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BRIEF REPORTS PHYSICAL REVIEW B 83, 212402 (2011)

FIG. 1. Magnetic transmission soft x-ray microscopy images of
permalloy disks with 500 nm radius and film thickness of (a) 150 nm,
(b) 100 nm, and (c) 50 nm. The magnetic vortex cores can be identified
by the black/white spots in the center, where the z component of the
magnetization of the black vortex cores points into the paper plane
and out for the white cores. Detailed views of some vortex cores, one
for each thickness, are shown in (d)–(f).

and thicknesses of 50, 100, and 150 nm, are shown in
Figs. 1(a)–1(c), respectively. While the in-plane curling mag-
netization does not show up in this perpendicular imaging
geometry, the dark and white spots in the center of the
dots, which represent the vortex cores, are clearly visible.
Figures 1(d)–1(f) are a zoom into the center of some disks, i.e.,
the vortex core is displayed only. To analyze the Mz profile of
the vortex, radially averaged intensity scans around the center
of some individual dots are displayed in Figs. 2(a) and 2(c)
(white cores), and 2(b) and 2(d) (black cores). Each radius
step of 1 nm in the intensity scans is displayed by a single
black dot. These profiles show a decrease of the vortex-core
radius W (measured by the half width at half maximum size,
HWHM) from approximately 38 to 18 nm, with decreas-
ing disk thickness from 150 to 50 nm. Interestingly, with

increasing thickness, a dip develops around the vortex core
and the core intensity increases. The statistics on the five-dot
groups in Fig. 1 also reveal some scatter in core intensity
and dip amplitude. Dot-to-dot variations may be ascribed to
illumination nonuniformities. The observed decrease of the
signal-to-noise ratio for smaller sample thickness is a measure
of the sensitivity of the technique.

Micromagnetic calculations were performed using the
commonly assumed parameters for NiFe: spontaneous
magnetization Ms = 800 kA/m and exchange constant
A = 13 pJ/m, so that the exchange length reads
! =

√
2A/(µ0M2

s ) = 5.7 nm here. Whereas at zero
thickness the analytical profile29 is recovered, with
W = 1.13!, as the thickness increases, the profiles
adopt the “barrel” shape described by Hubert,18 with a
quasilinearly increasing width at the sample mid-plane
and a slightly reduced width at the surfaces. The HWHM
values for the vortex-core sizes W derived from that model
are plotted in Fig. 3. Since only one characteristic length
(exchange length !) is involved in this problem, Fig. 3 also
shows the reduced values for the thicknesses h/! and W/!.
As the transmitted signal in MTXM averages the magneti-
zation along the sample thickness, which is complementary
to surface sensitive techniques such as scanning tunneling
microscopy (STM), we use the HWHM of the thickness-
averaged intensity profiles in the following discussion.

These calculated profiles are superposed to the experi-
mental data in Fig. 2 by the solid lines. In a first series of
calculations [Figs. 2(a) and 2(b)], the NiFe was assumed to be
perfectly soft, with no perpendicular anisotropy. Here, the dip
of the opposite sign around the vortex core is extremely weak,
and independent of the thickness. The physical origin of this
ring of opposite perpendicular magnetization quantifies the
response of the sample to the stray field from the core
moment. In addition, it is found that the calculated core
profile is narrower than in the experiments. In a second
step, we included perpendicular anisotropy of K = 10 kJ/m3

(corresponding to a moderate anisotropy field µ0HK = 250
G)30 and we observed that the dip in the calculation be-

FIG. 2. (Color online) Radially averaged in-
tensity profiles for individual (a), (c) white and
(b), (d) black cores (radius step 0.2 pixel ≈
1 nm) for the three sample thicknesses. The solid
lines (red: 150 nm, blue: 100 nm, green: 50 nm)
show the computed profiles for the thickness-
averaged perpendicular magnetization, with a
perpendicular anisotropy constant (a), (b) K =
0 kJ/m3 and (c), (d) K = 10 kJ/m3, and no
instrumental broadening.
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state are topologically trivial with S = 0.
Transitions between such topologically distinct
states are forbidden within a continuous descrip-
tion of n, but in a real system with magnetic
moments on an atomic lattice, strict topological
protection does not exist. Instead, the states are
separated by a finite energy barrier. Magnetic
skyrmions typically arrange in two-dimensional
(2D) lattices (2–4). An important prerequisite for
their formation is broken inversion symmetry,
which is fulfilled not only for samples with chiral
crystal structure (4–9), but also for magnetic film
systems, in which the top and bottom interfaces
are different (10–12). In recent years, magnetic
skyrmions have been observed in a number of
systems with broken crystal inversion symmetry
ranging from metallic and semiconducting (4–7)
to insulating (8, 9). Each of these systems dis-
plays a spin spiral phase in zero field (Fig. 1A),
resulting from a competition of magnetic ex-
change and Dzyaloshinskii-Moriya interaction,
and can be driven into a hexagonal skyrmion lat-
tice phase (Fig. 1B) by the application of an ex-
ternal magnetic field B. In contrast to the spin
spiral state, which is magnetically compensated,
the hexagonal skyrmion lattice exhibits a net mag-
netization and is, therefore, favored by the Zeeman
energy. By further increasing the magnetic field,
the parallel alignment of the magnetic moments
becomes energetically more and more favorable,
until the skyrmion phase is eventually saturated
to the FM phase (Fig. 1C) (5). Both of these phase
transitions are accompanied by a change of topo-
logical charge. In thin films, the skyrmion lattice

phase space increases as the thickness of the
sample is decreased (7). In such 2D systems, the
diameter of the skyrmions can exceed the film
thickness (5, 7), which may be favorable for con-
trolled skyrmion manipulation by surface tech-
niques. At the ultimate limit, a single atomic layer
of Fe on Ir(111) exhibits a skyrmion lattice, even
in the absence of an external field. This skyrmion
lattice has square symmetry and a period of only
1 nm (12); however, driving it into a different
topological state has been challenging.

The manipulation of skyrmion lattices may
require substantially smaller current densities com-
pared with the manipulation of domain walls in
conventional ferromagnetic systems, whichmakes
skyrmions a promising candidate for spintronic
applications (13–18). However, even though sin-
gle skyrmions were observed experimentally (5),
and the creation of skyrmions by radial currents
was studied theoretically (19), the manipula-
tion or creation of individual skyrmions has
presented difficulties. To design an ultrathin film
system exhibiting skyrmions that can be manip-
ulated with a local probe, we cover the Fe layer
on Ir(111) with an additional atomic layer of
Pd (20). We thereby modify the top interface
and, thus, the magnetic interactions within the
film. As Pd is known to be easily polarized by
adjacent magnetic moments (21), we expect the
resulting PdFe bilayer to behave as a single mag-
netic entity.

Figure 1 shows the magnetic field dependence
of the PdFe bilayer on Ir(111) at a temperature T
of 8 K. In zero field (Fig. 1D), the spin-polarized

scanning tunneling microscopy (SP-STM) image
(20) reveals a spin spiral ground state with a pe-
riod of 6 to 7 nm. When the magnetic field is
increased to B = +1 T (Fig. 1E), skyrmions can
be observed coexisting with remaining areas of
spiral ordering. Even higher values of B lead to
a pure hexagonal skyrmion lattice (Fig. 1F) and,
eventually, to saturation of the film to a FM phase
(Fig. 1G); here only a few single skyrmions, pinned
at atomic defects, remain at B = +2 T. This field-
dependent behavior is similar to previously studied
systems (5), and the transitions are reversible at
T = 8K: Removing the field leads to qualitatively
the same magnetic structure as in Fig. 1D, with
small variations in the details of the spiral posi-
tion and direction.

Figure 2A depicts a comparable sample at
B = +1 T, this time measured at T = 4.2 K.
Whereas the trend of skyrmion formation at the
cost of the spiral phase is similar, fewer skyrmions
are observed compared with the measurement at
T = 8 K (see Fig. 1E). This may be partly due to a
small shift with temperature of the critical mag-
netic field needed for the phase transition (4, 5, 7)
or to small differences in the local environment.
However, the main reason is reduced thermal en-
ergy, which prevents the system from reaching
energetically lower states. A change of B at T =
4.2 K may not necessarily lead to the lowest-
energy state; instead, a metastable state may be
preserved. We demonstrated a transition from a
metastable to a lower-energy state by depositing
energy into the system by tunneling with higher-
energy electrons: After scanning the surface area
at an increased bias voltage of U = +1 V, the
spin spiral has locally transformed into skyrmions
(Fig. 2B). A higher degree of control can be
achieved by injecting higher-energy electrons lo-
cally, as in Fig. 2, C and D, where skyrmions are
imprinted into the ferromagnetic phase; by volt-
age sweeps with the STM tip held stationary,
skyrmions can be created one by one below the
tip or in close vicinity (Fig. 2E). Apparently, atomic
defects act as preferred nucleation and pinning
sites (see also fig. S2). In such a writing process,
a topological charge S is created. The field-
dependent potential can be sketched as in Fig.
2F, where B0 is the field at which the two states
are energetically degenerate. For B < B0, the
energetically lower state is the skyrmion (S =
1); for B > B0, it is the FM state (S = 0). When
we start from the FM state and lower the
external field to B < B0 (as in Fig. 2C), the
system can be transferred to the skyrmion state
only if the remaining energy barrier is over-
come, either by thermal fluctuations or if en-
ergy is supplied by other means (e.g., by the
tunneling electrons).

For magnetic field values close to B0,
skyrmions can be created and annihilated re-
versibly. In this way, topological charge can be
used to store information, as demonstrated in
Fig. 3: By locally injecting electrons, we can gen-
erate any desired skyrmion configuration for the
four pinning sites within the area. In the series of
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Fig. 1. Magnetic field dependence of the PdFe bilayer on the Ir(111) surface at T=8 K. (A to C)
Perspective sketches of the magnetic phases. (D) Overview SP-STM image, perspective view of
constant-current image colorized with its derivative. (E to G) PdFe bilayer at different magnetic fields
(U = +50 mV, I = 0.2 nA, magnetically out-of-plane sensitive tip). (E) Coexistence of spin spiral and
skyrmion phase. (F) Pure skyrmion phase. (G) Ferromagnetic phase. A remaining skyrmion is marked
by the white circle.
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BRIEF REPORTS PHYSICAL REVIEW B 83, 212402 (2011)

FIG. 1. Magnetic transmission soft x-ray microscopy images of
permalloy disks with 500 nm radius and film thickness of (a) 150 nm,
(b) 100 nm, and (c) 50 nm. The magnetic vortex cores can be identified
by the black/white spots in the center, where the z component of the
magnetization of the black vortex cores points into the paper plane
and out for the white cores. Detailed views of some vortex cores, one
for each thickness, are shown in (d)–(f).

and thicknesses of 50, 100, and 150 nm, are shown in
Figs. 1(a)–1(c), respectively. While the in-plane curling mag-
netization does not show up in this perpendicular imaging
geometry, the dark and white spots in the center of the
dots, which represent the vortex cores, are clearly visible.
Figures 1(d)–1(f) are a zoom into the center of some disks, i.e.,
the vortex core is displayed only. To analyze the Mz profile of
the vortex, radially averaged intensity scans around the center
of some individual dots are displayed in Figs. 2(a) and 2(c)
(white cores), and 2(b) and 2(d) (black cores). Each radius
step of 1 nm in the intensity scans is displayed by a single
black dot. These profiles show a decrease of the vortex-core
radius W (measured by the half width at half maximum size,
HWHM) from approximately 38 to 18 nm, with decreas-
ing disk thickness from 150 to 50 nm. Interestingly, with

increasing thickness, a dip develops around the vortex core
and the core intensity increases. The statistics on the five-dot
groups in Fig. 1 also reveal some scatter in core intensity
and dip amplitude. Dot-to-dot variations may be ascribed to
illumination nonuniformities. The observed decrease of the
signal-to-noise ratio for smaller sample thickness is a measure
of the sensitivity of the technique.

Micromagnetic calculations were performed using the
commonly assumed parameters for NiFe: spontaneous
magnetization Ms = 800 kA/m and exchange constant
A = 13 pJ/m, so that the exchange length reads
! =

√
2A/(µ0M2

s ) = 5.7 nm here. Whereas at zero
thickness the analytical profile29 is recovered, with
W = 1.13!, as the thickness increases, the profiles
adopt the “barrel” shape described by Hubert,18 with a
quasilinearly increasing width at the sample mid-plane
and a slightly reduced width at the surfaces. The HWHM
values for the vortex-core sizes W derived from that model
are plotted in Fig. 3. Since only one characteristic length
(exchange length !) is involved in this problem, Fig. 3 also
shows the reduced values for the thicknesses h/! and W/!.
As the transmitted signal in MTXM averages the magneti-
zation along the sample thickness, which is complementary
to surface sensitive techniques such as scanning tunneling
microscopy (STM), we use the HWHM of the thickness-
averaged intensity profiles in the following discussion.

These calculated profiles are superposed to the experi-
mental data in Fig. 2 by the solid lines. In a first series of
calculations [Figs. 2(a) and 2(b)], the NiFe was assumed to be
perfectly soft, with no perpendicular anisotropy. Here, the dip
of the opposite sign around the vortex core is extremely weak,
and independent of the thickness. The physical origin of this
ring of opposite perpendicular magnetization quantifies the
response of the sample to the stray field from the core
moment. In addition, it is found that the calculated core
profile is narrower than in the experiments. In a second
step, we included perpendicular anisotropy of K = 10 kJ/m3

(corresponding to a moderate anisotropy field µ0HK = 250
G)30 and we observed that the dip in the calculation be-

FIG. 2. (Color online) Radially averaged in-
tensity profiles for individual (a), (c) white and
(b), (d) black cores (radius step 0.2 pixel ≈
1 nm) for the three sample thicknesses. The solid
lines (red: 150 nm, blue: 100 nm, green: 50 nm)
show the computed profiles for the thickness-
averaged perpendicular magnetization, with a
perpendicular anisotropy constant (a), (b) K =
0 kJ/m3 and (c), (d) K = 10 kJ/m3, and no
instrumental broadening.
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state are topologically trivial with S = 0.
Transitions between such topologically distinct
states are forbidden within a continuous descrip-
tion of n, but in a real system with magnetic
moments on an atomic lattice, strict topological
protection does not exist. Instead, the states are
separated by a finite energy barrier. Magnetic
skyrmions typically arrange in two-dimensional
(2D) lattices (2–4). An important prerequisite for
their formation is broken inversion symmetry,
which is fulfilled not only for samples with chiral
crystal structure (4–9), but also for magnetic film
systems, in which the top and bottom interfaces
are different (10–12). In recent years, magnetic
skyrmions have been observed in a number of
systems with broken crystal inversion symmetry
ranging from metallic and semiconducting (4–7)
to insulating (8, 9). Each of these systems dis-
plays a spin spiral phase in zero field (Fig. 1A),
resulting from a competition of magnetic ex-
change and Dzyaloshinskii-Moriya interaction,
and can be driven into a hexagonal skyrmion lat-
tice phase (Fig. 1B) by the application of an ex-
ternal magnetic field B. In contrast to the spin
spiral state, which is magnetically compensated,
the hexagonal skyrmion lattice exhibits a net mag-
netization and is, therefore, favored by the Zeeman
energy. By further increasing the magnetic field,
the parallel alignment of the magnetic moments
becomes energetically more and more favorable,
until the skyrmion phase is eventually saturated
to the FM phase (Fig. 1C) (5). Both of these phase
transitions are accompanied by a change of topo-
logical charge. In thin films, the skyrmion lattice

phase space increases as the thickness of the
sample is decreased (7). In such 2D systems, the
diameter of the skyrmions can exceed the film
thickness (5, 7), which may be favorable for con-
trolled skyrmion manipulation by surface tech-
niques. At the ultimate limit, a single atomic layer
of Fe on Ir(111) exhibits a skyrmion lattice, even
in the absence of an external field. This skyrmion
lattice has square symmetry and a period of only
1 nm (12); however, driving it into a different
topological state has been challenging.

The manipulation of skyrmion lattices may
require substantially smaller current densities com-
pared with the manipulation of domain walls in
conventional ferromagnetic systems, whichmakes
skyrmions a promising candidate for spintronic
applications (13–18). However, even though sin-
gle skyrmions were observed experimentally (5),
and the creation of skyrmions by radial currents
was studied theoretically (19), the manipula-
tion or creation of individual skyrmions has
presented difficulties. To design an ultrathin film
system exhibiting skyrmions that can be manip-
ulated with a local probe, we cover the Fe layer
on Ir(111) with an additional atomic layer of
Pd (20). We thereby modify the top interface
and, thus, the magnetic interactions within the
film. As Pd is known to be easily polarized by
adjacent magnetic moments (21), we expect the
resulting PdFe bilayer to behave as a single mag-
netic entity.

Figure 1 shows the magnetic field dependence
of the PdFe bilayer on Ir(111) at a temperature T
of 8 K. In zero field (Fig. 1D), the spin-polarized

scanning tunneling microscopy (SP-STM) image
(20) reveals a spin spiral ground state with a pe-
riod of 6 to 7 nm. When the magnetic field is
increased to B = +1 T (Fig. 1E), skyrmions can
be observed coexisting with remaining areas of
spiral ordering. Even higher values of B lead to
a pure hexagonal skyrmion lattice (Fig. 1F) and,
eventually, to saturation of the film to a FM phase
(Fig. 1G); here only a few single skyrmions, pinned
at atomic defects, remain at B = +2 T. This field-
dependent behavior is similar to previously studied
systems (5), and the transitions are reversible at
T = 8K: Removing the field leads to qualitatively
the same magnetic structure as in Fig. 1D, with
small variations in the details of the spiral posi-
tion and direction.

Figure 2A depicts a comparable sample at
B = +1 T, this time measured at T = 4.2 K.
Whereas the trend of skyrmion formation at the
cost of the spiral phase is similar, fewer skyrmions
are observed compared with the measurement at
T = 8 K (see Fig. 1E). This may be partly due to a
small shift with temperature of the critical mag-
netic field needed for the phase transition (4, 5, 7)
or to small differences in the local environment.
However, the main reason is reduced thermal en-
ergy, which prevents the system from reaching
energetically lower states. A change of B at T =
4.2 K may not necessarily lead to the lowest-
energy state; instead, a metastable state may be
preserved. We demonstrated a transition from a
metastable to a lower-energy state by depositing
energy into the system by tunneling with higher-
energy electrons: After scanning the surface area
at an increased bias voltage of U = +1 V, the
spin spiral has locally transformed into skyrmions
(Fig. 2B). A higher degree of control can be
achieved by injecting higher-energy electrons lo-
cally, as in Fig. 2, C and D, where skyrmions are
imprinted into the ferromagnetic phase; by volt-
age sweeps with the STM tip held stationary,
skyrmions can be created one by one below the
tip or in close vicinity (Fig. 2E). Apparently, atomic
defects act as preferred nucleation and pinning
sites (see also fig. S2). In such a writing process,
a topological charge S is created. The field-
dependent potential can be sketched as in Fig.
2F, where B0 is the field at which the two states
are energetically degenerate. For B < B0, the
energetically lower state is the skyrmion (S =
1); for B > B0, it is the FM state (S = 0). When
we start from the FM state and lower the
external field to B < B0 (as in Fig. 2C), the
system can be transferred to the skyrmion state
only if the remaining energy barrier is over-
come, either by thermal fluctuations or if en-
ergy is supplied by other means (e.g., by the
tunneling electrons).

For magnetic field values close to B0,
skyrmions can be created and annihilated re-
versibly. In this way, topological charge can be
used to store information, as demonstrated in
Fig. 3: By locally injecting electrons, we can gen-
erate any desired skyrmion configuration for the
four pinning sites within the area. In the series of
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Fig. 1. Magnetic field dependence of the PdFe bilayer on the Ir(111) surface at T=8 K. (A to C)
Perspective sketches of the magnetic phases. (D) Overview SP-STM image, perspective view of
constant-current image colorized with its derivative. (E to G) PdFe bilayer at different magnetic fields
(U = +50 mV, I = 0.2 nA, magnetically out-of-plane sensitive tip). (E) Coexistence of spin spiral and
skyrmion phase. (F) Pure skyrmion phase. (G) Ferromagnetic phase. A remaining skyrmion is marked
by the white circle.
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FIG. 1. Magnetic transmission soft x-ray microscopy images of
permalloy disks with 500 nm radius and film thickness of (a) 150 nm,
(b) 100 nm, and (c) 50 nm. The magnetic vortex cores can be identified
by the black/white spots in the center, where the z component of the
magnetization of the black vortex cores points into the paper plane
and out for the white cores. Detailed views of some vortex cores, one
for each thickness, are shown in (d)–(f).

and thicknesses of 50, 100, and 150 nm, are shown in
Figs. 1(a)–1(c), respectively. While the in-plane curling mag-
netization does not show up in this perpendicular imaging
geometry, the dark and white spots in the center of the
dots, which represent the vortex cores, are clearly visible.
Figures 1(d)–1(f) are a zoom into the center of some disks, i.e.,
the vortex core is displayed only. To analyze the Mz profile of
the vortex, radially averaged intensity scans around the center
of some individual dots are displayed in Figs. 2(a) and 2(c)
(white cores), and 2(b) and 2(d) (black cores). Each radius
step of 1 nm in the intensity scans is displayed by a single
black dot. These profiles show a decrease of the vortex-core
radius W (measured by the half width at half maximum size,
HWHM) from approximately 38 to 18 nm, with decreas-
ing disk thickness from 150 to 50 nm. Interestingly, with

increasing thickness, a dip develops around the vortex core
and the core intensity increases. The statistics on the five-dot
groups in Fig. 1 also reveal some scatter in core intensity
and dip amplitude. Dot-to-dot variations may be ascribed to
illumination nonuniformities. The observed decrease of the
signal-to-noise ratio for smaller sample thickness is a measure
of the sensitivity of the technique.

Micromagnetic calculations were performed using the
commonly assumed parameters for NiFe: spontaneous
magnetization Ms = 800 kA/m and exchange constant
A = 13 pJ/m, so that the exchange length reads
! =

√
2A/(µ0M2

s ) = 5.7 nm here. Whereas at zero
thickness the analytical profile29 is recovered, with
W = 1.13!, as the thickness increases, the profiles
adopt the “barrel” shape described by Hubert,18 with a
quasilinearly increasing width at the sample mid-plane
and a slightly reduced width at the surfaces. The HWHM
values for the vortex-core sizes W derived from that model
are plotted in Fig. 3. Since only one characteristic length
(exchange length !) is involved in this problem, Fig. 3 also
shows the reduced values for the thicknesses h/! and W/!.
As the transmitted signal in MTXM averages the magneti-
zation along the sample thickness, which is complementary
to surface sensitive techniques such as scanning tunneling
microscopy (STM), we use the HWHM of the thickness-
averaged intensity profiles in the following discussion.

These calculated profiles are superposed to the experi-
mental data in Fig. 2 by the solid lines. In a first series of
calculations [Figs. 2(a) and 2(b)], the NiFe was assumed to be
perfectly soft, with no perpendicular anisotropy. Here, the dip
of the opposite sign around the vortex core is extremely weak,
and independent of the thickness. The physical origin of this
ring of opposite perpendicular magnetization quantifies the
response of the sample to the stray field from the core
moment. In addition, it is found that the calculated core
profile is narrower than in the experiments. In a second
step, we included perpendicular anisotropy of K = 10 kJ/m3

(corresponding to a moderate anisotropy field µ0HK = 250
G)30 and we observed that the dip in the calculation be-

FIG. 2. (Color online) Radially averaged in-
tensity profiles for individual (a), (c) white and
(b), (d) black cores (radius step 0.2 pixel ≈
1 nm) for the three sample thicknesses. The solid
lines (red: 150 nm, blue: 100 nm, green: 50 nm)
show the computed profiles for the thickness-
averaged perpendicular magnetization, with a
perpendicular anisotropy constant (a), (b) K =
0 kJ/m3 and (c), (d) K = 10 kJ/m3, and no
instrumental broadening.
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state are topologically trivial with S = 0.
Transitions between such topologically distinct
states are forbidden within a continuous descrip-
tion of n, but in a real system with magnetic
moments on an atomic lattice, strict topological
protection does not exist. Instead, the states are
separated by a finite energy barrier. Magnetic
skyrmions typically arrange in two-dimensional
(2D) lattices (2–4). An important prerequisite for
their formation is broken inversion symmetry,
which is fulfilled not only for samples with chiral
crystal structure (4–9), but also for magnetic film
systems, in which the top and bottom interfaces
are different (10–12). In recent years, magnetic
skyrmions have been observed in a number of
systems with broken crystal inversion symmetry
ranging from metallic and semiconducting (4–7)
to insulating (8, 9). Each of these systems dis-
plays a spin spiral phase in zero field (Fig. 1A),
resulting from a competition of magnetic ex-
change and Dzyaloshinskii-Moriya interaction,
and can be driven into a hexagonal skyrmion lat-
tice phase (Fig. 1B) by the application of an ex-
ternal magnetic field B. In contrast to the spin
spiral state, which is magnetically compensated,
the hexagonal skyrmion lattice exhibits a net mag-
netization and is, therefore, favored by the Zeeman
energy. By further increasing the magnetic field,
the parallel alignment of the magnetic moments
becomes energetically more and more favorable,
until the skyrmion phase is eventually saturated
to the FM phase (Fig. 1C) (5). Both of these phase
transitions are accompanied by a change of topo-
logical charge. In thin films, the skyrmion lattice

phase space increases as the thickness of the
sample is decreased (7). In such 2D systems, the
diameter of the skyrmions can exceed the film
thickness (5, 7), which may be favorable for con-
trolled skyrmion manipulation by surface tech-
niques. At the ultimate limit, a single atomic layer
of Fe on Ir(111) exhibits a skyrmion lattice, even
in the absence of an external field. This skyrmion
lattice has square symmetry and a period of only
1 nm (12); however, driving it into a different
topological state has been challenging.

The manipulation of skyrmion lattices may
require substantially smaller current densities com-
pared with the manipulation of domain walls in
conventional ferromagnetic systems, whichmakes
skyrmions a promising candidate for spintronic
applications (13–18). However, even though sin-
gle skyrmions were observed experimentally (5),
and the creation of skyrmions by radial currents
was studied theoretically (19), the manipula-
tion or creation of individual skyrmions has
presented difficulties. To design an ultrathin film
system exhibiting skyrmions that can be manip-
ulated with a local probe, we cover the Fe layer
on Ir(111) with an additional atomic layer of
Pd (20). We thereby modify the top interface
and, thus, the magnetic interactions within the
film. As Pd is known to be easily polarized by
adjacent magnetic moments (21), we expect the
resulting PdFe bilayer to behave as a single mag-
netic entity.

Figure 1 shows the magnetic field dependence
of the PdFe bilayer on Ir(111) at a temperature T
of 8 K. In zero field (Fig. 1D), the spin-polarized

scanning tunneling microscopy (SP-STM) image
(20) reveals a spin spiral ground state with a pe-
riod of 6 to 7 nm. When the magnetic field is
increased to B = +1 T (Fig. 1E), skyrmions can
be observed coexisting with remaining areas of
spiral ordering. Even higher values of B lead to
a pure hexagonal skyrmion lattice (Fig. 1F) and,
eventually, to saturation of the film to a FM phase
(Fig. 1G); here only a few single skyrmions, pinned
at atomic defects, remain at B = +2 T. This field-
dependent behavior is similar to previously studied
systems (5), and the transitions are reversible at
T = 8K: Removing the field leads to qualitatively
the same magnetic structure as in Fig. 1D, with
small variations in the details of the spiral posi-
tion and direction.

Figure 2A depicts a comparable sample at
B = +1 T, this time measured at T = 4.2 K.
Whereas the trend of skyrmion formation at the
cost of the spiral phase is similar, fewer skyrmions
are observed compared with the measurement at
T = 8 K (see Fig. 1E). This may be partly due to a
small shift with temperature of the critical mag-
netic field needed for the phase transition (4, 5, 7)
or to small differences in the local environment.
However, the main reason is reduced thermal en-
ergy, which prevents the system from reaching
energetically lower states. A change of B at T =
4.2 K may not necessarily lead to the lowest-
energy state; instead, a metastable state may be
preserved. We demonstrated a transition from a
metastable to a lower-energy state by depositing
energy into the system by tunneling with higher-
energy electrons: After scanning the surface area
at an increased bias voltage of U = +1 V, the
spin spiral has locally transformed into skyrmions
(Fig. 2B). A higher degree of control can be
achieved by injecting higher-energy electrons lo-
cally, as in Fig. 2, C and D, where skyrmions are
imprinted into the ferromagnetic phase; by volt-
age sweeps with the STM tip held stationary,
skyrmions can be created one by one below the
tip or in close vicinity (Fig. 2E). Apparently, atomic
defects act as preferred nucleation and pinning
sites (see also fig. S2). In such a writing process,
a topological charge S is created. The field-
dependent potential can be sketched as in Fig.
2F, where B0 is the field at which the two states
are energetically degenerate. For B < B0, the
energetically lower state is the skyrmion (S =
1); for B > B0, it is the FM state (S = 0). When
we start from the FM state and lower the
external field to B < B0 (as in Fig. 2C), the
system can be transferred to the skyrmion state
only if the remaining energy barrier is over-
come, either by thermal fluctuations or if en-
ergy is supplied by other means (e.g., by the
tunneling electrons).

For magnetic field values close to B0,
skyrmions can be created and annihilated re-
versibly. In this way, topological charge can be
used to store information, as demonstrated in
Fig. 3: By locally injecting electrons, we can gen-
erate any desired skyrmion configuration for the
four pinning sites within the area. In the series of
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Fig. 1. Magnetic field dependence of the PdFe bilayer on the Ir(111) surface at T=8 K. (A to C)
Perspective sketches of the magnetic phases. (D) Overview SP-STM image, perspective view of
constant-current image colorized with its derivative. (E to G) PdFe bilayer at different magnetic fields
(U = +50 mV, I = 0.2 nA, magnetically out-of-plane sensitive tip). (E) Coexistence of spin spiral and
skyrmion phase. (F) Pure skyrmion phase. (G) Ferromagnetic phase. A remaining skyrmion is marked
by the white circle.
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FIG. 1. Magnetic transmission soft x-ray microscopy images of
permalloy disks with 500 nm radius and film thickness of (a) 150 nm,
(b) 100 nm, and (c) 50 nm. The magnetic vortex cores can be identified
by the black/white spots in the center, where the z component of the
magnetization of the black vortex cores points into the paper plane
and out for the white cores. Detailed views of some vortex cores, one
for each thickness, are shown in (d)–(f).

and thicknesses of 50, 100, and 150 nm, are shown in
Figs. 1(a)–1(c), respectively. While the in-plane curling mag-
netization does not show up in this perpendicular imaging
geometry, the dark and white spots in the center of the
dots, which represent the vortex cores, are clearly visible.
Figures 1(d)–1(f) are a zoom into the center of some disks, i.e.,
the vortex core is displayed only. To analyze the Mz profile of
the vortex, radially averaged intensity scans around the center
of some individual dots are displayed in Figs. 2(a) and 2(c)
(white cores), and 2(b) and 2(d) (black cores). Each radius
step of 1 nm in the intensity scans is displayed by a single
black dot. These profiles show a decrease of the vortex-core
radius W (measured by the half width at half maximum size,
HWHM) from approximately 38 to 18 nm, with decreas-
ing disk thickness from 150 to 50 nm. Interestingly, with

increasing thickness, a dip develops around the vortex core
and the core intensity increases. The statistics on the five-dot
groups in Fig. 1 also reveal some scatter in core intensity
and dip amplitude. Dot-to-dot variations may be ascribed to
illumination nonuniformities. The observed decrease of the
signal-to-noise ratio for smaller sample thickness is a measure
of the sensitivity of the technique.

Micromagnetic calculations were performed using the
commonly assumed parameters for NiFe: spontaneous
magnetization Ms = 800 kA/m and exchange constant
A = 13 pJ/m, so that the exchange length reads
! =

√
2A/(µ0M2

s ) = 5.7 nm here. Whereas at zero
thickness the analytical profile29 is recovered, with
W = 1.13!, as the thickness increases, the profiles
adopt the “barrel” shape described by Hubert,18 with a
quasilinearly increasing width at the sample mid-plane
and a slightly reduced width at the surfaces. The HWHM
values for the vortex-core sizes W derived from that model
are plotted in Fig. 3. Since only one characteristic length
(exchange length !) is involved in this problem, Fig. 3 also
shows the reduced values for the thicknesses h/! and W/!.
As the transmitted signal in MTXM averages the magneti-
zation along the sample thickness, which is complementary
to surface sensitive techniques such as scanning tunneling
microscopy (STM), we use the HWHM of the thickness-
averaged intensity profiles in the following discussion.

These calculated profiles are superposed to the experi-
mental data in Fig. 2 by the solid lines. In a first series of
calculations [Figs. 2(a) and 2(b)], the NiFe was assumed to be
perfectly soft, with no perpendicular anisotropy. Here, the dip
of the opposite sign around the vortex core is extremely weak,
and independent of the thickness. The physical origin of this
ring of opposite perpendicular magnetization quantifies the
response of the sample to the stray field from the core
moment. In addition, it is found that the calculated core
profile is narrower than in the experiments. In a second
step, we included perpendicular anisotropy of K = 10 kJ/m3

(corresponding to a moderate anisotropy field µ0HK = 250
G)30 and we observed that the dip in the calculation be-

FIG. 2. (Color online) Radially averaged in-
tensity profiles for individual (a), (c) white and
(b), (d) black cores (radius step 0.2 pixel ≈
1 nm) for the three sample thicknesses. The solid
lines (red: 150 nm, blue: 100 nm, green: 50 nm)
show the computed profiles for the thickness-
averaged perpendicular magnetization, with a
perpendicular anisotropy constant (a), (b) K =
0 kJ/m3 and (c), (d) K = 10 kJ/m3, and no
instrumental broadening.

212402-2

Fischer	
  P.	
  et	
  al.	
  
PRB	
  83,	
  212402	
  
(2011)	
  

X	
  Rays	
  

state are topologically trivial with S = 0.
Transitions between such topologically distinct
states are forbidden within a continuous descrip-
tion of n, but in a real system with magnetic
moments on an atomic lattice, strict topological
protection does not exist. Instead, the states are
separated by a finite energy barrier. Magnetic
skyrmions typically arrange in two-dimensional
(2D) lattices (2–4). An important prerequisite for
their formation is broken inversion symmetry,
which is fulfilled not only for samples with chiral
crystal structure (4–9), but also for magnetic film
systems, in which the top and bottom interfaces
are different (10–12). In recent years, magnetic
skyrmions have been observed in a number of
systems with broken crystal inversion symmetry
ranging from metallic and semiconducting (4–7)
to insulating (8, 9). Each of these systems dis-
plays a spin spiral phase in zero field (Fig. 1A),
resulting from a competition of magnetic ex-
change and Dzyaloshinskii-Moriya interaction,
and can be driven into a hexagonal skyrmion lat-
tice phase (Fig. 1B) by the application of an ex-
ternal magnetic field B. In contrast to the spin
spiral state, which is magnetically compensated,
the hexagonal skyrmion lattice exhibits a net mag-
netization and is, therefore, favored by the Zeeman
energy. By further increasing the magnetic field,
the parallel alignment of the magnetic moments
becomes energetically more and more favorable,
until the skyrmion phase is eventually saturated
to the FM phase (Fig. 1C) (5). Both of these phase
transitions are accompanied by a change of topo-
logical charge. In thin films, the skyrmion lattice

phase space increases as the thickness of the
sample is decreased (7). In such 2D systems, the
diameter of the skyrmions can exceed the film
thickness (5, 7), which may be favorable for con-
trolled skyrmion manipulation by surface tech-
niques. At the ultimate limit, a single atomic layer
of Fe on Ir(111) exhibits a skyrmion lattice, even
in the absence of an external field. This skyrmion
lattice has square symmetry and a period of only
1 nm (12); however, driving it into a different
topological state has been challenging.

The manipulation of skyrmion lattices may
require substantially smaller current densities com-
pared with the manipulation of domain walls in
conventional ferromagnetic systems, whichmakes
skyrmions a promising candidate for spintronic
applications (13–18). However, even though sin-
gle skyrmions were observed experimentally (5),
and the creation of skyrmions by radial currents
was studied theoretically (19), the manipula-
tion or creation of individual skyrmions has
presented difficulties. To design an ultrathin film
system exhibiting skyrmions that can be manip-
ulated with a local probe, we cover the Fe layer
on Ir(111) with an additional atomic layer of
Pd (20). We thereby modify the top interface
and, thus, the magnetic interactions within the
film. As Pd is known to be easily polarized by
adjacent magnetic moments (21), we expect the
resulting PdFe bilayer to behave as a single mag-
netic entity.

Figure 1 shows the magnetic field dependence
of the PdFe bilayer on Ir(111) at a temperature T
of 8 K. In zero field (Fig. 1D), the spin-polarized

scanning tunneling microscopy (SP-STM) image
(20) reveals a spin spiral ground state with a pe-
riod of 6 to 7 nm. When the magnetic field is
increased to B = +1 T (Fig. 1E), skyrmions can
be observed coexisting with remaining areas of
spiral ordering. Even higher values of B lead to
a pure hexagonal skyrmion lattice (Fig. 1F) and,
eventually, to saturation of the film to a FM phase
(Fig. 1G); here only a few single skyrmions, pinned
at atomic defects, remain at B = +2 T. This field-
dependent behavior is similar to previously studied
systems (5), and the transitions are reversible at
T = 8K: Removing the field leads to qualitatively
the same magnetic structure as in Fig. 1D, with
small variations in the details of the spiral posi-
tion and direction.

Figure 2A depicts a comparable sample at
B = +1 T, this time measured at T = 4.2 K.
Whereas the trend of skyrmion formation at the
cost of the spiral phase is similar, fewer skyrmions
are observed compared with the measurement at
T = 8 K (see Fig. 1E). This may be partly due to a
small shift with temperature of the critical mag-
netic field needed for the phase transition (4, 5, 7)
or to small differences in the local environment.
However, the main reason is reduced thermal en-
ergy, which prevents the system from reaching
energetically lower states. A change of B at T =
4.2 K may not necessarily lead to the lowest-
energy state; instead, a metastable state may be
preserved. We demonstrated a transition from a
metastable to a lower-energy state by depositing
energy into the system by tunneling with higher-
energy electrons: After scanning the surface area
at an increased bias voltage of U = +1 V, the
spin spiral has locally transformed into skyrmions
(Fig. 2B). A higher degree of control can be
achieved by injecting higher-energy electrons lo-
cally, as in Fig. 2, C and D, where skyrmions are
imprinted into the ferromagnetic phase; by volt-
age sweeps with the STM tip held stationary,
skyrmions can be created one by one below the
tip or in close vicinity (Fig. 2E). Apparently, atomic
defects act as preferred nucleation and pinning
sites (see also fig. S2). In such a writing process,
a topological charge S is created. The field-
dependent potential can be sketched as in Fig.
2F, where B0 is the field at which the two states
are energetically degenerate. For B < B0, the
energetically lower state is the skyrmion (S =
1); for B > B0, it is the FM state (S = 0). When
we start from the FM state and lower the
external field to B < B0 (as in Fig. 2C), the
system can be transferred to the skyrmion state
only if the remaining energy barrier is over-
come, either by thermal fluctuations or if en-
ergy is supplied by other means (e.g., by the
tunneling electrons).

For magnetic field values close to B0,
skyrmions can be created and annihilated re-
versibly. In this way, topological charge can be
used to store information, as demonstrated in
Fig. 3: By locally injecting electrons, we can gen-
erate any desired skyrmion configuration for the
four pinning sites within the area. In the series of
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Fig. 1. Magnetic field dependence of the PdFe bilayer on the Ir(111) surface at T=8 K. (A to C)
Perspective sketches of the magnetic phases. (D) Overview SP-STM image, perspective view of
constant-current image colorized with its derivative. (E to G) PdFe bilayer at different magnetic fields
(U = +50 mV, I = 0.2 nA, magnetically out-of-plane sensitive tip). (E) Coexistence of spin spiral and
skyrmion phase. (F) Pure skyrmion phase. (G) Ferromagnetic phase. A remaining skyrmion is marked
by the white circle.
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FIG. 1. Magnetic transmission soft x-ray microscopy images of
permalloy disks with 500 nm radius and film thickness of (a) 150 nm,
(b) 100 nm, and (c) 50 nm. The magnetic vortex cores can be identified
by the black/white spots in the center, where the z component of the
magnetization of the black vortex cores points into the paper plane
and out for the white cores. Detailed views of some vortex cores, one
for each thickness, are shown in (d)–(f).

and thicknesses of 50, 100, and 150 nm, are shown in
Figs. 1(a)–1(c), respectively. While the in-plane curling mag-
netization does not show up in this perpendicular imaging
geometry, the dark and white spots in the center of the
dots, which represent the vortex cores, are clearly visible.
Figures 1(d)–1(f) are a zoom into the center of some disks, i.e.,
the vortex core is displayed only. To analyze the Mz profile of
the vortex, radially averaged intensity scans around the center
of some individual dots are displayed in Figs. 2(a) and 2(c)
(white cores), and 2(b) and 2(d) (black cores). Each radius
step of 1 nm in the intensity scans is displayed by a single
black dot. These profiles show a decrease of the vortex-core
radius W (measured by the half width at half maximum size,
HWHM) from approximately 38 to 18 nm, with decreas-
ing disk thickness from 150 to 50 nm. Interestingly, with

increasing thickness, a dip develops around the vortex core
and the core intensity increases. The statistics on the five-dot
groups in Fig. 1 also reveal some scatter in core intensity
and dip amplitude. Dot-to-dot variations may be ascribed to
illumination nonuniformities. The observed decrease of the
signal-to-noise ratio for smaller sample thickness is a measure
of the sensitivity of the technique.

Micromagnetic calculations were performed using the
commonly assumed parameters for NiFe: spontaneous
magnetization Ms = 800 kA/m and exchange constant
A = 13 pJ/m, so that the exchange length reads
! =

√
2A/(µ0M2

s ) = 5.7 nm here. Whereas at zero
thickness the analytical profile29 is recovered, with
W = 1.13!, as the thickness increases, the profiles
adopt the “barrel” shape described by Hubert,18 with a
quasilinearly increasing width at the sample mid-plane
and a slightly reduced width at the surfaces. The HWHM
values for the vortex-core sizes W derived from that model
are plotted in Fig. 3. Since only one characteristic length
(exchange length !) is involved in this problem, Fig. 3 also
shows the reduced values for the thicknesses h/! and W/!.
As the transmitted signal in MTXM averages the magneti-
zation along the sample thickness, which is complementary
to surface sensitive techniques such as scanning tunneling
microscopy (STM), we use the HWHM of the thickness-
averaged intensity profiles in the following discussion.

These calculated profiles are superposed to the experi-
mental data in Fig. 2 by the solid lines. In a first series of
calculations [Figs. 2(a) and 2(b)], the NiFe was assumed to be
perfectly soft, with no perpendicular anisotropy. Here, the dip
of the opposite sign around the vortex core is extremely weak,
and independent of the thickness. The physical origin of this
ring of opposite perpendicular magnetization quantifies the
response of the sample to the stray field from the core
moment. In addition, it is found that the calculated core
profile is narrower than in the experiments. In a second
step, we included perpendicular anisotropy of K = 10 kJ/m3

(corresponding to a moderate anisotropy field µ0HK = 250
G)30 and we observed that the dip in the calculation be-

FIG. 2. (Color online) Radially averaged in-
tensity profiles for individual (a), (c) white and
(b), (d) black cores (radius step 0.2 pixel ≈
1 nm) for the three sample thicknesses. The solid
lines (red: 150 nm, blue: 100 nm, green: 50 nm)
show the computed profiles for the thickness-
averaged perpendicular magnetization, with a
perpendicular anisotropy constant (a), (b) K =
0 kJ/m3 and (c), (d) K = 10 kJ/m3, and no
instrumental broadening.
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state are topologically trivial with S = 0.
Transitions between such topologically distinct
states are forbidden within a continuous descrip-
tion of n, but in a real system with magnetic
moments on an atomic lattice, strict topological
protection does not exist. Instead, the states are
separated by a finite energy barrier. Magnetic
skyrmions typically arrange in two-dimensional
(2D) lattices (2–4). An important prerequisite for
their formation is broken inversion symmetry,
which is fulfilled not only for samples with chiral
crystal structure (4–9), but also for magnetic film
systems, in which the top and bottom interfaces
are different (10–12). In recent years, magnetic
skyrmions have been observed in a number of
systems with broken crystal inversion symmetry
ranging from metallic and semiconducting (4–7)
to insulating (8, 9). Each of these systems dis-
plays a spin spiral phase in zero field (Fig. 1A),
resulting from a competition of magnetic ex-
change and Dzyaloshinskii-Moriya interaction,
and can be driven into a hexagonal skyrmion lat-
tice phase (Fig. 1B) by the application of an ex-
ternal magnetic field B. In contrast to the spin
spiral state, which is magnetically compensated,
the hexagonal skyrmion lattice exhibits a net mag-
netization and is, therefore, favored by the Zeeman
energy. By further increasing the magnetic field,
the parallel alignment of the magnetic moments
becomes energetically more and more favorable,
until the skyrmion phase is eventually saturated
to the FM phase (Fig. 1C) (5). Both of these phase
transitions are accompanied by a change of topo-
logical charge. In thin films, the skyrmion lattice

phase space increases as the thickness of the
sample is decreased (7). In such 2D systems, the
diameter of the skyrmions can exceed the film
thickness (5, 7), which may be favorable for con-
trolled skyrmion manipulation by surface tech-
niques. At the ultimate limit, a single atomic layer
of Fe on Ir(111) exhibits a skyrmion lattice, even
in the absence of an external field. This skyrmion
lattice has square symmetry and a period of only
1 nm (12); however, driving it into a different
topological state has been challenging.

The manipulation of skyrmion lattices may
require substantially smaller current densities com-
pared with the manipulation of domain walls in
conventional ferromagnetic systems, whichmakes
skyrmions a promising candidate for spintronic
applications (13–18). However, even though sin-
gle skyrmions were observed experimentally (5),
and the creation of skyrmions by radial currents
was studied theoretically (19), the manipula-
tion or creation of individual skyrmions has
presented difficulties. To design an ultrathin film
system exhibiting skyrmions that can be manip-
ulated with a local probe, we cover the Fe layer
on Ir(111) with an additional atomic layer of
Pd (20). We thereby modify the top interface
and, thus, the magnetic interactions within the
film. As Pd is known to be easily polarized by
adjacent magnetic moments (21), we expect the
resulting PdFe bilayer to behave as a single mag-
netic entity.

Figure 1 shows the magnetic field dependence
of the PdFe bilayer on Ir(111) at a temperature T
of 8 K. In zero field (Fig. 1D), the spin-polarized

scanning tunneling microscopy (SP-STM) image
(20) reveals a spin spiral ground state with a pe-
riod of 6 to 7 nm. When the magnetic field is
increased to B = +1 T (Fig. 1E), skyrmions can
be observed coexisting with remaining areas of
spiral ordering. Even higher values of B lead to
a pure hexagonal skyrmion lattice (Fig. 1F) and,
eventually, to saturation of the film to a FM phase
(Fig. 1G); here only a few single skyrmions, pinned
at atomic defects, remain at B = +2 T. This field-
dependent behavior is similar to previously studied
systems (5), and the transitions are reversible at
T = 8K: Removing the field leads to qualitatively
the same magnetic structure as in Fig. 1D, with
small variations in the details of the spiral posi-
tion and direction.

Figure 2A depicts a comparable sample at
B = +1 T, this time measured at T = 4.2 K.
Whereas the trend of skyrmion formation at the
cost of the spiral phase is similar, fewer skyrmions
are observed compared with the measurement at
T = 8 K (see Fig. 1E). This may be partly due to a
small shift with temperature of the critical mag-
netic field needed for the phase transition (4, 5, 7)
or to small differences in the local environment.
However, the main reason is reduced thermal en-
ergy, which prevents the system from reaching
energetically lower states. A change of B at T =
4.2 K may not necessarily lead to the lowest-
energy state; instead, a metastable state may be
preserved. We demonstrated a transition from a
metastable to a lower-energy state by depositing
energy into the system by tunneling with higher-
energy electrons: After scanning the surface area
at an increased bias voltage of U = +1 V, the
spin spiral has locally transformed into skyrmions
(Fig. 2B). A higher degree of control can be
achieved by injecting higher-energy electrons lo-
cally, as in Fig. 2, C and D, where skyrmions are
imprinted into the ferromagnetic phase; by volt-
age sweeps with the STM tip held stationary,
skyrmions can be created one by one below the
tip or in close vicinity (Fig. 2E). Apparently, atomic
defects act as preferred nucleation and pinning
sites (see also fig. S2). In such a writing process,
a topological charge S is created. The field-
dependent potential can be sketched as in Fig.
2F, where B0 is the field at which the two states
are energetically degenerate. For B < B0, the
energetically lower state is the skyrmion (S =
1); for B > B0, it is the FM state (S = 0). When
we start from the FM state and lower the
external field to B < B0 (as in Fig. 2C), the
system can be transferred to the skyrmion state
only if the remaining energy barrier is over-
come, either by thermal fluctuations or if en-
ergy is supplied by other means (e.g., by the
tunneling electrons).

For magnetic field values close to B0,
skyrmions can be created and annihilated re-
versibly. In this way, topological charge can be
used to store information, as demonstrated in
Fig. 3: By locally injecting electrons, we can gen-
erate any desired skyrmion configuration for the
four pinning sites within the area. In the series of
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Fig. 1. Magnetic field dependence of the PdFe bilayer on the Ir(111) surface at T=8 K. (A to C)
Perspective sketches of the magnetic phases. (D) Overview SP-STM image, perspective view of
constant-current image colorized with its derivative. (E to G) PdFe bilayer at different magnetic fields
(U = +50 mV, I = 0.2 nA, magnetically out-of-plane sensitive tip). (E) Coexistence of spin spiral and
skyrmion phase. (F) Pure skyrmion phase. (G) Ferromagnetic phase. A remaining skyrmion is marked
by the white circle.
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FIG. 1. Magnetic transmission soft x-ray microscopy images of
permalloy disks with 500 nm radius and film thickness of (a) 150 nm,
(b) 100 nm, and (c) 50 nm. The magnetic vortex cores can be identified
by the black/white spots in the center, where the z component of the
magnetization of the black vortex cores points into the paper plane
and out for the white cores. Detailed views of some vortex cores, one
for each thickness, are shown in (d)–(f).

and thicknesses of 50, 100, and 150 nm, are shown in
Figs. 1(a)–1(c), respectively. While the in-plane curling mag-
netization does not show up in this perpendicular imaging
geometry, the dark and white spots in the center of the
dots, which represent the vortex cores, are clearly visible.
Figures 1(d)–1(f) are a zoom into the center of some disks, i.e.,
the vortex core is displayed only. To analyze the Mz profile of
the vortex, radially averaged intensity scans around the center
of some individual dots are displayed in Figs. 2(a) and 2(c)
(white cores), and 2(b) and 2(d) (black cores). Each radius
step of 1 nm in the intensity scans is displayed by a single
black dot. These profiles show a decrease of the vortex-core
radius W (measured by the half width at half maximum size,
HWHM) from approximately 38 to 18 nm, with decreas-
ing disk thickness from 150 to 50 nm. Interestingly, with

increasing thickness, a dip develops around the vortex core
and the core intensity increases. The statistics on the five-dot
groups in Fig. 1 also reveal some scatter in core intensity
and dip amplitude. Dot-to-dot variations may be ascribed to
illumination nonuniformities. The observed decrease of the
signal-to-noise ratio for smaller sample thickness is a measure
of the sensitivity of the technique.

Micromagnetic calculations were performed using the
commonly assumed parameters for NiFe: spontaneous
magnetization Ms = 800 kA/m and exchange constant
A = 13 pJ/m, so that the exchange length reads
! =

√
2A/(µ0M2

s ) = 5.7 nm here. Whereas at zero
thickness the analytical profile29 is recovered, with
W = 1.13!, as the thickness increases, the profiles
adopt the “barrel” shape described by Hubert,18 with a
quasilinearly increasing width at the sample mid-plane
and a slightly reduced width at the surfaces. The HWHM
values for the vortex-core sizes W derived from that model
are plotted in Fig. 3. Since only one characteristic length
(exchange length !) is involved in this problem, Fig. 3 also
shows the reduced values for the thicknesses h/! and W/!.
As the transmitted signal in MTXM averages the magneti-
zation along the sample thickness, which is complementary
to surface sensitive techniques such as scanning tunneling
microscopy (STM), we use the HWHM of the thickness-
averaged intensity profiles in the following discussion.

These calculated profiles are superposed to the experi-
mental data in Fig. 2 by the solid lines. In a first series of
calculations [Figs. 2(a) and 2(b)], the NiFe was assumed to be
perfectly soft, with no perpendicular anisotropy. Here, the dip
of the opposite sign around the vortex core is extremely weak,
and independent of the thickness. The physical origin of this
ring of opposite perpendicular magnetization quantifies the
response of the sample to the stray field from the core
moment. In addition, it is found that the calculated core
profile is narrower than in the experiments. In a second
step, we included perpendicular anisotropy of K = 10 kJ/m3

(corresponding to a moderate anisotropy field µ0HK = 250
G)30 and we observed that the dip in the calculation be-

FIG. 2. (Color online) Radially averaged in-
tensity profiles for individual (a), (c) white and
(b), (d) black cores (radius step 0.2 pixel ≈
1 nm) for the three sample thicknesses. The solid
lines (red: 150 nm, blue: 100 nm, green: 50 nm)
show the computed profiles for the thickness-
averaged perpendicular magnetization, with a
perpendicular anisotropy constant (a), (b) K =
0 kJ/m3 and (c), (d) K = 10 kJ/m3, and no
instrumental broadening.
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state are topologically trivial with S = 0.
Transitions between such topologically distinct
states are forbidden within a continuous descrip-
tion of n, but in a real system with magnetic
moments on an atomic lattice, strict topological
protection does not exist. Instead, the states are
separated by a finite energy barrier. Magnetic
skyrmions typically arrange in two-dimensional
(2D) lattices (2–4). An important prerequisite for
their formation is broken inversion symmetry,
which is fulfilled not only for samples with chiral
crystal structure (4–9), but also for magnetic film
systems, in which the top and bottom interfaces
are different (10–12). In recent years, magnetic
skyrmions have been observed in a number of
systems with broken crystal inversion symmetry
ranging from metallic and semiconducting (4–7)
to insulating (8, 9). Each of these systems dis-
plays a spin spiral phase in zero field (Fig. 1A),
resulting from a competition of magnetic ex-
change and Dzyaloshinskii-Moriya interaction,
and can be driven into a hexagonal skyrmion lat-
tice phase (Fig. 1B) by the application of an ex-
ternal magnetic field B. In contrast to the spin
spiral state, which is magnetically compensated,
the hexagonal skyrmion lattice exhibits a net mag-
netization and is, therefore, favored by the Zeeman
energy. By further increasing the magnetic field,
the parallel alignment of the magnetic moments
becomes energetically more and more favorable,
until the skyrmion phase is eventually saturated
to the FM phase (Fig. 1C) (5). Both of these phase
transitions are accompanied by a change of topo-
logical charge. In thin films, the skyrmion lattice

phase space increases as the thickness of the
sample is decreased (7). In such 2D systems, the
diameter of the skyrmions can exceed the film
thickness (5, 7), which may be favorable for con-
trolled skyrmion manipulation by surface tech-
niques. At the ultimate limit, a single atomic layer
of Fe on Ir(111) exhibits a skyrmion lattice, even
in the absence of an external field. This skyrmion
lattice has square symmetry and a period of only
1 nm (12); however, driving it into a different
topological state has been challenging.

The manipulation of skyrmion lattices may
require substantially smaller current densities com-
pared with the manipulation of domain walls in
conventional ferromagnetic systems, whichmakes
skyrmions a promising candidate for spintronic
applications (13–18). However, even though sin-
gle skyrmions were observed experimentally (5),
and the creation of skyrmions by radial currents
was studied theoretically (19), the manipula-
tion or creation of individual skyrmions has
presented difficulties. To design an ultrathin film
system exhibiting skyrmions that can be manip-
ulated with a local probe, we cover the Fe layer
on Ir(111) with an additional atomic layer of
Pd (20). We thereby modify the top interface
and, thus, the magnetic interactions within the
film. As Pd is known to be easily polarized by
adjacent magnetic moments (21), we expect the
resulting PdFe bilayer to behave as a single mag-
netic entity.

Figure 1 shows the magnetic field dependence
of the PdFe bilayer on Ir(111) at a temperature T
of 8 K. In zero field (Fig. 1D), the spin-polarized

scanning tunneling microscopy (SP-STM) image
(20) reveals a spin spiral ground state with a pe-
riod of 6 to 7 nm. When the magnetic field is
increased to B = +1 T (Fig. 1E), skyrmions can
be observed coexisting with remaining areas of
spiral ordering. Even higher values of B lead to
a pure hexagonal skyrmion lattice (Fig. 1F) and,
eventually, to saturation of the film to a FM phase
(Fig. 1G); here only a few single skyrmions, pinned
at atomic defects, remain at B = +2 T. This field-
dependent behavior is similar to previously studied
systems (5), and the transitions are reversible at
T = 8K: Removing the field leads to qualitatively
the same magnetic structure as in Fig. 1D, with
small variations in the details of the spiral posi-
tion and direction.

Figure 2A depicts a comparable sample at
B = +1 T, this time measured at T = 4.2 K.
Whereas the trend of skyrmion formation at the
cost of the spiral phase is similar, fewer skyrmions
are observed compared with the measurement at
T = 8 K (see Fig. 1E). This may be partly due to a
small shift with temperature of the critical mag-
netic field needed for the phase transition (4, 5, 7)
or to small differences in the local environment.
However, the main reason is reduced thermal en-
ergy, which prevents the system from reaching
energetically lower states. A change of B at T =
4.2 K may not necessarily lead to the lowest-
energy state; instead, a metastable state may be
preserved. We demonstrated a transition from a
metastable to a lower-energy state by depositing
energy into the system by tunneling with higher-
energy electrons: After scanning the surface area
at an increased bias voltage of U = +1 V, the
spin spiral has locally transformed into skyrmions
(Fig. 2B). A higher degree of control can be
achieved by injecting higher-energy electrons lo-
cally, as in Fig. 2, C and D, where skyrmions are
imprinted into the ferromagnetic phase; by volt-
age sweeps with the STM tip held stationary,
skyrmions can be created one by one below the
tip or in close vicinity (Fig. 2E). Apparently, atomic
defects act as preferred nucleation and pinning
sites (see also fig. S2). In such a writing process,
a topological charge S is created. The field-
dependent potential can be sketched as in Fig.
2F, where B0 is the field at which the two states
are energetically degenerate. For B < B0, the
energetically lower state is the skyrmion (S =
1); for B > B0, it is the FM state (S = 0). When
we start from the FM state and lower the
external field to B < B0 (as in Fig. 2C), the
system can be transferred to the skyrmion state
only if the remaining energy barrier is over-
come, either by thermal fluctuations or if en-
ergy is supplied by other means (e.g., by the
tunneling electrons).

For magnetic field values close to B0,
skyrmions can be created and annihilated re-
versibly. In this way, topological charge can be
used to store information, as demonstrated in
Fig. 3: By locally injecting electrons, we can gen-
erate any desired skyrmion configuration for the
four pinning sites within the area. In the series of
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Fig. 1. Magnetic field dependence of the PdFe bilayer on the Ir(111) surface at T=8 K. (A to C)
Perspective sketches of the magnetic phases. (D) Overview SP-STM image, perspective view of
constant-current image colorized with its derivative. (E to G) PdFe bilayer at different magnetic fields
(U = +50 mV, I = 0.2 nA, magnetically out-of-plane sensitive tip). (E) Coexistence of spin spiral and
skyrmion phase. (F) Pure skyrmion phase. (G) Ferromagnetic phase. A remaining skyrmion is marked
by the white circle.
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FIG. 1. Magnetic transmission soft x-ray microscopy images of
permalloy disks with 500 nm radius and film thickness of (a) 150 nm,
(b) 100 nm, and (c) 50 nm. The magnetic vortex cores can be identified
by the black/white spots in the center, where the z component of the
magnetization of the black vortex cores points into the paper plane
and out for the white cores. Detailed views of some vortex cores, one
for each thickness, are shown in (d)–(f).

and thicknesses of 50, 100, and 150 nm, are shown in
Figs. 1(a)–1(c), respectively. While the in-plane curling mag-
netization does not show up in this perpendicular imaging
geometry, the dark and white spots in the center of the
dots, which represent the vortex cores, are clearly visible.
Figures 1(d)–1(f) are a zoom into the center of some disks, i.e.,
the vortex core is displayed only. To analyze the Mz profile of
the vortex, radially averaged intensity scans around the center
of some individual dots are displayed in Figs. 2(a) and 2(c)
(white cores), and 2(b) and 2(d) (black cores). Each radius
step of 1 nm in the intensity scans is displayed by a single
black dot. These profiles show a decrease of the vortex-core
radius W (measured by the half width at half maximum size,
HWHM) from approximately 38 to 18 nm, with decreas-
ing disk thickness from 150 to 50 nm. Interestingly, with

increasing thickness, a dip develops around the vortex core
and the core intensity increases. The statistics on the five-dot
groups in Fig. 1 also reveal some scatter in core intensity
and dip amplitude. Dot-to-dot variations may be ascribed to
illumination nonuniformities. The observed decrease of the
signal-to-noise ratio for smaller sample thickness is a measure
of the sensitivity of the technique.

Micromagnetic calculations were performed using the
commonly assumed parameters for NiFe: spontaneous
magnetization Ms = 800 kA/m and exchange constant
A = 13 pJ/m, so that the exchange length reads
! =

√
2A/(µ0M2

s ) = 5.7 nm here. Whereas at zero
thickness the analytical profile29 is recovered, with
W = 1.13!, as the thickness increases, the profiles
adopt the “barrel” shape described by Hubert,18 with a
quasilinearly increasing width at the sample mid-plane
and a slightly reduced width at the surfaces. The HWHM
values for the vortex-core sizes W derived from that model
are plotted in Fig. 3. Since only one characteristic length
(exchange length !) is involved in this problem, Fig. 3 also
shows the reduced values for the thicknesses h/! and W/!.
As the transmitted signal in MTXM averages the magneti-
zation along the sample thickness, which is complementary
to surface sensitive techniques such as scanning tunneling
microscopy (STM), we use the HWHM of the thickness-
averaged intensity profiles in the following discussion.

These calculated profiles are superposed to the experi-
mental data in Fig. 2 by the solid lines. In a first series of
calculations [Figs. 2(a) and 2(b)], the NiFe was assumed to be
perfectly soft, with no perpendicular anisotropy. Here, the dip
of the opposite sign around the vortex core is extremely weak,
and independent of the thickness. The physical origin of this
ring of opposite perpendicular magnetization quantifies the
response of the sample to the stray field from the core
moment. In addition, it is found that the calculated core
profile is narrower than in the experiments. In a second
step, we included perpendicular anisotropy of K = 10 kJ/m3

(corresponding to a moderate anisotropy field µ0HK = 250
G)30 and we observed that the dip in the calculation be-

FIG. 2. (Color online) Radially averaged in-
tensity profiles for individual (a), (c) white and
(b), (d) black cores (radius step 0.2 pixel ≈
1 nm) for the three sample thicknesses. The solid
lines (red: 150 nm, blue: 100 nm, green: 50 nm)
show the computed profiles for the thickness-
averaged perpendicular magnetization, with a
perpendicular anisotropy constant (a), (b) K =
0 kJ/m3 and (c), (d) K = 10 kJ/m3, and no
instrumental broadening.
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state are topologically trivial with S = 0.
Transitions between such topologically distinct
states are forbidden within a continuous descrip-
tion of n, but in a real system with magnetic
moments on an atomic lattice, strict topological
protection does not exist. Instead, the states are
separated by a finite energy barrier. Magnetic
skyrmions typically arrange in two-dimensional
(2D) lattices (2–4). An important prerequisite for
their formation is broken inversion symmetry,
which is fulfilled not only for samples with chiral
crystal structure (4–9), but also for magnetic film
systems, in which the top and bottom interfaces
are different (10–12). In recent years, magnetic
skyrmions have been observed in a number of
systems with broken crystal inversion symmetry
ranging from metallic and semiconducting (4–7)
to insulating (8, 9). Each of these systems dis-
plays a spin spiral phase in zero field (Fig. 1A),
resulting from a competition of magnetic ex-
change and Dzyaloshinskii-Moriya interaction,
and can be driven into a hexagonal skyrmion lat-
tice phase (Fig. 1B) by the application of an ex-
ternal magnetic field B. In contrast to the spin
spiral state, which is magnetically compensated,
the hexagonal skyrmion lattice exhibits a net mag-
netization and is, therefore, favored by the Zeeman
energy. By further increasing the magnetic field,
the parallel alignment of the magnetic moments
becomes energetically more and more favorable,
until the skyrmion phase is eventually saturated
to the FM phase (Fig. 1C) (5). Both of these phase
transitions are accompanied by a change of topo-
logical charge. In thin films, the skyrmion lattice

phase space increases as the thickness of the
sample is decreased (7). In such 2D systems, the
diameter of the skyrmions can exceed the film
thickness (5, 7), which may be favorable for con-
trolled skyrmion manipulation by surface tech-
niques. At the ultimate limit, a single atomic layer
of Fe on Ir(111) exhibits a skyrmion lattice, even
in the absence of an external field. This skyrmion
lattice has square symmetry and a period of only
1 nm (12); however, driving it into a different
topological state has been challenging.

The manipulation of skyrmion lattices may
require substantially smaller current densities com-
pared with the manipulation of domain walls in
conventional ferromagnetic systems, whichmakes
skyrmions a promising candidate for spintronic
applications (13–18). However, even though sin-
gle skyrmions were observed experimentally (5),
and the creation of skyrmions by radial currents
was studied theoretically (19), the manipula-
tion or creation of individual skyrmions has
presented difficulties. To design an ultrathin film
system exhibiting skyrmions that can be manip-
ulated with a local probe, we cover the Fe layer
on Ir(111) with an additional atomic layer of
Pd (20). We thereby modify the top interface
and, thus, the magnetic interactions within the
film. As Pd is known to be easily polarized by
adjacent magnetic moments (21), we expect the
resulting PdFe bilayer to behave as a single mag-
netic entity.

Figure 1 shows the magnetic field dependence
of the PdFe bilayer on Ir(111) at a temperature T
of 8 K. In zero field (Fig. 1D), the spin-polarized

scanning tunneling microscopy (SP-STM) image
(20) reveals a spin spiral ground state with a pe-
riod of 6 to 7 nm. When the magnetic field is
increased to B = +1 T (Fig. 1E), skyrmions can
be observed coexisting with remaining areas of
spiral ordering. Even higher values of B lead to
a pure hexagonal skyrmion lattice (Fig. 1F) and,
eventually, to saturation of the film to a FM phase
(Fig. 1G); here only a few single skyrmions, pinned
at atomic defects, remain at B = +2 T. This field-
dependent behavior is similar to previously studied
systems (5), and the transitions are reversible at
T = 8K: Removing the field leads to qualitatively
the same magnetic structure as in Fig. 1D, with
small variations in the details of the spiral posi-
tion and direction.

Figure 2A depicts a comparable sample at
B = +1 T, this time measured at T = 4.2 K.
Whereas the trend of skyrmion formation at the
cost of the spiral phase is similar, fewer skyrmions
are observed compared with the measurement at
T = 8 K (see Fig. 1E). This may be partly due to a
small shift with temperature of the critical mag-
netic field needed for the phase transition (4, 5, 7)
or to small differences in the local environment.
However, the main reason is reduced thermal en-
ergy, which prevents the system from reaching
energetically lower states. A change of B at T =
4.2 K may not necessarily lead to the lowest-
energy state; instead, a metastable state may be
preserved. We demonstrated a transition from a
metastable to a lower-energy state by depositing
energy into the system by tunneling with higher-
energy electrons: After scanning the surface area
at an increased bias voltage of U = +1 V, the
spin spiral has locally transformed into skyrmions
(Fig. 2B). A higher degree of control can be
achieved by injecting higher-energy electrons lo-
cally, as in Fig. 2, C and D, where skyrmions are
imprinted into the ferromagnetic phase; by volt-
age sweeps with the STM tip held stationary,
skyrmions can be created one by one below the
tip or in close vicinity (Fig. 2E). Apparently, atomic
defects act as preferred nucleation and pinning
sites (see also fig. S2). In such a writing process,
a topological charge S is created. The field-
dependent potential can be sketched as in Fig.
2F, where B0 is the field at which the two states
are energetically degenerate. For B < B0, the
energetically lower state is the skyrmion (S =
1); for B > B0, it is the FM state (S = 0). When
we start from the FM state and lower the
external field to B < B0 (as in Fig. 2C), the
system can be transferred to the skyrmion state
only if the remaining energy barrier is over-
come, either by thermal fluctuations or if en-
ergy is supplied by other means (e.g., by the
tunneling electrons).

For magnetic field values close to B0,
skyrmions can be created and annihilated re-
versibly. In this way, topological charge can be
used to store information, as demonstrated in
Fig. 3: By locally injecting electrons, we can gen-
erate any desired skyrmion configuration for the
four pinning sites within the area. In the series of
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Fig. 1. Magnetic field dependence of the PdFe bilayer on the Ir(111) surface at T=8 K. (A to C)
Perspective sketches of the magnetic phases. (D) Overview SP-STM image, perspective view of
constant-current image colorized with its derivative. (E to G) PdFe bilayer at different magnetic fields
(U = +50 mV, I = 0.2 nA, magnetically out-of-plane sensitive tip). (E) Coexistence of spin spiral and
skyrmion phase. (F) Pure skyrmion phase. (G) Ferromagnetic phase. A remaining skyrmion is marked
by the white circle.
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Skyrmion confinement in ultrathin film nanostructures in the presence of
Dzyaloshinskii-Moriya interaction

S. Rohart∗ and A. Thiaville
Laboratoire de Physique des Solides, Université Paris-Sud,

CNRS UMR 8502, F-91405 Orsay Cedex, France
(Dated: October 3, 2013)

We study the modification of micromagnetic configurations in nanostructures, due to the
Dzyaloshinskii-Moriya interaction (DMI) that appear at the interface of an ultrathin film. We
show that this interaction leads to new micromagnetic boundary conditions that bend the magneti-
zation at the edges. We explore several cases of ultrathin film nanostructures that allow analytical
calculations (1D systems, domain walls, cycloids and skyrmions), compare with fully numerical cal-
culations, and show that a good physical understanding of this new type of micromagnetics can
be reached. We particularly focus on skyrmions confined in circular nanodots and show that edges
allow for the isolation of single skyrmions for a large range of the DMI parameter.

PACS numbers: 75.70.Kw, 75.70.-i, 75.30.Et, 75.70.Tj

I. INTRODUCTION

Recent observations of chiral structures in mag-
netic thin films1–5 have raised a great interest for the
Dzyaloshinskii-Moriya interaction (DMI)6–9, as it favors
magnetization rotations with a fixed chirality8,10,11. This
coupling originates from the combination of low struc-
tural symmetry and large spin-orbit coupling. It has
been first proposed in bulk materials lacking space in-
version symmetry9 but it also exists at the interface be-
tween a magnetic film and a high spin-orbit coupling ad-
jacent layer.12,13 The most striking phenomenon induced
by DMI is the formation of skyrmion networks2,3,14,15,
but its influence on domain walls5,16–19 is also at the
origin of interesting properties such as increased domain
wall velocity versus magnetic field. Recently, interest has
also been devoted to isolated skyrmions, which can be nu-
cleated as a metastable state in thin films20,21, opening
a path to new concepts of magnetic memories based on
skyrmion motion in nanotracks21,22.
While extensive work has already been performed on

the influence of DMI on micromagnetism for infinite sam-
ples7,8,11,14–17,23–25, no description is available for nanos-
tructures, which is the aim of the present work. We show
that in nanostructures, DMI leads to a new form of mi-
cromagnetic boundary conditions that should be imple-
mented in micromagnetic numerical solvers. We describe
several cases with analytical solutions that provide tests
for numerical codes, and help to get a physical feeling
of the effects of this interaction. We particularly focus
on the problem of skyrmions trapped in nanodots. Us-
ing simple physical arguments based on the micromag-
netic length scales, we discuss the different states that
are obtained. This should help future studies to design
new memories based on skyrmion motion22. As most
of the recent advances in this field toward application
in spintronics devices have been obtained for ultrathin
films17–22, we restrict our study to this case, using the
interfacial DMI coupling described by A. Fert13 and us-
ing a 2D formulation, where any variation along the film

normal is neglected.

II. MICROMAGNETIC FRAMEWORK

The Dzyaloshinskii-Moriya interaction has been intro-
duced in an atomic description as6,8,9

EDM =
∑

〈i,j〉

!dij .
(

!Si × !Sj

)

(1)

where !dij is the DM interaction vector for the atomic

bond ij (in Joule), !Si the atomic moment unit vector,
and the summation is performed on the neighbor pairs
〈i, j〉. The direction of !dij depends on the type of system
considered. We consider here magnetic ultrathin films,
where DMI originates from the interaction with the high
spin-orbit heavy metal of the adjacent layer12,13,26. In
this case, for isotropic films !dij is d!uij× ẑ2,13,16,17,21,22,27,
where !uij is the unit vector between sites i and j and
ẑ is the direction normal to the film oriented from the
high spin-orbit layer to the magnetic ultrathin film. In
the micromagnetic framework, the hypothesis that the
atomic spin direction evolves slowly at the atomic scale
allows building a continuous form for the DMI. As we
consider films that are thinner than any micromagnetic
length scale, variations along the surface normal are ne-
glected so that, even if DMI originates from the inter-
faces, we consider a uniform average value along the film
thickness. Given !m(!r) the magnetization direction at po-
sition !r, the DMI energy reads10,14

EDM = t

∫∫

D

[(

mx
∂mz

∂x
−mz

∂mx

∂x

)

+

(

my
∂mz

∂y
−mz

∂my

∂y

)]

d2!r

(2)

where D is the continuous effective DMI constant, in
J/m2. The link between D and d depends on the type
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Fig. S10 – 
Temperature vs. 
Laser power 
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Fig. S10 – 
Temperature vs. 
Laser power 
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Fig. S11 – DW hopping vs. Laser power 
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