessarab, S. Haldar, A. Delin, S. Heinze, Skyrmion lifetime in
ultrathin films, Phys. Rev. B 99 (2019) 060409, , https://doi.org/10.1103/
PhysRevB.99.060409.
[47] P.F. Bessarab, D. Yudin, D.R. Gulevich, P. Wadley, M. Titov, O.A. Tretiakov,
Stability and lifetime of antiferromagnetic skyrmions, Phys. Rev. B 99 (2019)
140411, , https://doi.org/10.1103/PhysRevB.99.140411.
[48] L. Desplat, J.-V. Kim, R.L. Stamps, Paths to annihilation of first- and second-order
(anti)skyrmions via (anti)meron nucleation on the frustrated square lattice, Phys.
Rev. B 99 (2019) 174409, , https://doi.org/10.1103/PhysRevB.99.174409.
[49] D.A. Garanin, E.M. Chudnovsky, S. Zhang, X. Zhang, Thermal creation of skyrmions
in ferromagnetic films with perpendicular anisotropy and Dzyaloshinskii-Moriya
interaction, J. Magn. Magn. Mater. 493 (2020) 165724, , https://doi.org/10.1016/
j.jmmm.2019.165724.
[50] A.S. Varentcova, S. von Malottki, M.N. Potkina, G. Kwiatkowski, S. Heinze, P.F.
Bessarab, Towards room temperature nanoscale skyrmions in ultrathin films,
arXiv:2002.05285 (2020). https://arxiv.org/abs/2002.05285.
[51] O.P. Polyakov, I.A. Gonoskov, V.S. Stepanyuk, E.K.U. Gross, Generation of magnetic
skyrmions by focused vortex laser pulses, J. Appl. Phys. 127 (2020) 073904, ,
https://doi.org/10.1063/1.5140673.
[52] I.V. Vetrova, J. Šoltýs, M. Zelent, V.A. Gubanov, A.V. Sadovnikov, T. Ščepka, J.
Dérer, V. Cambel, M. Mruczkiewicz, Skyrmion formation in nanodiscs using magnetic force microscopy tip, arXiv:2002.11685 (2020). https://arxiv.org/abs/2002.
11685.
[53] N. Romming, A. Kubetzka, C. Hanneken, K. von Bergmann, R. Wiesendanger, Fielddependent size and shape of single magnetic skyrmions, Phys. Rev. Lett. 114 (2015)
177203, , https://doi.org/10.1103/PhysRevLett.114.177203.
[54] K. von Bergmann, A. Kubetzka, O. Pietzsch, R. Wiesendanger, Interface-induced
chiral domain walls, spin spirals and skyrmions revealed by spin-polarized scanning
tunneling microscopy, J. Phys. Condens. Matter 26 (2014) 394002, , https://doi.
org/10.1088/0953-8984/26/39/394002.
[55] R. Wiesendanger, Spin mapping at the nanoscale and atomic scale, Rev. Mod. Phys.

10

