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Non-Collinear	Spin	Textures

NATURE MATERIALS DOI: 10.1038/NMAT2916
LETTERS

(110) (110)

G
rain boundary

(001)(110)

70 nm

35 nm

A

B
A1

A3

A2

A4A5

a b

c d

e

70 nm 70 nm

Figure 1 | Magnetic twin structure and skyrmion lattice represented by
the lateral magnetization distribution in a helimagnet FeGe. a, The proper
screw spin texture with the magnetic twins. The colour wheel (inset) and
the white arrows represent the magnetization direction at every point.
b, The lateral magnetization distribution map in a single domain of SkX
induced by a magnetic field of 0.1 T applied normal to the sample plane at
around 260 K in the corresponding areas of a. c, Schematic of a skyrmion
with a specific spin chirality. d, A magnification of b. e, The lateral
magnetization distribution map around a grain boundary between the (110)
and (001) planes in the SkX. The red dashed line is a guide to the eyes for
the grain boundary.

the formation of SkX caused by the superposition of degenerate
helical spin structures with different q-vector directions14,22. Here,
we report the formation of SkX at near room temperature in thin
crystal plates of FeGe. The SkX structural feature and phase diagram
have been revealed by high-resolution Lorentz TEM combined
with magnetic transport-of-intensity equation (TIE) analyses23.
Our systematical studies demonstrate not only the skyrmion
crystallography including a magnetic chirality inversion but also a
dimensional variation of SkX stability.

Figure 1a,b shows the proper screw spin structure9,24,25 with a
magnetic twin in a thin (<50 nm) plate of FeGe and the SkX on the
same area, the latter of which was excited by an external magnetic
field of 0.1 T applied normal to the thin plate. They represent the
lateralmagnetic component distributionmapobtained by analysing
the Lorentz TEM images using TIE calculations. As in a previous
Lorentz TEM study24, a spontaneous screw spin structure (Fig. 1a)
was identified in the (110) plane. Contrary to previous neutron
studies on the bulk sample21, the helical axis or q-vector is not
fixed along one direction in the (110) single-crystalline domain at
260K. In the proper screw state, also found are the complex spin
configurations composed of magnetic twins with domain A and
domain B (Fig. 1a); there, the screw spins propagate along the [110]
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Figure 2 | External magnetic field and temperature dependence of the
skyrmion lattice in FeGe. a–d, Changes in the lateral magnetization
distribution under magnetic fields that were applied normal to the sample
plane. e–h, Temperature dependence of the magnetic domain configuration
(under-focused Lorentz TEM images) at a constant magnetic field of 0.1 T.

direction in domain A, and along the [001] direction in domain
B. Moreover, the ‘half-skyrmion’-like structure (around A1–A4 in
Fig. 1a) emerges around the magnetic twin boundary in addition
to the orthogonal q-domains (around A5). Thus, the proper screw
phase in FeGe involves such curved spin textures as the domain wall
state even at zero magnetic field. As a perpendicular magnetic field
is applied, a perfect SkX with hexagonal symmetry is obtained in
the thin plate irrespective of the original positions of the magnetic
twins. Figure 1d is a magnified image of Fig. 1b and presents the
lateral magnetic component distribution of a single skyrmion. The
spin swirl is coherently left-handed in the SkX shown in Fig. 1b.
The texture is in good agreement with a spin model (Fig. 1c) as
predicted. Although the Lorentz TEM images cannot determine
the vertical spin direction, it is quite likely, by referring to the
spin model in Fig. 1c, that the spin direction is upward around the
dark hexagon edge of SkX and downward around the dark core in
the lateral component map, which are parallel and antiparallel to
the applied field, respectively. Interestingly, as shown in Fig. 1e, a
chirality inversion was found around the grain boundary between
the (110) and (001) planes, meaning that the mirror symmetry
was broken thereabout. Considering the invariance of the sign of
the spin–orbit interaction within FeGe, the observed reversal of
the SkX spin chirality is ascribable to the inversion of the lattice
chirality (handedness) of the B20 structure across this boundary.
The problem of the lattice chirality for the B20 compound has
seldom been investigated20; however, the possible inversion of the
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tailored composition or structure. Following this idea, we inserted
epitaxially grown Ir layers between Pt(111) substrates and
[Co/Ni]n stacks. By tuning the thickness dIr of Ir layers in the
[Co/Ni]n/Ir/Pt(111) system, we observed that DW structure
indeed transitions as a function of dIr. Here we find three very
different types of DW structures: right-handed chiral Néel walls
for dIr¼ 0.6 atomic monolayer (ML; Fig. 3a), achiral Bloch walls

for dIr¼ 2.5 ML (Fig. 3b) and left-handed chiral Néel walls for
dIr¼ 3 ML (Fig. 3c). To track this spin texture transition in more
detail, we plot in Fig. 3d the histograms of the angle a as a
function of dIr, where we find a single peak near 180! (right-
handed chiral Néel wall) for dIr in the range of 0–1 ML, followed
by a transition region between dIr¼ 1.5 and 2.5 ML, where two
peaks in the histograms of the angle a are located at " 90! and
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Figure 1 | Real-space observation of chiral Néel walls in [Co/Ni]n multilayer. (a) Sketch of [Co/Ni]3 grown on Pt(111) substrate. (b) Compound SPLEEM
images highlighting the DW. The colour wheel represents the direction of in-plane magnetization in each image pixel. White arrows show the in-plane
spin orientations in the DWs. Scale bar, 2 mm. (c) Sketch of right-handed Néel wall. (d) Histogram of angle a in DW boundary counted pixel-by-pixel in b
shows a Gaussian distribution peaked at 180!, which corresponds to right-handed Néel wall. Inset shows the definition of the angle a, where n is
a unit vector perpendicular to the domain boundary and always points from black domain to grey domain, m is the in-plane direction of the magnetization
within the DW. (e) Monte Carlo simulation result of perpendicular magnetized film with the DMI shows right-handed chiral Néel walls with similar
spin structures as seen experimentally in b.
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Figure 2 | The dependence of the DW chirality on substrates and thickness of films. (a) Compound SPLEEM images of Ni/[Co/Ni]2/Ir(111). Scale bar,
2 mm. (b) Sketch of left-handed Néel wall. (c) Compound SPLEEM images of [Co/Ni]9/Pt(111). Scale bar, 1mm. (d) Compound SPLEEM images of
[Co/Ni]4/Ir(111). Scale bar, 1 mm. Sketches on left sides in panels a,c and d show multilayer structures of the samples. The colour wheel represents the
direction of the in-plane magnetization. White arrows in the SPLEEM images additionally highlight the in-plane spin orientations inside the DWs.
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FIG. 1. (Color online) (a) Sketch of a Co/Ru/Co nanodisk.
(b) Micromagnetic simulation result for a Co (20 nm)/Ru (2 nm)/Co
(20 nm) nanodisk. Arrows and colors correspond to the directions
of the local magnetization and the magnitude of the out-of-plane
magnetization component (Mz) at every point, respectively. Spin
textures in both the top and the bottom nanolayers are skyrmions.

magnetic ground states, which is smaller than the exchange
length of cobalt (about 4.94 nm). At phase boundaries, the
cell size was reduced to 2 × 2 × 1 nm3 to test stability of
the obtained states. The dimensionless damping α was chosen
to be 0.25 for rapid convergence. Different initial magnetic
states [vortex-like (with the same or opposite chirality), in-
plane-like, and out-of-plane-like initial states] were used to
get the most stable ground state. As for gyration simulation,
the cell size was 2 × 2 × 2 nm3 and α was 0.02. A pulsed
magnetic field of 10-ns width and 50-mT magnitude along the
+x direction was applied to the top or bottom nanolayer.

III. FORMATION OF SKYRMIONS

Figure 1(a) is a sketch of a single Co (20 nm)/Ru (2 nm)/Co
(20 nm) nanodisk with a diameter of 200 nm. Figure 1(b)
represents the micromagnetic simulation result of the nanodisk
with an out-of-plane-like initial state. The equilibrium states
of the top and bottom nanolayers are typical skyrmion-like

magnetic configurations. The magnetization M is down (along
the −z axis) in the centers and up (along the +z axis)
on the boundaries and it rotates gradually from the −z axis
to the +z axis in the intermediate regions of the nanolayers.
The magnetic chirality of the top nanolayer is right-handed,
while that of the bottom one is left-handed. To elucidate the
equilibrium state’s nature, we calculate the skyrmion number
using the following formula:16,32

S = 1
4π

!!
qdxdy, q ≡ 1

2
ϵµν(∂µm × ∂νm) · m, (1)

where ϵµν is the antisymmetric tensor, q is the topological den-
sity, and m is the unit vector of local magnetization. S is found
to be approximately −1, showing a signature of a skyrmion-
like state. Similar magnetic spin textures have been found in a
patterned Co/Ru/Co nanodisk array with the diameter the same
as that of the single Co/Ru/Co nanodisk. The distance between
centers of two nearest-neighboring nanodisks was 250 nm, as
shown in Fig. 2. The result suggests that a stray field between
two nearest-neighboring nanodisks (250 nm apart) has little
influence on the skyrmion spin textures.

The formation of magnetic stable states is the consequence
of minimizing the Gibbs free energy of magnetic systems.
Figure 3(a) illustrates time dependences of the total energy,
exchange energy, uniaxial anisotropy energy, demagnetization
energy, and antiferromagnetic coupling energy for the case in
Fig. 1. The exchange energy, uniaxial anisotropy energy, and
demagnetization energy are two orders of magnitude higher
than the interfacial antiferromagnetic coupling energy and,
thus, are vital to the emergence of a skyrmion spin texture.
At the beginning, the out-of-plane-like initial state has a very
high value of total energy due to the significant demagneti-
zation energy. To lower the total energy, the demagnetization
energy decreases rapidly with time, whereas the exchange en-
ergy and uniaxial anisotropy energy both increase significantly.
A balance is reached and the total energy is almost unchanged
after 0.5 ns. Concurrently, the skyrmion number S drops to
about −1 for the top and bottom nanolayers, as shown in the
inset in Fig. 3(b), suggesting that a spontaneous topologically
stable knot emerges in the magnetization.10

As elaborated in many articles,10–13,15–22 the DMI is crucial
to the formation of magnetic skyrmion-like states, which favors
canting spins. The DMI is defined as12,42–44

HDMI =
!!

DM · (∇ × M)dxdy, (2)

where D is DMI constant. But in this work, skyrmions are
spontaneously formed without the DMI. As discussed above,
the competition among the exchange energy, demagnetization
energy, and uniaxial anisotropy energy plays a significant role
in the emergence of skyrmions. To quantify the competition
effect, we define a quantity to mimic the DMI:

& =
!!

M · (∇ × M)dxdy. (3)

From Eq. (3), we calculate & as a function of time on
both the top and the bottom Co nanolayers [see Fig. 3(b)].
Notably, when energies compete drastically with each other
before 0.5 ns in Fig. 3(a), the & for both Co nanolayers
significantly changes. Then all energies reach equilibrium and
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the left (or right) of the constriction (33). Conse-
quently, inhomogeneous effective forces ðFy

shÞ on
theDWs (caused by the spinHall field) are created
along the y axis; these forces act to expand the end
of the domain (Fig. 1E). As the domain end contin-
ually expands its radius, the surface tension in
the DW (resulting from the increasing DWenergy
determined by the combination of exchange and
anisotropy fields) increases (34), which results in
breaking the stripes into circular domains (Fig. 1F).
This process resembles how soap bubbles de-

velop out of soap films upon blowing air through
a straw, or how liquid droplets form in fluid flow
jets (35). Because of the interfacial DMI in the
present system, the spin structures of the newly
formed circular domains maintain a well-defined
(left-handed) chirality (13, 14, 23, 24). Once formed,
these created synthetic hedgehog (Néel) skyrmions
(14, 23) are stable due to topological protection
and move very efficiently following the current
direction, a process that can be described on the
basis of a modified Thiele equation (36). The dy-
namic skyrmion conversion could, in principle,
happen at the other side of the device, where the
spatially convergent current compresses stripe
domains. However, sizeable currents and SOTs are
required to compensate the enhanced (repulsive)
dipolar interaction. The proposed mechanism dif-
fers from a recent theoretical proposal with sim-
ilar geometry, in which skyrmions are formed
from the coalescence of two independent DWs
extending over the full width of a narrow constric-
tion at a current density ≈108 A/cm2 (32). For
repeated skyrmion generation, this latter mech-
anism requires a continuous generation of paired
DWs in the constriction, which is inconsistent with
the experimental observations described below.

Transforming chiral stripe domains
into skyrmions

We demonstrated this idea experimentally with
a Ta(5 nm)/Co20Fe60B20(CoFeB)(1.1 nm)/TaOx(3 nm)
trilayer grown by magnetron sputtering (37, 38)
and patterned into constricted wires via photo-
lithography and ion milling (33). The wires have
awidth of 60 mmwith a 3-mm-wide and 20-mm-long
geometrical constriction in the center. Our devices
are symmetrically designed across the narrow neck
to maintain balanced demagnetization energy. A
polar magneto-optical Kerr effect (MOKE) micro-
scope in a differential mode (39) was used for dy-
namic imaging experiments at room temperature.
Before applying a current, the sample was first sat-
urated at positivemagnetic fields and subsequently
a perpendicular magnetic field of B⊥ ¼ þ0:5 mT
was applied; sparse magnetic stripe and bubble
domains prevail at both sides of thewire (Fig. 2A).
The lighter area corresponds to positive perpendic-
ular magnetization orientation, and the darker area
corresponds to negative orientation, respectively.
In contrast to the initialmagnetic domain config-

uration, after passing a 1-s single pulse of current den-
sity je = +5 × 105 A/cm2 (normalized by the width of
the device: 60 mm), it is observed that the stripe do-
mains started to migrate, subsequently forming
extended stripe domains on the left side. These do-
mains were mostly aligned with the charge current

flow and converged at the left side of constriction.
The stripeswere transformed into skyrmion bubbles
immediately after passing through the constric-
tion (Fig. 2B). Thesedynamically created skyrmions,
varying in sizebetween700 nmand 2 mm(depend-
ing on the strength of the externalmagnetic field),
are stable anddonot decay on the scale of a typical
laboratory testing period (at least 8 hours). The size
of the skyrmions is determined by the interplay be-
tween Zeeman, magnetostatic interaction and
interfacial DMI. In the presence of a constant
electron current density of je = +5 × 105 A/cm2,
these skyrmions are created with a high speed
close to the central constriction and destroyed at
the end of the wire. Capturing the transformation
dynamics of skyrmions from stripe domains is
beyond the temporal resolution of the present set-
up. Reproducible generation of skyrmions is dem-
onstrated by repeating pulsed experiments several
times (33). The left side of the device remainsmainly
in the labyrinthine stripe domain state after remov-
ing the pulse current, which indicates that both
skyrmionbubblesandstripedomainsaremetastable.
When the polarity of the charge current is re-

versed to je = –5 × 105 A/cm2, the skyrmions are
formed at the left side of the device (Fig. 2, C and
D). This directional dependence indicates that the
spatially divergent current and SOT, determined
by the geometry of the device, are most likely
responsible for slicing stripe DWs into magnetic

skyrmionbubbles, qualitatively consistentwith the
schematic presented in Fig. 1.
At a negative magnetic field B⊥ ¼ −0:5 mT and

current je = +5 × 105 A/cm2 (Fig. 2, E and F), a
reversed contrast, resulting from opposite inner
and outer magnetization orientations, is observed
compared with positive fields. We varied the exter-
nal magnetic field and charge current density sys-
tematically and determined the phase diagram for
skyrmion formation shown in Fig. 2G. A large pop-
ulation of synthetic skyrmions is found only in the
shadowed region, whereas in the rest of phase
diagram the initial domain configurations remain
either stationary or flowing smoothly, depending
on the strength of current density, as discussed
below. This phase diagram is independent of pulse
duration for pulses longer than 1 ms. No creation of
skyrmions in a regular-shaped device with a homo-
geneous current flow (as illustrated in Fig. 1B) is ob-
served up to a current density of je = +5 × 106 A/cm2.

Capturing the transformational dynamics

The conversion from chiral stripe domains into
magnetic skyrmions can be captured by decreasing
the driving current, which slows down the trans-
formational dynamics. Figure 3, A to D, shows the
dynamics for a constant current density of je =
+6.4 × 104 A/cm2 at B⊥ ¼ þ0:46 mT. The origi-
nal (disordered) labyrinthine domains on the left
side squeeze to pass through the constriction (Fig.
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Fig. 2. Experimental generation of magnetic skyrmions. (A) Sparse irregular domain structures are
observed at both sides of the device at a perpendicularmagnetic field ofB⊥ ¼ þ0:5 mT. (B) Upon passing a
current of je = +5 × 105 A/cm2 through the device, the left side of the device develops predominantly
elongated stripe domains, whereas the right side converts into dense skyrmion bubbles. (C and D) By re-
versing the current direction to je =–5 × 105 A/cm2, the dynamically created skyrmions are forming at the left
side of the device. (E and F) Changing the polarity of the external magnetic field reverses the internal and
external magnetization of these skyrmions. (G) Phase diagram for skyrmion formation. The shaded area in-
dicates field-current combinations that result in the persistent generation of skyrmions after each current pulse.
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theDWs (caused by the spinHall field) are created
along the y axis; these forces act to expand the end
of the domain (Fig. 1E). As the domain end contin-
ually expands its radius, the surface tension in
the DW (resulting from the increasing DWenergy
determined by the combination of exchange and
anisotropy fields) increases (34), which results in
breaking the stripes into circular domains (Fig. 1F).
This process resembles how soap bubbles de-

velop out of soap films upon blowing air through
a straw, or how liquid droplets form in fluid flow
jets (35). Because of the interfacial DMI in the
present system, the spin structures of the newly
formed circular domains maintain a well-defined
(left-handed) chirality (13, 14, 23, 24). Once formed,
these created synthetic hedgehog (Néel) skyrmions
(14, 23) are stable due to topological protection
and move very efficiently following the current
direction, a process that can be described on the
basis of a modified Thiele equation (36). The dy-
namic skyrmion conversion could, in principle,
happen at the other side of the device, where the
spatially convergent current compresses stripe
domains. However, sizeable currents and SOTs are
required to compensate the enhanced (repulsive)
dipolar interaction. The proposed mechanism dif-
fers from a recent theoretical proposal with sim-
ilar geometry, in which skyrmions are formed
from the coalescence of two independent DWs
extending over the full width of a narrow constric-
tion at a current density ≈108 A/cm2 (32). For
repeated skyrmion generation, this latter mech-
anism requires a continuous generation of paired
DWs in the constriction, which is inconsistent with
the experimental observations described below.

Transforming chiral stripe domains
into skyrmions

We demonstrated this idea experimentally with
a Ta(5 nm)/Co20Fe60B20(CoFeB)(1.1 nm)/TaOx(3 nm)
trilayer grown by magnetron sputtering (37, 38)
and patterned into constricted wires via photo-
lithography and ion milling (33). The wires have
awidth of 60 mmwith a 3-mm-wide and 20-mm-long
geometrical constriction in the center. Our devices
are symmetrically designed across the narrow neck
to maintain balanced demagnetization energy. A
polar magneto-optical Kerr effect (MOKE) micro-
scope in a differential mode (39) was used for dy-
namic imaging experiments at room temperature.
Before applying a current, the sample was first sat-
urated at positivemagnetic fields and subsequently
a perpendicular magnetic field of B⊥ ¼ þ0:5 mT
was applied; sparse magnetic stripe and bubble
domains prevail at both sides of thewire (Fig. 2A).
The lighter area corresponds to positive perpendic-
ular magnetization orientation, and the darker area
corresponds to negative orientation, respectively.
In contrast to the initialmagnetic domain config-

uration, after passing a 1-s single pulse of current den-
sity je = +5 × 105 A/cm2 (normalized by the width of
the device: 60 mm), it is observed that the stripe do-
mains started to migrate, subsequently forming
extended stripe domains on the left side. These do-
mains were mostly aligned with the charge current

flow and converged at the left side of constriction.
The stripeswere transformed into skyrmion bubbles
immediately after passing through the constric-
tion (Fig. 2B). Thesedynamically created skyrmions,
varying in sizebetween700 nmand 2 mm(depend-
ing on the strength of the externalmagnetic field),
are stable anddonot decay on the scale of a typical
laboratory testing period (at least 8 hours). The size
of the skyrmions is determined by the interplay be-
tween Zeeman, magnetostatic interaction and
interfacial DMI. In the presence of a constant
electron current density of je = +5 × 105 A/cm2,
these skyrmions are created with a high speed
close to the central constriction and destroyed at
the end of the wire. Capturing the transformation
dynamics of skyrmions from stripe domains is
beyond the temporal resolution of the present set-
up. Reproducible generation of skyrmions is dem-
onstrated by repeating pulsed experiments several
times (33). The left side of the device remainsmainly
in the labyrinthine stripe domain state after remov-
ing the pulse current, which indicates that both
skyrmionbubblesandstripedomainsaremetastable.
When the polarity of the charge current is re-

versed to je = –5 × 105 A/cm2, the skyrmions are
formed at the left side of the device (Fig. 2, C and
D). This directional dependence indicates that the
spatially divergent current and SOT, determined
by the geometry of the device, are most likely
responsible for slicing stripe DWs into magnetic

skyrmionbubbles, qualitatively consistentwith the
schematic presented in Fig. 1.
At a negative magnetic field B⊥ ¼ −0:5 mT and

current je = +5 × 105 A/cm2 (Fig. 2, E and F), a
reversed contrast, resulting from opposite inner
and outer magnetization orientations, is observed
compared with positive fields. We varied the exter-
nal magnetic field and charge current density sys-
tematically and determined the phase diagram for
skyrmion formation shown in Fig. 2G. A large pop-
ulation of synthetic skyrmions is found only in the
shadowed region, whereas in the rest of phase
diagram the initial domain configurations remain
either stationary or flowing smoothly, depending
on the strength of current density, as discussed
below. This phase diagram is independent of pulse
duration for pulses longer than 1 ms. No creation of
skyrmions in a regular-shaped device with a homo-
geneous current flow (as illustrated in Fig. 1B) is ob-
served up to a current density of je = +5 × 106 A/cm2.

Capturing the transformational dynamics

The conversion from chiral stripe domains into
magnetic skyrmions can be captured by decreasing
the driving current, which slows down the trans-
formational dynamics. Figure 3, A to D, shows the
dynamics for a constant current density of je =
+6.4 × 104 A/cm2 at B⊥ ¼ þ0:46 mT. The origi-
nal (disordered) labyrinthine domains on the left
side squeeze to pass through the constriction (Fig.
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Fig. 2. Experimental generation of magnetic skyrmions. (A) Sparse irregular domain structures are
observed at both sides of the device at a perpendicularmagnetic field ofB⊥ ¼ þ0:5 mT. (B) Upon passing a
current of je = +5 × 105 A/cm2 through the device, the left side of the device develops predominantly
elongated stripe domains, whereas the right side converts into dense skyrmion bubbles. (C and D) By re-
versing the current direction to je =–5 × 105 A/cm2, the dynamically created skyrmions are forming at the left
side of the device. (E and F) Changing the polarity of the external magnetic field reverses the internal and
external magnetization of these skyrmions. (G) Phase diagram for skyrmion formation. The shaded area in-
dicates field-current combinations that result in the persistent generation of skyrmions after each current pulse.
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Imaging	Flux	Lines	in	Superconductors

672 Ch Jooss et al

Figure 7. A sketch of the basic experimental arrangement for magneto-optical imaging of magnetic
flux patterns in superconductors. The polarized light microscope has the following components:
(1) stabilized light source, (2) collimator, (3) edge filter for infrared suppression, (4) polarizer,
(5) semi-reflecting mirror, (6) objective, (7) covering glass of the cryostat (Suprasil), (8) sample
covered with a MOL and (9) analyser.

10   mµ

b)
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c)

Figure 8. Magneto-optical images of vortices in a NbSe2 single crystal at 4.0 K (a) after cooling
in the Earth’s field (≈0.1 mT) and (b) after application of µ0Hex = 0.3 mT. In (c), the vortex
dynamics after a small increase of the external field in a time window of 1 s is observed. Scale bar:
10 µm. (Goa et al 2001)
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Figure 6. The basic principle of the measurement of the magnetic flux distribution of
superconductors by the magneto-optical technique.

ferrimagnet-doped iron garnet films with in-plane magnetization which are the most common
and most important for the magnetic flux visualization in superconductors; for an overview
see also Polyanskii et al (1999, 2001c). A short introduction is given into their application in
making quantitative measurements of the magnetic flux and supercurrent distributions.

3.1. Faraday effect

In materials with longitudinal optical birefringence, the polarization vector of an incident
linearly polarized light beam propagating over a length l parallel to a magnetic field H is
rotated through an angle α(H). The two eigenmodes of light propagation in the crystal are
right and left circularly polarized light. The difference in real index of refraction between
these modes "n = nL(ω, H) − nR(ω, H) gives rise to the Faraday rotation

α = ωl

2
"n. (19)

The difference in real index of refraction "n is directly proportional to the expectation value
of the magnetic moments ⟨µz⟩ along the propagation axis (z-axis) (Suits et al 1966). For
paramagnetic materials or for the virgin curve of materials with spontaneous magnetization,
one has Mz = χHz for small magnetic fields. In this case one may write equation (19) as a
Taylor series in Hz and the linear approximation gives

α = V (ω)lHz. (20)

The Faraday rotation depends on the traversed length l of the MOL, the magnetic field
component Hz parallel to the light beam and a material-specific and frequency-dependent
constant V (ω), the so-called Verdet constant. This effect was first observed by Faraday (1846).

Since the Faraday rotation α is directly proportional to the magnetization component Mz

parallel to the beam, a magnetic domain structure of a magnetically ordered material may
strongly disturb the application of a MOL as a field-sensing element. EuSe is a magnetic
semiconductor which exhibits ferromagnetic ordering for T < 2.8 K, antiferromagnetic
ordering for 2.8 K < T < 4.6 K and paramagnetic behaviour for T > 4.6 K (Hübener
1979). The huge Faraday rotation of up to 110◦ µm−1 (T = 4.5 K, µ0Hex = 1.15 T and
λ = 560 nm) and saturation fields larger than 1.2 T (Schoenes 1975) makes this material well
suited for magneto-optical imaging in a large range of magnetic fields. From the viewpoint
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Figure 20. Left image: the calculated current pattern (left column) and perpendicular field Hz

(middle column) distribution of a square sample for three different steps of flux penetration. Right
column: magneto-optically detected flux distributions in a square YBCO thin film after ZFC to
T = 50 K at µ0Hex = 54 mT (top), 92 mT (middle) and 151 mT (bottom). The flux distributions
were detected using an iron garnet indicator. The black spots are defects in the indicator film. The
film thickness is d = 800 nm. In the calculations the unit of the magnetic field (one fit parameter)
is chosen such that best agreement is found with the observed flux distributions. Right image: as
left image but for decreasing magnetic field. Top: µ0Hex = 88 mT; middle: 30 mT; bottom: 0 mT
(remanent state).

where the integrals are taken over the specimen area A and Q−1 is the inverse kernel. Due
to problems with singularities, the finding of a well behaved integral kernel Q is a non-trivial
task (Brandt 1992a, 1995c, Schuster et al 1995a). Noting that the field of a tiny current
loop (or magnetic dipole) of unit strength located at x = y = z = 0 with axis along z is
Hz(x, y, z) = (1/4π)(2z2 − x2 − y2)/(x2 + y2 + z2)5/2, one obtains

Q(r, r′) = 1
4π

lim
z→0

2z2 − r2
xy

(z2 + r2
xy)

5/2
= lim

z,z′→0
Kg(r − r′) (55)

with r2
xy = (x − x ′)2 + (y − y ′)2 and Kg defined according to equation (32).

From the integral kernel Q the inverse kernel Q−1 may be obtained by Fourier
transformation (Brandt 1995b, 1995c) or by introducing a grid with positions ri = (xi, yi),
weights wi , the tables Hi = Hz(ri ), Gi = G(ri ) and the matrix Qij = Q(ri , rj )wj . The
integrals (53) and (54) are then approximated by the sums Hi =

!

j QijGj and Gi =
!

j Q−1
ij Hj where Q−1

ij is the matrix inverse of Qij (Brandt 1994b, 1994c, Xing et al 1994).
As the last step, the equation of motion for G(x, y, t) is obtained from the (3D) induction

law ∇×E = −Ḃ and from the material laws B = µ0H and E = ρj valid inside the sample
where j = J/d = −ẑ× (∇G)/d. In order to obtain an equation of motion for G(x, y, t), it is
important to note that the required z-component Ḃz = ẑ Ḃ = −ẑ(∇ × E) = −(ẑ × ∇)E =
− ˆx ∂E/∂y + ˆy ∂E/∂x does not depend on the (unknown) derivative ∂E/∂z. With the sheet
resistivity ρd = ρ/d one may write for inside the sample E = ρj = ρdJ = −ρd ẑ ×∇G and
thus Ḃz = (ẑ ×∇)(ρd ẑ ×∇G) = ∇ · (ρd ∇G). Inserting this into equation (54) one obtains
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Figure 7. A sketch of the basic experimental arrangement for magneto-optical imaging of magnetic
flux patterns in superconductors. The polarized light microscope has the following components:
(1) stabilized light source, (2) collimator, (3) edge filter for infrared suppression, (4) polarizer,
(5) semi-reflecting mirror, (6) objective, (7) covering glass of the cryostat (Suprasil), (8) sample
covered with a MOL and (9) analyser.
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Figure 8. Magneto-optical images of vortices in a NbSe2 single crystal at 4.0 K (a) after cooling
in the Earth’s field (≈0.1 mT) and (b) after application of µ0Hex = 0.3 mT. In (c), the vortex
dynamics after a small increase of the external field in a time window of 1 s is observed. Scale bar:
10 µm. (Goa et al 2001)
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Figure 6. The basic principle of the measurement of the magnetic flux distribution of
superconductors by the magneto-optical technique.

ferrimagnet-doped iron garnet films with in-plane magnetization which are the most common
and most important for the magnetic flux visualization in superconductors; for an overview
see also Polyanskii et al (1999, 2001c). A short introduction is given into their application in
making quantitative measurements of the magnetic flux and supercurrent distributions.

3.1. Faraday effect

In materials with longitudinal optical birefringence, the polarization vector of an incident
linearly polarized light beam propagating over a length l parallel to a magnetic field H is
rotated through an angle α(H). The two eigenmodes of light propagation in the crystal are
right and left circularly polarized light. The difference in real index of refraction between
these modes "n = nL(ω, H) − nR(ω, H) gives rise to the Faraday rotation

α = ωl

2
"n. (19)

The difference in real index of refraction "n is directly proportional to the expectation value
of the magnetic moments ⟨µz⟩ along the propagation axis (z-axis) (Suits et al 1966). For
paramagnetic materials or for the virgin curve of materials with spontaneous magnetization,
one has Mz = χHz for small magnetic fields. In this case one may write equation (19) as a
Taylor series in Hz and the linear approximation gives

α = V (ω)lHz. (20)

The Faraday rotation depends on the traversed length l of the MOL, the magnetic field
component Hz parallel to the light beam and a material-specific and frequency-dependent
constant V (ω), the so-called Verdet constant. This effect was first observed by Faraday (1846).

Since the Faraday rotation α is directly proportional to the magnetization component Mz

parallel to the beam, a magnetic domain structure of a magnetically ordered material may
strongly disturb the application of a MOL as a field-sensing element. EuSe is a magnetic
semiconductor which exhibits ferromagnetic ordering for T < 2.8 K, antiferromagnetic
ordering for 2.8 K < T < 4.6 K and paramagnetic behaviour for T > 4.6 K (Hübener
1979). The huge Faraday rotation of up to 110◦ µm−1 (T = 4.5 K, µ0Hex = 1.15 T and
λ = 560 nm) and saturation fields larger than 1.2 T (Schoenes 1975) makes this material well
suited for magneto-optical imaging in a large range of magnetic fields. From the viewpoint
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Figure 20. Left image: the calculated current pattern (left column) and perpendicular field Hz

(middle column) distribution of a square sample for three different steps of flux penetration. Right
column: magneto-optically detected flux distributions in a square YBCO thin film after ZFC to
T = 50 K at µ0Hex = 54 mT (top), 92 mT (middle) and 151 mT (bottom). The flux distributions
were detected using an iron garnet indicator. The black spots are defects in the indicator film. The
film thickness is d = 800 nm. In the calculations the unit of the magnetic field (one fit parameter)
is chosen such that best agreement is found with the observed flux distributions. Right image: as
left image but for decreasing magnetic field. Top: µ0Hex = 88 mT; middle: 30 mT; bottom: 0 mT
(remanent state).

where the integrals are taken over the specimen area A and Q−1 is the inverse kernel. Due
to problems with singularities, the finding of a well behaved integral kernel Q is a non-trivial
task (Brandt 1992a, 1995c, Schuster et al 1995a). Noting that the field of a tiny current
loop (or magnetic dipole) of unit strength located at x = y = z = 0 with axis along z is
Hz(x, y, z) = (1/4π)(2z2 − x2 − y2)/(x2 + y2 + z2)5/2, one obtains

Q(r, r′) = 1
4π

lim
z→0

2z2 − r2
xy

(z2 + r2
xy)

5/2
= lim

z,z′→0
Kg(r − r′) (55)

with r2
xy = (x − x ′)2 + (y − y ′)2 and Kg defined according to equation (32).

From the integral kernel Q the inverse kernel Q−1 may be obtained by Fourier
transformation (Brandt 1995b, 1995c) or by introducing a grid with positions ri = (xi, yi),
weights wi , the tables Hi = Hz(ri ), Gi = G(ri ) and the matrix Qij = Q(ri , rj )wj . The
integrals (53) and (54) are then approximated by the sums Hi =

!

j QijGj and Gi =
!

j Q−1
ij Hj where Q−1

ij is the matrix inverse of Qij (Brandt 1994b, 1994c, Xing et al 1994).
As the last step, the equation of motion for G(x, y, t) is obtained from the (3D) induction

law ∇×E = −Ḃ and from the material laws B = µ0H and E = ρj valid inside the sample
where j = J/d = −ẑ× (∇G)/d. In order to obtain an equation of motion for G(x, y, t), it is
important to note that the required z-component Ḃz = ẑ Ḃ = −ẑ(∇ × E) = −(ẑ × ∇)E =
− ˆx ∂E/∂y + ˆy ∂E/∂x does not depend on the (unknown) derivative ∂E/∂z. With the sheet
resistivity ρd = ρ/d one may write for inside the sample E = ρj = ρdJ = −ρd ẑ ×∇G and
thus Ḃz = (ẑ ×∇)(ρd ẑ ×∇G) = ∇ · (ρd ∇G). Inserting this into equation (54) one obtains

540	Oe

920	Oe

1510	Oe

Hz	field	lines
exp.	Hz	

of	indicator

880	Oe

300	Oe

0	Oe

current Hz	field	lines
exp.	Hz	

of	indicator
current

4



R.	Streubel	|	SOCSIS,	Spetses	|	2.7.2016 /25

L.	Sun	et	al.,	Phys.	Rev.	Le=.	110,	167201	(2013).

• Flux	lines	subsituted	by	sos-magneic	vorices	

• Imprining	circulaion	into	out-of-plane	media	

• Resembling	skyrmion	lavces	at	room	temperature	

• Control	on	in-plane	circulaion	(shape)	

• Control	on	polarity	(switching	field)

magnetically configured into vortex states according to
the known magnetic phase diagram [24,25]. Because of
the random distribution, the vortices would naturally have
different chirality and polarity as shown in Fig. 1(a).
The Skyrmion lattice requires all the vortices to bear
the same chirality and polarity [18]. Therefore, the third
step is to format all the vortices into the same configuration
with the magnetization of the vortex cores oppositely
aligned with the disk surrounding are as shown in
Fig. 1(b). In such a case, a Skyrmion crystal can be created.
As will be demonstrated below, this can be achieved by
the combination of slight disk shape modification and
specific magnetic field treatments. In this study, we use
edge-cut circular disks with the cutting angle of 90!

[see the left disk of the front row shown in Fig. 1(a)],
similar to that in Ref. [26]. All disks are cut along the
same direction.

In the following, we will discuss the feasibility of
the proposal utilizing micromagnetic simulations. Co is
chosen as the disk material as it has a vortex state under
similar geometrical confinement conditions [25]. For the
perpendicular film, CoPt film is used because it has a high
perpendicular anisotropy and is conductive starting from
a thickness of a few nm [27]. The material parameters used
in calculations are exchange constant: ACo ¼ 2:5#
10$11 J=m; saturation magnetization: MCo

S ¼ 1:4#
106 A=m for Co [17]; and ACoPt ¼ 1:5# 10$11 J=m,
MCoPt

S ¼ 5:0# 105 A=m for CoPt [28,29]. A uniaxial
anisotropy perpendicular to the film with constant KCoPt

1 ¼
4:0# 105 J=m3 is included for CoPt [29]. Because sput-
tered Co films are typically polycrystalline, we performed

the calculations assuming zero anisotropy. The calculations
also assumed the single crystalline magnetic anisotropy
value for bulk Co. This only slightly changes the size of
the vortex cores. An interlayer exchange constant between
Co and CoPt of 1:9# 10$11 J=m is also used [23]. The
disks with diameter D and thickness td are aligned into
hexagonal arrays. In addition, the separation between cen-
ters of disks is S. In the calculations, we used 2D periodical
boundary conditions within the plane and a grid size of
2# 2# 1 nm3, which is smaller in length scale than the
exchange length of Co (% 11 nm) and CoPt (% 5 nm). As
a starting point, we chose disks withD ¼ 120 nm and td ¼
18 nm, the CoPt film with thickness tf ¼ 8 nm, and the

separation S ¼ 150 nm, which is close in size to the
Skyrmion crystal geometry reported in Ref. [18]. With
the initial random spin configuration, the results show the
disks are partially in vortex states and partially in C states.
This is due to the dimensions of the disks being within the
bistable region even though the vortex state has lower
energy [25]. The polarity and chirality of the vortices are
randomly distributed, similar to that shown in Fig. 1(a). To
format all the disks into uniform vortices, we proceed with
a magnetic field treatment similar to that reported in
Ref. [30]. We first apply a field of 800 mT perpendicular
to the disks to bring them into the vortex state with the same
polarity. Then we add an in-plane field pulse of 400 mT
along the cutting edge to configure them into the same
chirality. After releasing the perpendicular field, we find
that all the disks are indeed formatted into uniform vortices
of the same polarity and chirality.
During the formatting of the vortex, we find that the disk

surrounding areas are also magnetized in the same direc-
tion of the vortex core due to the applied strong field.
A Skyrmion crystal, however, requires the magnetization
orientation of the vortex core and the vortex surrounding
area aligned oppositely. Therefore, we further apply a
magnetic field with the opposite direction. Remarkably,
we find that the vortex core and the disk surrounding
area can have different switching fields. Figure 2 presents
the calculated zero-field configuration after applying a
field of 400 mT. We find that indeed the CoPt film surro-
unding the disk can be uniformly magnetized oppositely
with the vortex core and without significantly influencing
the vortex configuration. Thus, a Skyrmion crystal is cre-
ated. With the exchange constant and the disk size, one
could also estimate an effective DM interaction constant
[18]. We find it is in the order of 10$3 J=m2 for the sample
discussed above.
To explore topological properties of this artificial

Skyrmion crystal, we computed its local Skyrmion density
! following the description given in Ref. [16]. If ! inte-
grates to 1 or $1 in a unit cell, a topologically stable knot
exists in the magnetization. As shown in Fig. 3(a), the
Skyrmion density is finite and oscillates as a function of
the position, similar to that shown in Ref. [16]. Moreover,

FIG. 1 (color online). Proposed pathway for creating the 2D
Skyrmion crystal. (a) Ordered arrays of magnetic submicron
disks are prepared on top of a film with perpendicular anisotropy.
The arrows represent the magnetization orientation of the local
moments. (b) Skyrmion lattice creation with the field treatment
mentioned in the text.
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underlayer, as PNR is sensitive to structural and magnetic depth
profiles of thin films and multilayers39,40. The hybrid structure
was first prepared into the SL state at remanence. By using a
position-sensitive area detector, both specular and off-specular
scattering (unpolarized) were first captured, as shown in Fig. 4a.
PNR measurements were then performed with a perpendicular
guide field of 6 mT, placing in-plane magnetic contrast in the
spin-flip channel and nuclear contrast in the non-spin-flip
channel, as discussed in Methods. Precise scans along qz
isolate the specular reflection and off-specular scattering from
the first-order rod, which is parallel to the specular reflection,
shown as symbols in Fig. 4b,c, respectively. The specular
reflection (qx¼ 0) identifies strictly the nuclear and magnetic
depth profile of the hybrid structure while the off-specular
reflection, shown at qx¼ 3.6 mm" 1, includes in-plane
contributions from the periodic dot and SL.

The specular reflectivity shows clear oscillations in both the
spin-flip and non-spin-flip channels. Since the coherence of the
neutron beam in the transverse direction is smaller than the dot
diameter, the model used to fit the data was an incoherent sum of
scattering from different regions of the dot array. The fitted
nuclear and magnetic depth profiles (w2¼ 0.70) are shown in
Fig. 4d, and the calculated scattering is shown in Fig. 4b as solid
lines. The nuclear depth profile matches the designed structure
very well. Depth profile of the in-plane magnetization captures
not only the entire thickness of the Co dot but also extends into
the Co/Pd underlayer by 3 nm (solid red curve), indicating an
imprinted interfacial layer. The thickness of the imprinted layer is
consistent with thickness of the ion-irradiated region estimated
from simulations (Supplementary Fig. 2)41. It is this layer that
separates the singularities at the top and bottom interfaces and
provides the topological protection of the skyrmions, as shown by
the magnetization measurements in Fig. 3. The PNR-measured
in-plane moment in the interfacial layer is slightly larger than that
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Figure 2 | Circularity control. (a) Family of FORCs of the hybrid sample measured in the in-plane geometry. The zoomed-in view in (b) illustrates
essentially two discrete vortex annihilation fields. Remanent-state (c) MFM and (d) SEMPA (superimposed onto a scanning electron microscopy image of
the dots) images, after saturating the dots in an in-plane field parallel to the flat edge of the dots to the right, indicate circularity control. Scale bar, 2mm. A
key to the magnetization winding direction is shown in the insets.
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Figure 3 | Polarity control. Top row shows schematic illustrations of the SL,
VL and ML states. The yellow arrows mark the core direction in the vortex
and the imprinted region, while the other arrows represent the magnetic
moments in other parts of the structure. (a) Magnetization curves, with the
field sweeping from zero to negative saturation, for the hybrid structure
prepared into the SL (red), VL (black) and ML (blue) states at remanence.
(b) The image highlights the magnetization difference between the VL and
SL, and zoomed-in views of the magnetization curves in dashed boxes are
shown in (c) near zero field and (d) B320 mT where the Co/Pd underlayer
starts its reversal, respectively.
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was first prepared into the SL state at remanence. By using a
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scattering (unpolarized) were first captured, as shown in Fig. 4a.
PNR measurements were then performed with a perpendicular
guide field of 6 mT, placing in-plane magnetic contrast in the
spin-flip channel and nuclear contrast in the non-spin-flip
channel, as discussed in Methods. Precise scans along qz
isolate the specular reflection and off-specular scattering from
the first-order rod, which is parallel to the specular reflection,
shown as symbols in Fig. 4b,c, respectively. The specular
reflection (qx¼ 0) identifies strictly the nuclear and magnetic
depth profile of the hybrid structure while the off-specular
reflection, shown at qx¼ 3.6 mm" 1, includes in-plane
contributions from the periodic dot and SL.
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spin-flip and non-spin-flip channels. Since the coherence of the
neutron beam in the transverse direction is smaller than the dot
diameter, the model used to fit the data was an incoherent sum of
scattering from different regions of the dot array. The fitted
nuclear and magnetic depth profiles (w2¼ 0.70) are shown in
Fig. 4d, and the calculated scattering is shown in Fig. 4b as solid
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not only the entire thickness of the Co dot but also extends into
the Co/Pd underlayer by 3 nm (solid red curve), indicating an
imprinted interfacial layer. The thickness of the imprinted layer is
consistent with thickness of the ion-irradiated region estimated
from simulations (Supplementary Fig. 2)41. It is this layer that
separates the singularities at the top and bottom interfaces and
provides the topological protection of the skyrmions, as shown by
the magnetization measurements in Fig. 3. The PNR-measured
in-plane moment in the interfacial layer is slightly larger than that

1,500

1,000

500

0

–500

–1,000

M
 (

µe
m

u)

–1,500
–60 –30 0 30 60

!oH (mT)

1,200

1,000

800

M
 (

µe
m

u)

!oH (mT)
45 60

a b

c d

Figure 2 | Circularity control. (a) Family of FORCs of the hybrid sample measured in the in-plane geometry. The zoomed-in view in (b) illustrates
essentially two discrete vortex annihilation fields. Remanent-state (c) MFM and (d) SEMPA (superimposed onto a scanning electron microscopy image of
the dots) images, after saturating the dots in an in-plane field parallel to the flat edge of the dots to the right, indicate circularity control. Scale bar, 2mm. A
key to the magnetization winding direction is shown in the insets.

250

0

–250

–500

–750

40

0

–0.4 –0.3 –0.2 –0.1 0.0

–0.6 –0.4 –0.2 0.0

–0.32 –0.28

300

200

–200

–400

–600

M
 (

µe
m

u)

!oH (T)

M
 (

µe
m

u)

M
 (

µe
m

u)

M
 (

µe
m

u)

0

!oH (T)

VL–SL

a c

b

d

SL ML VL

Figure 3 | Polarity control. Top row shows schematic illustrations of the SL,
VL and ML states. The yellow arrows mark the core direction in the vortex
and the imprinted region, while the other arrows represent the magnetic
moments in other parts of the structure. (a) Magnetization curves, with the
field sweeping from zero to negative saturation, for the hybrid structure
prepared into the SL (red), VL (black) and ML (blue) states at remanence.
(b) The image highlights the magnetization difference between the VL and
SL, and zoomed-in views of the magnetization curves in dashed boxes are
shown in (c) near zero field and (d) B320 mT where the Co/Pd underlayer
starts its reversal, respectively.
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underlayer, as PNR is sensitive to structural and magnetic depth
profiles of thin films and multilayers39,40. The hybrid structure
was first prepared into the SL state at remanence. By using a
position-sensitive area detector, both specular and off-specular
scattering (unpolarized) were first captured, as shown in Fig. 4a.
PNR measurements were then performed with a perpendicular
guide field of 6 mT, placing in-plane magnetic contrast in the
spin-flip channel and nuclear contrast in the non-spin-flip
channel, as discussed in Methods. Precise scans along qz
isolate the specular reflection and off-specular scattering from
the first-order rod, which is parallel to the specular reflection,
shown as symbols in Fig. 4b,c, respectively. The specular
reflection (qx¼ 0) identifies strictly the nuclear and magnetic
depth profile of the hybrid structure while the off-specular
reflection, shown at qx¼ 3.6 mm" 1, includes in-plane
contributions from the periodic dot and SL.

The specular reflectivity shows clear oscillations in both the
spin-flip and non-spin-flip channels. Since the coherence of the
neutron beam in the transverse direction is smaller than the dot
diameter, the model used to fit the data was an incoherent sum of
scattering from different regions of the dot array. The fitted
nuclear and magnetic depth profiles (w2¼ 0.70) are shown in
Fig. 4d, and the calculated scattering is shown in Fig. 4b as solid
lines. The nuclear depth profile matches the designed structure
very well. Depth profile of the in-plane magnetization captures
not only the entire thickness of the Co dot but also extends into
the Co/Pd underlayer by 3 nm (solid red curve), indicating an
imprinted interfacial layer. The thickness of the imprinted layer is
consistent with thickness of the ion-irradiated region estimated
from simulations (Supplementary Fig. 2)41. It is this layer that
separates the singularities at the top and bottom interfaces and
provides the topological protection of the skyrmions, as shown by
the magnetization measurements in Fig. 3. The PNR-measured
in-plane moment in the interfacial layer is slightly larger than that
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essentially two discrete vortex annihilation fields. Remanent-state (c) MFM and (d) SEMPA (superimposed onto a scanning electron microscopy image of
the dots) images, after saturating the dots in an in-plane field parallel to the flat edge of the dots to the right, indicate circularity control. Scale bar, 2mm. A
key to the magnetization winding direction is shown in the insets.
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VL and ML states. The yellow arrows mark the core direction in the vortex
and the imprinted region, while the other arrows represent the magnetic
moments in other parts of the structure. (a) Magnetization curves, with the
field sweeping from zero to negative saturation, for the hybrid structure
prepared into the SL (red), VL (black) and ML (blue) states at remanence.
(b) The image highlights the magnetization difference between the VL and
SL, and zoomed-in views of the magnetization curves in dashed boxes are
shown in (c) near zero field and (d) B320 mT where the Co/Pd underlayer
starts its reversal, respectively.
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underlayer, as PNR is sensitive to structural and magnetic depth
profiles of thin films and multilayers39,40. The hybrid structure
was first prepared into the SL state at remanence. By using a
position-sensitive area detector, both specular and off-specular
scattering (unpolarized) were first captured, as shown in Fig. 4a.
PNR measurements were then performed with a perpendicular
guide field of 6 mT, placing in-plane magnetic contrast in the
spin-flip channel and nuclear contrast in the non-spin-flip
channel, as discussed in Methods. Precise scans along qz
isolate the specular reflection and off-specular scattering from
the first-order rod, which is parallel to the specular reflection,
shown as symbols in Fig. 4b,c, respectively. The specular
reflection (qx¼ 0) identifies strictly the nuclear and magnetic
depth profile of the hybrid structure while the off-specular
reflection, shown at qx¼ 3.6 mm" 1, includes in-plane
contributions from the periodic dot and SL.

The specular reflectivity shows clear oscillations in both the
spin-flip and non-spin-flip channels. Since the coherence of the
neutron beam in the transverse direction is smaller than the dot
diameter, the model used to fit the data was an incoherent sum of
scattering from different regions of the dot array. The fitted
nuclear and magnetic depth profiles (w2¼ 0.70) are shown in
Fig. 4d, and the calculated scattering is shown in Fig. 4b as solid
lines. The nuclear depth profile matches the designed structure
very well. Depth profile of the in-plane magnetization captures
not only the entire thickness of the Co dot but also extends into
the Co/Pd underlayer by 3 nm (solid red curve), indicating an
imprinted interfacial layer. The thickness of the imprinted layer is
consistent with thickness of the ion-irradiated region estimated
from simulations (Supplementary Fig. 2)41. It is this layer that
separates the singularities at the top and bottom interfaces and
provides the topological protection of the skyrmions, as shown by
the magnetization measurements in Fig. 3. The PNR-measured
in-plane moment in the interfacial layer is slightly larger than that
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essentially two discrete vortex annihilation fields. Remanent-state (c) MFM and (d) SEMPA (superimposed onto a scanning electron microscopy image of
the dots) images, after saturating the dots in an in-plane field parallel to the flat edge of the dots to the right, indicate circularity control. Scale bar, 2mm. A
key to the magnetization winding direction is shown in the insets.
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and the imprinted region, while the other arrows represent the magnetic
moments in other parts of the structure. (a) Magnetization curves, with the
field sweeping from zero to negative saturation, for the hybrid structure
prepared into the SL (red), VL (black) and ML (blue) states at remanence.
(b) The image highlights the magnetization difference between the VL and
SL, and zoomed-in views of the magnetization curves in dashed boxes are
shown in (c) near zero field and (d) B320 mT where the Co/Pd underlayer
starts its reversal, respectively.
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underlayer, as PNR is sensitive to structural and magnetic depth
profiles of thin films and multilayers39,40. The hybrid structure
was first prepared into the SL state at remanence. By using a
position-sensitive area detector, both specular and off-specular
scattering (unpolarized) were first captured, as shown in Fig. 4a.
PNR measurements were then performed with a perpendicular
guide field of 6 mT, placing in-plane magnetic contrast in the
spin-flip channel and nuclear contrast in the non-spin-flip
channel, as discussed in Methods. Precise scans along qz
isolate the specular reflection and off-specular scattering from
the first-order rod, which is parallel to the specular reflection,
shown as symbols in Fig. 4b,c, respectively. The specular
reflection (qx¼ 0) identifies strictly the nuclear and magnetic
depth profile of the hybrid structure while the off-specular
reflection, shown at qx¼ 3.6 mm" 1, includes in-plane
contributions from the periodic dot and SL.

The specular reflectivity shows clear oscillations in both the
spin-flip and non-spin-flip channels. Since the coherence of the
neutron beam in the transverse direction is smaller than the dot
diameter, the model used to fit the data was an incoherent sum of
scattering from different regions of the dot array. The fitted
nuclear and magnetic depth profiles (w2¼ 0.70) are shown in
Fig. 4d, and the calculated scattering is shown in Fig. 4b as solid
lines. The nuclear depth profile matches the designed structure
very well. Depth profile of the in-plane magnetization captures
not only the entire thickness of the Co dot but also extends into
the Co/Pd underlayer by 3 nm (solid red curve), indicating an
imprinted interfacial layer. The thickness of the imprinted layer is
consistent with thickness of the ion-irradiated region estimated
from simulations (Supplementary Fig. 2)41. It is this layer that
separates the singularities at the top and bottom interfaces and
provides the topological protection of the skyrmions, as shown by
the magnetization measurements in Fig. 3. The PNR-measured
in-plane moment in the interfacial layer is slightly larger than that

1,500

1,000

500

0

–500

–1,000

M
 (

µe
m

u)

–1,500
–60 –30 0 30 60

!oH (mT)

1,200

1,000

800

M
 (

µe
m

u)

!oH (mT)
45 60

a b

c d

Figure 2 | Circularity control. (a) Family of FORCs of the hybrid sample measured in the in-plane geometry. The zoomed-in view in (b) illustrates
essentially two discrete vortex annihilation fields. Remanent-state (c) MFM and (d) SEMPA (superimposed onto a scanning electron microscopy image of
the dots) images, after saturating the dots in an in-plane field parallel to the flat edge of the dots to the right, indicate circularity control. Scale bar, 2mm. A
key to the magnetization winding direction is shown in the insets.
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moments in other parts of the structure. (a) Magnetization curves, with the
field sweeping from zero to negative saturation, for the hybrid structure
prepared into the SL (red), VL (black) and ML (blue) states at remanence.
(b) The image highlights the magnetization difference between the VL and
SL, and zoomed-in views of the magnetization curves in dashed boxes are
shown in (c) near zero field and (d) B320 mT where the Co/Pd underlayer
starts its reversal, respectively.
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magnetically configured into vortex states according to
the known magnetic phase diagram [24,25]. Because of
the random distribution, the vortices would naturally have
different chirality and polarity as shown in Fig. 1(a).
The Skyrmion lattice requires all the vortices to bear
the same chirality and polarity [18]. Therefore, the third
step is to format all the vortices into the same configuration
with the magnetization of the vortex cores oppositely
aligned with the disk surrounding are as shown in
Fig. 1(b). In such a case, a Skyrmion crystal can be created.
As will be demonstrated below, this can be achieved by
the combination of slight disk shape modification and
specific magnetic field treatments. In this study, we use
edge-cut circular disks with the cutting angle of 90!

[see the left disk of the front row shown in Fig. 1(a)],
similar to that in Ref. [26]. All disks are cut along the
same direction.

In the following, we will discuss the feasibility of
the proposal utilizing micromagnetic simulations. Co is
chosen as the disk material as it has a vortex state under
similar geometrical confinement conditions [25]. For the
perpendicular film, CoPt film is used because it has a high
perpendicular anisotropy and is conductive starting from
a thickness of a few nm [27]. The material parameters used
in calculations are exchange constant: ACo ¼ 2:5#
10$11 J=m; saturation magnetization: MCo

S ¼ 1:4#
106 A=m for Co [17]; and ACoPt ¼ 1:5# 10$11 J=m,
MCoPt

S ¼ 5:0# 105 A=m for CoPt [28,29]. A uniaxial
anisotropy perpendicular to the film with constant KCoPt

1 ¼
4:0# 105 J=m3 is included for CoPt [29]. Because sput-
tered Co films are typically polycrystalline, we performed

the calculations assuming zero anisotropy. The calculations
also assumed the single crystalline magnetic anisotropy
value for bulk Co. This only slightly changes the size of
the vortex cores. An interlayer exchange constant between
Co and CoPt of 1:9# 10$11 J=m is also used [23]. The
disks with diameter D and thickness td are aligned into
hexagonal arrays. In addition, the separation between cen-
ters of disks is S. In the calculations, we used 2D periodical
boundary conditions within the plane and a grid size of
2# 2# 1 nm3, which is smaller in length scale than the
exchange length of Co (% 11 nm) and CoPt (% 5 nm). As
a starting point, we chose disks withD ¼ 120 nm and td ¼
18 nm, the CoPt film with thickness tf ¼ 8 nm, and the

separation S ¼ 150 nm, which is close in size to the
Skyrmion crystal geometry reported in Ref. [18]. With
the initial random spin configuration, the results show the
disks are partially in vortex states and partially in C states.
This is due to the dimensions of the disks being within the
bistable region even though the vortex state has lower
energy [25]. The polarity and chirality of the vortices are
randomly distributed, similar to that shown in Fig. 1(a). To
format all the disks into uniform vortices, we proceed with
a magnetic field treatment similar to that reported in
Ref. [30]. We first apply a field of 800 mT perpendicular
to the disks to bring them into the vortex state with the same
polarity. Then we add an in-plane field pulse of 400 mT
along the cutting edge to configure them into the same
chirality. After releasing the perpendicular field, we find
that all the disks are indeed formatted into uniform vortices
of the same polarity and chirality.
During the formatting of the vortex, we find that the disk

surrounding areas are also magnetized in the same direc-
tion of the vortex core due to the applied strong field.
A Skyrmion crystal, however, requires the magnetization
orientation of the vortex core and the vortex surrounding
area aligned oppositely. Therefore, we further apply a
magnetic field with the opposite direction. Remarkably,
we find that the vortex core and the disk surrounding
area can have different switching fields. Figure 2 presents
the calculated zero-field configuration after applying a
field of 400 mT. We find that indeed the CoPt film surro-
unding the disk can be uniformly magnetized oppositely
with the vortex core and without significantly influencing
the vortex configuration. Thus, a Skyrmion crystal is cre-
ated. With the exchange constant and the disk size, one
could also estimate an effective DM interaction constant
[18]. We find it is in the order of 10$3 J=m2 for the sample
discussed above.
To explore topological properties of this artificial

Skyrmion crystal, we computed its local Skyrmion density
! following the description given in Ref. [16]. If ! inte-
grates to 1 or $1 in a unit cell, a topologically stable knot
exists in the magnetization. As shown in Fig. 3(a), the
Skyrmion density is finite and oscillates as a function of
the position, similar to that shown in Ref. [16]. Moreover,

FIG. 1 (color online). Proposed pathway for creating the 2D
Skyrmion crystal. (a) Ordered arrays of magnetic submicron
disks are prepared on top of a film with perpendicular anisotropy.
The arrows represent the magnetization orientation of the local
moments. (b) Skyrmion lattice creation with the field treatment
mentioned in the text.
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underlayer, as PNR is sensitive to structural and magnetic depth
profiles of thin films and multilayers39,40. The hybrid structure
was first prepared into the SL state at remanence. By using a
position-sensitive area detector, both specular and off-specular
scattering (unpolarized) were first captured, as shown in Fig. 4a.
PNR measurements were then performed with a perpendicular
guide field of 6 mT, placing in-plane magnetic contrast in the
spin-flip channel and nuclear contrast in the non-spin-flip
channel, as discussed in Methods. Precise scans along qz
isolate the specular reflection and off-specular scattering from
the first-order rod, which is parallel to the specular reflection,
shown as symbols in Fig. 4b,c, respectively. The specular
reflection (qx¼ 0) identifies strictly the nuclear and magnetic
depth profile of the hybrid structure while the off-specular
reflection, shown at qx¼ 3.6 mm" 1, includes in-plane
contributions from the periodic dot and SL.

The specular reflectivity shows clear oscillations in both the
spin-flip and non-spin-flip channels. Since the coherence of the
neutron beam in the transverse direction is smaller than the dot
diameter, the model used to fit the data was an incoherent sum of
scattering from different regions of the dot array. The fitted
nuclear and magnetic depth profiles (w2¼ 0.70) are shown in
Fig. 4d, and the calculated scattering is shown in Fig. 4b as solid
lines. The nuclear depth profile matches the designed structure
very well. Depth profile of the in-plane magnetization captures
not only the entire thickness of the Co dot but also extends into
the Co/Pd underlayer by 3 nm (solid red curve), indicating an
imprinted interfacial layer. The thickness of the imprinted layer is
consistent with thickness of the ion-irradiated region estimated
from simulations (Supplementary Fig. 2)41. It is this layer that
separates the singularities at the top and bottom interfaces and
provides the topological protection of the skyrmions, as shown by
the magnetization measurements in Fig. 3. The PNR-measured
in-plane moment in the interfacial layer is slightly larger than that
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Figure 2 | Circularity control. (a) Family of FORCs of the hybrid sample measured in the in-plane geometry. The zoomed-in view in (b) illustrates
essentially two discrete vortex annihilation fields. Remanent-state (c) MFM and (d) SEMPA (superimposed onto a scanning electron microscopy image of
the dots) images, after saturating the dots in an in-plane field parallel to the flat edge of the dots to the right, indicate circularity control. Scale bar, 2mm. A
key to the magnetization winding direction is shown in the insets.
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Figure 3 | Polarity control. Top row shows schematic illustrations of the SL,
VL and ML states. The yellow arrows mark the core direction in the vortex
and the imprinted region, while the other arrows represent the magnetic
moments in other parts of the structure. (a) Magnetization curves, with the
field sweeping from zero to negative saturation, for the hybrid structure
prepared into the SL (red), VL (black) and ML (blue) states at remanence.
(b) The image highlights the magnetization difference between the VL and
SL, and zoomed-in views of the magnetization curves in dashed boxes are
shown in (c) near zero field and (d) B320 mT where the Co/Pd underlayer
starts its reversal, respectively.
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out-of-plane

underlayer, as PNR is sensitive to structural and magnetic depth
profiles of thin films and multilayers39,40. The hybrid structure
was first prepared into the SL state at remanence. By using a
position-sensitive area detector, both specular and off-specular
scattering (unpolarized) were first captured, as shown in Fig. 4a.
PNR measurements were then performed with a perpendicular
guide field of 6 mT, placing in-plane magnetic contrast in the
spin-flip channel and nuclear contrast in the non-spin-flip
channel, as discussed in Methods. Precise scans along qz
isolate the specular reflection and off-specular scattering from
the first-order rod, which is parallel to the specular reflection,
shown as symbols in Fig. 4b,c, respectively. The specular
reflection (qx¼ 0) identifies strictly the nuclear and magnetic
depth profile of the hybrid structure while the off-specular
reflection, shown at qx¼ 3.6 mm" 1, includes in-plane
contributions from the periodic dot and SL.

The specular reflectivity shows clear oscillations in both the
spin-flip and non-spin-flip channels. Since the coherence of the
neutron beam in the transverse direction is smaller than the dot
diameter, the model used to fit the data was an incoherent sum of
scattering from different regions of the dot array. The fitted
nuclear and magnetic depth profiles (w2¼ 0.70) are shown in
Fig. 4d, and the calculated scattering is shown in Fig. 4b as solid
lines. The nuclear depth profile matches the designed structure
very well. Depth profile of the in-plane magnetization captures
not only the entire thickness of the Co dot but also extends into
the Co/Pd underlayer by 3 nm (solid red curve), indicating an
imprinted interfacial layer. The thickness of the imprinted layer is
consistent with thickness of the ion-irradiated region estimated
from simulations (Supplementary Fig. 2)41. It is this layer that
separates the singularities at the top and bottom interfaces and
provides the topological protection of the skyrmions, as shown by
the magnetization measurements in Fig. 3. The PNR-measured
in-plane moment in the interfacial layer is slightly larger than that
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Figure 2 | Circularity control. (a) Family of FORCs of the hybrid sample measured in the in-plane geometry. The zoomed-in view in (b) illustrates
essentially two discrete vortex annihilation fields. Remanent-state (c) MFM and (d) SEMPA (superimposed onto a scanning electron microscopy image of
the dots) images, after saturating the dots in an in-plane field parallel to the flat edge of the dots to the right, indicate circularity control. Scale bar, 2mm. A
key to the magnetization winding direction is shown in the insets.
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Figure 3 | Polarity control. Top row shows schematic illustrations of the SL,
VL and ML states. The yellow arrows mark the core direction in the vortex
and the imprinted region, while the other arrows represent the magnetic
moments in other parts of the structure. (a) Magnetization curves, with the
field sweeping from zero to negative saturation, for the hybrid structure
prepared into the SL (red), VL (black) and ML (blue) states at remanence.
(b) The image highlights the magnetization difference between the VL and
SL, and zoomed-in views of the magnetization curves in dashed boxes are
shown in (c) near zero field and (d) B320 mT where the Co/Pd underlayer
starts its reversal, respectively.
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underlayer, as PNR is sensitive to structural and magnetic depth
profiles of thin films and multilayers39,40. The hybrid structure
was first prepared into the SL state at remanence. By using a
position-sensitive area detector, both specular and off-specular
scattering (unpolarized) were first captured, as shown in Fig. 4a.
PNR measurements were then performed with a perpendicular
guide field of 6 mT, placing in-plane magnetic contrast in the
spin-flip channel and nuclear contrast in the non-spin-flip
channel, as discussed in Methods. Precise scans along qz
isolate the specular reflection and off-specular scattering from
the first-order rod, which is parallel to the specular reflection,
shown as symbols in Fig. 4b,c, respectively. The specular
reflection (qx¼ 0) identifies strictly the nuclear and magnetic
depth profile of the hybrid structure while the off-specular
reflection, shown at qx¼ 3.6 mm" 1, includes in-plane
contributions from the periodic dot and SL.

The specular reflectivity shows clear oscillations in both the
spin-flip and non-spin-flip channels. Since the coherence of the
neutron beam in the transverse direction is smaller than the dot
diameter, the model used to fit the data was an incoherent sum of
scattering from different regions of the dot array. The fitted
nuclear and magnetic depth profiles (w2¼ 0.70) are shown in
Fig. 4d, and the calculated scattering is shown in Fig. 4b as solid
lines. The nuclear depth profile matches the designed structure
very well. Depth profile of the in-plane magnetization captures
not only the entire thickness of the Co dot but also extends into
the Co/Pd underlayer by 3 nm (solid red curve), indicating an
imprinted interfacial layer. The thickness of the imprinted layer is
consistent with thickness of the ion-irradiated region estimated
from simulations (Supplementary Fig. 2)41. It is this layer that
separates the singularities at the top and bottom interfaces and
provides the topological protection of the skyrmions, as shown by
the magnetization measurements in Fig. 3. The PNR-measured
in-plane moment in the interfacial layer is slightly larger than that
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underlayer, as PNR is sensitive to structural and magnetic depth
profiles of thin films and multilayers39,40. The hybrid structure
was first prepared into the SL state at remanence. By using a
position-sensitive area detector, both specular and off-specular
scattering (unpolarized) were first captured, as shown in Fig. 4a.
PNR measurements were then performed with a perpendicular
guide field of 6 mT, placing in-plane magnetic contrast in the
spin-flip channel and nuclear contrast in the non-spin-flip
channel, as discussed in Methods. Precise scans along qz
isolate the specular reflection and off-specular scattering from
the first-order rod, which is parallel to the specular reflection,
shown as symbols in Fig. 4b,c, respectively. The specular
reflection (qx¼ 0) identifies strictly the nuclear and magnetic
depth profile of the hybrid structure while the off-specular
reflection, shown at qx¼ 3.6 mm" 1, includes in-plane
contributions from the periodic dot and SL.

The specular reflectivity shows clear oscillations in both the
spin-flip and non-spin-flip channels. Since the coherence of the
neutron beam in the transverse direction is smaller than the dot
diameter, the model used to fit the data was an incoherent sum of
scattering from different regions of the dot array. The fitted
nuclear and magnetic depth profiles (w2¼ 0.70) are shown in
Fig. 4d, and the calculated scattering is shown in Fig. 4b as solid
lines. The nuclear depth profile matches the designed structure
very well. Depth profile of the in-plane magnetization captures
not only the entire thickness of the Co dot but also extends into
the Co/Pd underlayer by 3 nm (solid red curve), indicating an
imprinted interfacial layer. The thickness of the imprinted layer is
consistent with thickness of the ion-irradiated region estimated
from simulations (Supplementary Fig. 2)41. It is this layer that
separates the singularities at the top and bottom interfaces and
provides the topological protection of the skyrmions, as shown by
the magnetization measurements in Fig. 3. The PNR-measured
in-plane moment in the interfacial layer is slightly larger than that
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the dots) images, after saturating the dots in an in-plane field parallel to the flat edge of the dots to the right, indicate circularity control. Scale bar, 2mm. A
key to the magnetization winding direction is shown in the insets.
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field sweeping from zero to negative saturation, for the hybrid structure
prepared into the SL (red), VL (black) and ML (blue) states at remanence.
(b) The image highlights the magnetization difference between the VL and
SL, and zoomed-in views of the magnetization curves in dashed boxes are
shown in (c) near zero field and (d) B320 mT where the Co/Pd underlayer
starts its reversal, respectively.
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underlayer, as PNR is sensitive to structural and magnetic depth
profiles of thin films and multilayers39,40. The hybrid structure
was first prepared into the SL state at remanence. By using a
position-sensitive area detector, both specular and off-specular
scattering (unpolarized) were first captured, as shown in Fig. 4a.
PNR measurements were then performed with a perpendicular
guide field of 6 mT, placing in-plane magnetic contrast in the
spin-flip channel and nuclear contrast in the non-spin-flip
channel, as discussed in Methods. Precise scans along qz
isolate the specular reflection and off-specular scattering from
the first-order rod, which is parallel to the specular reflection,
shown as symbols in Fig. 4b,c, respectively. The specular
reflection (qx¼ 0) identifies strictly the nuclear and magnetic
depth profile of the hybrid structure while the off-specular
reflection, shown at qx¼ 3.6 mm" 1, includes in-plane
contributions from the periodic dot and SL.

The specular reflectivity shows clear oscillations in both the
spin-flip and non-spin-flip channels. Since the coherence of the
neutron beam in the transverse direction is smaller than the dot
diameter, the model used to fit the data was an incoherent sum of
scattering from different regions of the dot array. The fitted
nuclear and magnetic depth profiles (w2¼ 0.70) are shown in
Fig. 4d, and the calculated scattering is shown in Fig. 4b as solid
lines. The nuclear depth profile matches the designed structure
very well. Depth profile of the in-plane magnetization captures
not only the entire thickness of the Co dot but also extends into
the Co/Pd underlayer by 3 nm (solid red curve), indicating an
imprinted interfacial layer. The thickness of the imprinted layer is
consistent with thickness of the ion-irradiated region estimated
from simulations (Supplementary Fig. 2)41. It is this layer that
separates the singularities at the top and bottom interfaces and
provides the topological protection of the skyrmions, as shown by
the magnetization measurements in Fig. 3. The PNR-measured
in-plane moment in the interfacial layer is slightly larger than that
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key to the magnetization winding direction is shown in the insets.
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(b) The image highlights the magnetization difference between the VL and
SL, and zoomed-in views of the magnetization curves in dashed boxes are
shown in (c) near zero field and (d) B320 mT where the Co/Pd underlayer
starts its reversal, respectively.
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direction and subsequently a 1,000-Oe out-of-plane magnetic
field in the þ z direction. The simulation result clearly shows the
formation of skyrmions in the Ni film. In fact, numerical
calculation of the skyrmion number using equation (1) from the
Ni spin texture in Fig. 3c yields N¼ 0.0001 for skyrmion core
parallel to the surrounding Ni spins and N¼ 0.9965 for skyrmion
core antiparallel to the surrounding Ni spins.

Annihilation of skyrmion. To reveal the topological effect of the
skyrmion, we studied the skyrmion core annihilation by applying
an in-plane magnetic field of various strengths. Within an in-
plane magnetic field, the skyrmion core moves sideways to
expand the domain parallel to the field39. If the in-plane field is
not strong enough to push the core out of the disk (for example,
annihilate the skyrmion core), the skyrmion core will move back
to the disk central region after turning off the field. On the other
hand, if the in-plane field reaches a critical field to annihilate the
skyrmion core by pushing it out of the disk region, the disk region
will be converted from a vortex state to a single domain state.
As the Co dots have the radius of 1mm and thickness of 30 nm,
which lead to a bistable phase of Co domain within the disk
region (vortex state and single domain state are both stable under
zero magnetic field)40, the single domain state will remain so after
turning off the magnetic field. An interesting question is whether
the N¼ 0 state and N¼ 1 skyrmion state need the same critical
field to annihilate the skyrmion core (for example, to change the
central vortex disk into a single domain state). Figure 4 shows the
PEEM images of the central vortex state after application of an in-
plane magnetic field pulse of different strengths. The Co spin
texture is imaged but, as discussed above, is also representative of
the strongly exchange coupled Ni spins. For the N¼ 0 state, the
central vortex state remains after the application of an in-plane
magnetic field pulse up to B100 Oe and switches to the single
domain state for field greater than B110 Oe (Fig. 4a). In contrast,
the N¼ 1 skyrmion central vortex state remains up to a field of
B140 Oe and switches to the single domain state for field greater
than B160 Oe (Fig. 4b). As the PEEM images in Fig. 4a,b are
taken from the same disk, we attribute the different critical fields
in annihilating the skyrmion core to the different topologies of
the skyrmion: a lower critical field for N¼ 0 state as opposed to a
greater field for N¼ 1 skyrmion. We fabricated and measured
15 samples. Although the critical field varies from sample to
sample due to inhomogeneity, we observe the same result that the
critical field for N¼ 1 skyrmion is greater than the critical field
for N¼ 0 state.

N= 0

N= 1

H= 0 Oe H= 30 Oe H= 55 Oe H= 80 Oe H= 110 Oe H= 135 Oe H= 160 Oe

Figure 4 | The skyrmion PEEM images after applying an in-plane magnetic field pulse. The central vortex is surrounded by out-of-plane Ni spins as
indicated by the yellow symbols. (a) N¼0 state for parallel alignment between the central vortex core and the surrounding Ni spins, and (b) N¼ 1
skyrmion for antiparallel alignment between the central vortex core and the surrounding Ni spins. The critical field needed to switch the central vortex disk
to the single-domain disk (N¼0 state) is weaker for N¼0 state than N¼ 1 skyrmion, suggesting a topological effect of in the skyrmion core annihilation
process.
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Figure 5 | Simulation result of the Co and Ni domains within different
out-of-plane magnetic fields. (a) H¼0 Oe; (b) H¼ 1000 Oe; (c)
H¼ 3000 Oe; (d) H¼6000 Oe. The surrounding out-of-plane Ni spins
switch from # z to þ z directions above H¼800 Oe, but the central vortex
core switches its polarity from # z to þ z directions at H¼ 6,000Oe.
This allows the switching of the skyrmion topology between N¼0 and
N¼ 1 states by switching the surrounding Ni spin direction using an
800-Oe out-of-plane magnetic field without switching the central vortex
core polarity.
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direction and subsequently a 1,000-Oe out-of-plane magnetic
field in the þ z direction. The simulation result clearly shows the
formation of skyrmions in the Ni film. In fact, numerical
calculation of the skyrmion number using equation (1) from the
Ni spin texture in Fig. 3c yields N¼ 0.0001 for skyrmion core
parallel to the surrounding Ni spins and N¼ 0.9965 for skyrmion
core antiparallel to the surrounding Ni spins.

Annihilation of skyrmion. To reveal the topological effect of the
skyrmion, we studied the skyrmion core annihilation by applying
an in-plane magnetic field of various strengths. Within an in-
plane magnetic field, the skyrmion core moves sideways to
expand the domain parallel to the field39. If the in-plane field is
not strong enough to push the core out of the disk (for example,
annihilate the skyrmion core), the skyrmion core will move back
to the disk central region after turning off the field. On the other
hand, if the in-plane field reaches a critical field to annihilate the
skyrmion core by pushing it out of the disk region, the disk region
will be converted from a vortex state to a single domain state.
As the Co dots have the radius of 1mm and thickness of 30 nm,
which lead to a bistable phase of Co domain within the disk
region (vortex state and single domain state are both stable under
zero magnetic field)40, the single domain state will remain so after
turning off the magnetic field. An interesting question is whether
the N¼ 0 state and N¼ 1 skyrmion state need the same critical
field to annihilate the skyrmion core (for example, to change the
central vortex disk into a single domain state). Figure 4 shows the
PEEM images of the central vortex state after application of an in-
plane magnetic field pulse of different strengths. The Co spin
texture is imaged but, as discussed above, is also representative of
the strongly exchange coupled Ni spins. For the N¼ 0 state, the
central vortex state remains after the application of an in-plane
magnetic field pulse up to B100 Oe and switches to the single
domain state for field greater than B110 Oe (Fig. 4a). In contrast,
the N¼ 1 skyrmion central vortex state remains up to a field of
B140 Oe and switches to the single domain state for field greater
than B160 Oe (Fig. 4b). As the PEEM images in Fig. 4a,b are
taken from the same disk, we attribute the different critical fields
in annihilating the skyrmion core to the different topologies of
the skyrmion: a lower critical field for N¼ 0 state as opposed to a
greater field for N¼ 1 skyrmion. We fabricated and measured
15 samples. Although the critical field varies from sample to
sample due to inhomogeneity, we observe the same result that the
critical field for N¼ 1 skyrmion is greater than the critical field
for N¼ 0 state.
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Figure 4 | The skyrmion PEEM images after applying an in-plane magnetic field pulse. The central vortex is surrounded by out-of-plane Ni spins as
indicated by the yellow symbols. (a) N¼0 state for parallel alignment between the central vortex core and the surrounding Ni spins, and (b) N¼ 1
skyrmion for antiparallel alignment between the central vortex core and the surrounding Ni spins. The critical field needed to switch the central vortex disk
to the single-domain disk (N¼0 state) is weaker for N¼0 state than N¼ 1 skyrmion, suggesting a topological effect of in the skyrmion core annihilation
process.
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Figure 5 | Simulation result of the Co and Ni domains within different
out-of-plane magnetic fields. (a) H¼0 Oe; (b) H¼ 1000 Oe; (c)
H¼ 3000 Oe; (d) H¼6000 Oe. The surrounding out-of-plane Ni spins
switch from # z to þ z directions above H¼800 Oe, but the central vortex
core switches its polarity from # z to þ z directions at H¼ 6,000Oe.
This allows the switching of the skyrmion topology between N¼0 and
N¼ 1 states by switching the surrounding Ni spin direction using an
800-Oe out-of-plane magnetic field without switching the central vortex
core polarity.
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direction and subsequently a 1,000-Oe out-of-plane magnetic
field in the þ z direction. The simulation result clearly shows the
formation of skyrmions in the Ni film. In fact, numerical
calculation of the skyrmion number using equation (1) from the
Ni spin texture in Fig. 3c yields N¼ 0.0001 for skyrmion core
parallel to the surrounding Ni spins and N¼ 0.9965 for skyrmion
core antiparallel to the surrounding Ni spins.

Annihilation of skyrmion. To reveal the topological effect of the
skyrmion, we studied the skyrmion core annihilation by applying
an in-plane magnetic field of various strengths. Within an in-
plane magnetic field, the skyrmion core moves sideways to
expand the domain parallel to the field39. If the in-plane field is
not strong enough to push the core out of the disk (for example,
annihilate the skyrmion core), the skyrmion core will move back
to the disk central region after turning off the field. On the other
hand, if the in-plane field reaches a critical field to annihilate the
skyrmion core by pushing it out of the disk region, the disk region
will be converted from a vortex state to a single domain state.
As the Co dots have the radius of 1mm and thickness of 30 nm,
which lead to a bistable phase of Co domain within the disk
region (vortex state and single domain state are both stable under
zero magnetic field)40, the single domain state will remain so after
turning off the magnetic field. An interesting question is whether
the N¼ 0 state and N¼ 1 skyrmion state need the same critical
field to annihilate the skyrmion core (for example, to change the
central vortex disk into a single domain state). Figure 4 shows the
PEEM images of the central vortex state after application of an in-
plane magnetic field pulse of different strengths. The Co spin
texture is imaged but, as discussed above, is also representative of
the strongly exchange coupled Ni spins. For the N¼ 0 state, the
central vortex state remains after the application of an in-plane
magnetic field pulse up to B100 Oe and switches to the single
domain state for field greater than B110 Oe (Fig. 4a). In contrast,
the N¼ 1 skyrmion central vortex state remains up to a field of
B140 Oe and switches to the single domain state for field greater
than B160 Oe (Fig. 4b). As the PEEM images in Fig. 4a,b are
taken from the same disk, we attribute the different critical fields
in annihilating the skyrmion core to the different topologies of
the skyrmion: a lower critical field for N¼ 0 state as opposed to a
greater field for N¼ 1 skyrmion. We fabricated and measured
15 samples. Although the critical field varies from sample to
sample due to inhomogeneity, we observe the same result that the
critical field for N¼ 1 skyrmion is greater than the critical field
for N¼ 0 state.
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Figure 4 | The skyrmion PEEM images after applying an in-plane magnetic field pulse. The central vortex is surrounded by out-of-plane Ni spins as
indicated by the yellow symbols. (a) N¼0 state for parallel alignment between the central vortex core and the surrounding Ni spins, and (b) N¼ 1
skyrmion for antiparallel alignment between the central vortex core and the surrounding Ni spins. The critical field needed to switch the central vortex disk
to the single-domain disk (N¼0 state) is weaker for N¼0 state than N¼ 1 skyrmion, suggesting a topological effect of in the skyrmion core annihilation
process.
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Figure 5 | Simulation result of the Co and Ni domains within different
out-of-plane magnetic fields. (a) H¼0 Oe; (b) H¼ 1000 Oe; (c)
H¼ 3000 Oe; (d) H¼6000 Oe. The surrounding out-of-plane Ni spins
switch from # z to þ z directions above H¼800 Oe, but the central vortex
core switches its polarity from # z to þ z directions at H¼ 6,000Oe.
This allows the switching of the skyrmion topology between N¼0 and
N¼ 1 states by switching the surrounding Ni spin direction using an
800-Oe out-of-plane magnetic field without switching the central vortex
core polarity.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms5704

4 NATURE COMMUNICATIONS | 5:4704 | DOI: 10.1038/ncomms5704 | www.nature.com/naturecommunications

& 2014 Macmillan Publishers Limited. All rights reserved.

direction and subsequently a 1,000-Oe out-of-plane magnetic
field in the þ z direction. The simulation result clearly shows the
formation of skyrmions in the Ni film. In fact, numerical
calculation of the skyrmion number using equation (1) from the
Ni spin texture in Fig. 3c yields N¼ 0.0001 for skyrmion core
parallel to the surrounding Ni spins and N¼ 0.9965 for skyrmion
core antiparallel to the surrounding Ni spins.

Annihilation of skyrmion. To reveal the topological effect of the
skyrmion, we studied the skyrmion core annihilation by applying
an in-plane magnetic field of various strengths. Within an in-
plane magnetic field, the skyrmion core moves sideways to
expand the domain parallel to the field39. If the in-plane field is
not strong enough to push the core out of the disk (for example,
annihilate the skyrmion core), the skyrmion core will move back
to the disk central region after turning off the field. On the other
hand, if the in-plane field reaches a critical field to annihilate the
skyrmion core by pushing it out of the disk region, the disk region
will be converted from a vortex state to a single domain state.
As the Co dots have the radius of 1mm and thickness of 30 nm,
which lead to a bistable phase of Co domain within the disk
region (vortex state and single domain state are both stable under
zero magnetic field)40, the single domain state will remain so after
turning off the magnetic field. An interesting question is whether
the N¼ 0 state and N¼ 1 skyrmion state need the same critical
field to annihilate the skyrmion core (for example, to change the
central vortex disk into a single domain state). Figure 4 shows the
PEEM images of the central vortex state after application of an in-
plane magnetic field pulse of different strengths. The Co spin
texture is imaged but, as discussed above, is also representative of
the strongly exchange coupled Ni spins. For the N¼ 0 state, the
central vortex state remains after the application of an in-plane
magnetic field pulse up to B100 Oe and switches to the single
domain state for field greater than B110 Oe (Fig. 4a). In contrast,
the N¼ 1 skyrmion central vortex state remains up to a field of
B140 Oe and switches to the single domain state for field greater
than B160 Oe (Fig. 4b). As the PEEM images in Fig. 4a,b are
taken from the same disk, we attribute the different critical fields
in annihilating the skyrmion core to the different topologies of
the skyrmion: a lower critical field for N¼ 0 state as opposed to a
greater field for N¼ 1 skyrmion. We fabricated and measured
15 samples. Although the critical field varies from sample to
sample due to inhomogeneity, we observe the same result that the
critical field for N¼ 1 skyrmion is greater than the critical field
for N¼ 0 state.
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Figure 4 | The skyrmion PEEM images after applying an in-plane magnetic field pulse. The central vortex is surrounded by out-of-plane Ni spins as
indicated by the yellow symbols. (a) N¼0 state for parallel alignment between the central vortex core and the surrounding Ni spins, and (b) N¼ 1
skyrmion for antiparallel alignment between the central vortex core and the surrounding Ni spins. The critical field needed to switch the central vortex disk
to the single-domain disk (N¼0 state) is weaker for N¼0 state than N¼ 1 skyrmion, suggesting a topological effect of in the skyrmion core annihilation
process.
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Figure 5 | Simulation result of the Co and Ni domains within different
out-of-plane magnetic fields. (a) H¼0 Oe; (b) H¼ 1000 Oe; (c)
H¼ 3000 Oe; (d) H¼6000 Oe. The surrounding out-of-plane Ni spins
switch from # z to þ z directions above H¼800 Oe, but the central vortex
core switches its polarity from # z to þ z directions at H¼ 6,000Oe.
This allows the switching of the skyrmion topology between N¼0 and
N¼ 1 states by switching the surrounding Ni spin direction using an
800-Oe out-of-plane magnetic field without switching the central vortex
core polarity.
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direction and subsequently a 1,000-Oe out-of-plane magnetic
field in the þ z direction. The simulation result clearly shows the
formation of skyrmions in the Ni film. In fact, numerical
calculation of the skyrmion number using equation (1) from the
Ni spin texture in Fig. 3c yields N¼ 0.0001 for skyrmion core
parallel to the surrounding Ni spins and N¼ 0.9965 for skyrmion
core antiparallel to the surrounding Ni spins.

Annihilation of skyrmion. To reveal the topological effect of the
skyrmion, we studied the skyrmion core annihilation by applying
an in-plane magnetic field of various strengths. Within an in-
plane magnetic field, the skyrmion core moves sideways to
expand the domain parallel to the field39. If the in-plane field is
not strong enough to push the core out of the disk (for example,
annihilate the skyrmion core), the skyrmion core will move back
to the disk central region after turning off the field. On the other
hand, if the in-plane field reaches a critical field to annihilate the
skyrmion core by pushing it out of the disk region, the disk region
will be converted from a vortex state to a single domain state.
As the Co dots have the radius of 1mm and thickness of 30 nm,
which lead to a bistable phase of Co domain within the disk
region (vortex state and single domain state are both stable under
zero magnetic field)40, the single domain state will remain so after
turning off the magnetic field. An interesting question is whether
the N¼ 0 state and N¼ 1 skyrmion state need the same critical
field to annihilate the skyrmion core (for example, to change the
central vortex disk into a single domain state). Figure 4 shows the
PEEM images of the central vortex state after application of an in-
plane magnetic field pulse of different strengths. The Co spin
texture is imaged but, as discussed above, is also representative of
the strongly exchange coupled Ni spins. For the N¼ 0 state, the
central vortex state remains after the application of an in-plane
magnetic field pulse up to B100 Oe and switches to the single
domain state for field greater than B110 Oe (Fig. 4a). In contrast,
the N¼ 1 skyrmion central vortex state remains up to a field of
B140 Oe and switches to the single domain state for field greater
than B160 Oe (Fig. 4b). As the PEEM images in Fig. 4a,b are
taken from the same disk, we attribute the different critical fields
in annihilating the skyrmion core to the different topologies of
the skyrmion: a lower critical field for N¼ 0 state as opposed to a
greater field for N¼ 1 skyrmion. We fabricated and measured
15 samples. Although the critical field varies from sample to
sample due to inhomogeneity, we observe the same result that the
critical field for N¼ 1 skyrmion is greater than the critical field
for N¼ 0 state.

N= 0

N= 1

H= 0 Oe H= 30 Oe H= 55 Oe H= 80 Oe H= 110 Oe H= 135 Oe H= 160 Oe

Figure 4 | The skyrmion PEEM images after applying an in-plane magnetic field pulse. The central vortex is surrounded by out-of-plane Ni spins as
indicated by the yellow symbols. (a) N¼0 state for parallel alignment between the central vortex core and the surrounding Ni spins, and (b) N¼ 1
skyrmion for antiparallel alignment between the central vortex core and the surrounding Ni spins. The critical field needed to switch the central vortex disk
to the single-domain disk (N¼0 state) is weaker for N¼0 state than N¼ 1 skyrmion, suggesting a topological effect of in the skyrmion core annihilation
process.
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Figure 5 | Simulation result of the Co and Ni domains within different
out-of-plane magnetic fields. (a) H¼0 Oe; (b) H¼ 1000 Oe; (c)
H¼ 3000 Oe; (d) H¼6000 Oe. The surrounding out-of-plane Ni spins
switch from # z to þ z directions above H¼800 Oe, but the central vortex
core switches its polarity from # z to þ z directions at H¼ 6,000Oe.
This allows the switching of the skyrmion topology between N¼0 and
N¼ 1 states by switching the surrounding Ni spin direction using an
800-Oe out-of-plane magnetic field without switching the central vortex
core polarity.
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• Statement	

Non-trivial	topological	states	(skyrmions)	

possess	larger	stability	due	to	unwinding	

• Proven	by	imaging	remanent	states	

aser	field	pulse	excitaion

ferromagnetic layer with the same domain pattern. This assertion
is further confirmed by our micromagnetic simulations (see
below). Thus, we conclude that the Ni region beneath the Co disk
follows the same Co vortex structure. This creates a magnetic
system in which the Co disk (together with the Ni below the disk)
forms an in-plane magnetic vortex with the Ni spins surrounding
the disk having an out-of-plane magnetization. Note that an
isolated magnetic vortex is half of a skyrmion36 and that a vortex
connected to an out-of-plane spin environment is a full skyrmion;
our system of the central vortex connected to the out-of-plane
surrounding Ni spins thus corresponds exactly to the skyrmion
spin texture proposed in ref. 32. The topology of a skyrmion is
characterized by an integer index (the so-called skyrmion
number)11

N ¼ 1
4p

Z
dxdyn " @xn#@yn

! "
ð1Þ

where nðx; yÞ is the normalized magnetization field (n ¼ M=jMj).
The beauty of the skyrmion topology is that the skyrmion
number is topologically invariant against a smooth deformation
of the spin texture. In particular, the two skyrmion textures for a
central vortex surrounded by out-of-plane spins have indices of
N¼ 0 and N¼ 1, which are determined only by the central vortex
core polarity relative to the surrounding out-of-plane spins
(N¼ 0 for parallel alignment and N¼ 1 for antiparallel

alignment) regardless of the spin texture details11,37. In our
experiment, we realize the N¼ 0 state by first applying a
H¼ 20,000 Oe magnetic field in the out-of-plane direction and
then turning off the field. As both the Ni film and the Co disk
have an out-of-plane saturation field o20,000 Oe (Fig. 2), the
central vortex core polarity after turning off the magnetic field
will be parallel to the surrounding Ni spins to form the N¼ 0
state (Fig. 3b). To prepare the N¼ 1 skyrmion state, we apply an
800-Oe magnetic field to the N¼ 0 state in the opposite direction
of the original 20,000 Oe direction (for example, opposite to the
core polarity direction) and then turn off the field. As the
magnetic coercivity of the surrounding Ni is 500 Oe and the core
polarity reversal field for a permalloy disk is 43,000 Oe38 (our
simulation result shows that the vortex core switching field for
our Co/Ni disk should be B6,000 Oe), the 800-Oe field will only
reverse the surrounding Ni spin direction without reversing the
central vortex core polarity. Therefore, the ending state has
opposite orientation between the central vortex core polarity and
the surrounding Ni spins, that is, the N¼ 1 skyrmion state
(Fig. 3b). We performed micromagnetic simulations using the
parameters of our experimental system. Figure 3c shows the
simulation result of the Co and Ni remanent domains after
applying a 20,000-Oe out-of-plane magnetic field in the & z
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Figure 2 | Element-specific magnetic measurement of the Co disk and
the surrounding Ni. (a) PEEM image of the Co(disk)/Ni(30 Ml)/Cu(001)
sample fabricated using shadow mask. (b) X-ray absorption spectra (XAS)
of Co and Ni at 2p levels for left circular polarized X-ray. The difference of
the XAS for magnetization parallel (red colour) and antiparallel (blue
colour) to the X-ray beam represents the element-specific XMCD signal.
(c) Element-specific hysteresis loops shows that the Co disk (together with
the Ni below the disk) has an in-plane magnetization and the Ni
surrounding the disk has an out-of-plane magnetization. (d) Co PEEM
images with different X-ray incident directions show that the Co disk in
Co(disk)/Ni(30 Ml)/Cu(100) forms a magnetic vortex state. The central
vortex plus the surrounding out-of-plane Ni spins correspond to a
magnetic skyrmion32.
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Figure 3 | A magnetic skyrmion consists of a central in-plane vortex and
the surrounding out-of-plane spins. (a) N¼0 state and N¼ 1 skyrmion
state are characterized by a parallel and antiparallel alignment of the
central vortex core polarity relative to the surrounding out-of-plane spins,
respectively. (b) N¼0 state and N¼ 1 skyrmion state in Co(disk)/
Ni(30 Ml)/Cu(100) can be prepared by switching the surrounding Ni spin
direction without switching the central vortex core polarity using an
800-Oe out-of-plane magnetic field. (c) Micromagnetic simulation
confirms the formation of N¼0 state and N¼ 1 skyrmion state by
switching the surrounding Ni spin direction without changing the core
polarity (blue dot at the centre).
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direction and subsequently a 1,000-Oe out-of-plane magnetic
field in the þ z direction. The simulation result clearly shows the
formation of skyrmions in the Ni film. In fact, numerical
calculation of the skyrmion number using equation (1) from the
Ni spin texture in Fig. 3c yields N¼ 0.0001 for skyrmion core
parallel to the surrounding Ni spins and N¼ 0.9965 for skyrmion
core antiparallel to the surrounding Ni spins.

Annihilation of skyrmion. To reveal the topological effect of the
skyrmion, we studied the skyrmion core annihilation by applying
an in-plane magnetic field of various strengths. Within an in-
plane magnetic field, the skyrmion core moves sideways to
expand the domain parallel to the field39. If the in-plane field is
not strong enough to push the core out of the disk (for example,
annihilate the skyrmion core), the skyrmion core will move back
to the disk central region after turning off the field. On the other
hand, if the in-plane field reaches a critical field to annihilate the
skyrmion core by pushing it out of the disk region, the disk region
will be converted from a vortex state to a single domain state.
As the Co dots have the radius of 1mm and thickness of 30 nm,
which lead to a bistable phase of Co domain within the disk
region (vortex state and single domain state are both stable under
zero magnetic field)40, the single domain state will remain so after
turning off the magnetic field. An interesting question is whether
the N¼ 0 state and N¼ 1 skyrmion state need the same critical
field to annihilate the skyrmion core (for example, to change the
central vortex disk into a single domain state). Figure 4 shows the
PEEM images of the central vortex state after application of an in-
plane magnetic field pulse of different strengths. The Co spin
texture is imaged but, as discussed above, is also representative of
the strongly exchange coupled Ni spins. For the N¼ 0 state, the
central vortex state remains after the application of an in-plane
magnetic field pulse up to B100 Oe and switches to the single
domain state for field greater than B110 Oe (Fig. 4a). In contrast,
the N¼ 1 skyrmion central vortex state remains up to a field of
B140 Oe and switches to the single domain state for field greater
than B160 Oe (Fig. 4b). As the PEEM images in Fig. 4a,b are
taken from the same disk, we attribute the different critical fields
in annihilating the skyrmion core to the different topologies of
the skyrmion: a lower critical field for N¼ 0 state as opposed to a
greater field for N¼ 1 skyrmion. We fabricated and measured
15 samples. Although the critical field varies from sample to
sample due to inhomogeneity, we observe the same result that the
critical field for N¼ 1 skyrmion is greater than the critical field
for N¼ 0 state.
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H= 0 Oe H= 30 Oe H= 55 Oe H= 80 Oe H= 110 Oe H= 135 Oe H= 160 Oe

Figure 4 | The skyrmion PEEM images after applying an in-plane magnetic field pulse. The central vortex is surrounded by out-of-plane Ni spins as
indicated by the yellow symbols. (a) N¼0 state for parallel alignment between the central vortex core and the surrounding Ni spins, and (b) N¼ 1
skyrmion for antiparallel alignment between the central vortex core and the surrounding Ni spins. The critical field needed to switch the central vortex disk
to the single-domain disk (N¼0 state) is weaker for N¼0 state than N¼ 1 skyrmion, suggesting a topological effect of in the skyrmion core annihilation
process.

Co

H= 0 Oe

1,000 Oe

3,000 Oe

6,000 Oe

Ni

Mz
+1

–1

Figure 5 | Simulation result of the Co and Ni domains within different
out-of-plane magnetic fields. (a) H¼0 Oe; (b) H¼ 1000 Oe; (c)
H¼ 3000 Oe; (d) H¼6000 Oe. The surrounding out-of-plane Ni spins
switch from # z to þ z directions above H¼800 Oe, but the central vortex
core switches its polarity from # z to þ z directions at H¼ 6,000Oe.
This allows the switching of the skyrmion topology between N¼0 and
N¼ 1 states by switching the surrounding Ni spin direction using an
800-Oe out-of-plane magnetic field without switching the central vortex
core polarity.
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direction and subsequently a 1,000-Oe out-of-plane magnetic
field in the þ z direction. The simulation result clearly shows the
formation of skyrmions in the Ni film. In fact, numerical
calculation of the skyrmion number using equation (1) from the
Ni spin texture in Fig. 3c yields N¼ 0.0001 for skyrmion core
parallel to the surrounding Ni spins and N¼ 0.9965 for skyrmion
core antiparallel to the surrounding Ni spins.

Annihilation of skyrmion. To reveal the topological effect of the
skyrmion, we studied the skyrmion core annihilation by applying
an in-plane magnetic field of various strengths. Within an in-
plane magnetic field, the skyrmion core moves sideways to
expand the domain parallel to the field39. If the in-plane field is
not strong enough to push the core out of the disk (for example,
annihilate the skyrmion core), the skyrmion core will move back
to the disk central region after turning off the field. On the other
hand, if the in-plane field reaches a critical field to annihilate the
skyrmion core by pushing it out of the disk region, the disk region
will be converted from a vortex state to a single domain state.
As the Co dots have the radius of 1mm and thickness of 30 nm,
which lead to a bistable phase of Co domain within the disk
region (vortex state and single domain state are both stable under
zero magnetic field)40, the single domain state will remain so after
turning off the magnetic field. An interesting question is whether
the N¼ 0 state and N¼ 1 skyrmion state need the same critical
field to annihilate the skyrmion core (for example, to change the
central vortex disk into a single domain state). Figure 4 shows the
PEEM images of the central vortex state after application of an in-
plane magnetic field pulse of different strengths. The Co spin
texture is imaged but, as discussed above, is also representative of
the strongly exchange coupled Ni spins. For the N¼ 0 state, the
central vortex state remains after the application of an in-plane
magnetic field pulse up to B100 Oe and switches to the single
domain state for field greater than B110 Oe (Fig. 4a). In contrast,
the N¼ 1 skyrmion central vortex state remains up to a field of
B140 Oe and switches to the single domain state for field greater
than B160 Oe (Fig. 4b). As the PEEM images in Fig. 4a,b are
taken from the same disk, we attribute the different critical fields
in annihilating the skyrmion core to the different topologies of
the skyrmion: a lower critical field for N¼ 0 state as opposed to a
greater field for N¼ 1 skyrmion. We fabricated and measured
15 samples. Although the critical field varies from sample to
sample due to inhomogeneity, we observe the same result that the
critical field for N¼ 1 skyrmion is greater than the critical field
for N¼ 0 state.
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Figure 4 | The skyrmion PEEM images after applying an in-plane magnetic field pulse. The central vortex is surrounded by out-of-plane Ni spins as
indicated by the yellow symbols. (a) N¼0 state for parallel alignment between the central vortex core and the surrounding Ni spins, and (b) N¼ 1
skyrmion for antiparallel alignment between the central vortex core and the surrounding Ni spins. The critical field needed to switch the central vortex disk
to the single-domain disk (N¼0 state) is weaker for N¼0 state than N¼ 1 skyrmion, suggesting a topological effect of in the skyrmion core annihilation
process.
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Figure 5 | Simulation result of the Co and Ni domains within different
out-of-plane magnetic fields. (a) H¼0 Oe; (b) H¼ 1000 Oe; (c)
H¼ 3000 Oe; (d) H¼6000 Oe. The surrounding out-of-plane Ni spins
switch from # z to þ z directions above H¼800 Oe, but the central vortex
core switches its polarity from # z to þ z directions at H¼ 6,000Oe.
This allows the switching of the skyrmion topology between N¼0 and
N¼ 1 states by switching the surrounding Ni spin direction using an
800-Oe out-of-plane magnetic field without switching the central vortex
core polarity.
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direction and subsequently a 1,000-Oe out-of-plane magnetic
field in the þ z direction. The simulation result clearly shows the
formation of skyrmions in the Ni film. In fact, numerical
calculation of the skyrmion number using equation (1) from the
Ni spin texture in Fig. 3c yields N¼ 0.0001 for skyrmion core
parallel to the surrounding Ni spins and N¼ 0.9965 for skyrmion
core antiparallel to the surrounding Ni spins.

Annihilation of skyrmion. To reveal the topological effect of the
skyrmion, we studied the skyrmion core annihilation by applying
an in-plane magnetic field of various strengths. Within an in-
plane magnetic field, the skyrmion core moves sideways to
expand the domain parallel to the field39. If the in-plane field is
not strong enough to push the core out of the disk (for example,
annihilate the skyrmion core), the skyrmion core will move back
to the disk central region after turning off the field. On the other
hand, if the in-plane field reaches a critical field to annihilate the
skyrmion core by pushing it out of the disk region, the disk region
will be converted from a vortex state to a single domain state.
As the Co dots have the radius of 1mm and thickness of 30 nm,
which lead to a bistable phase of Co domain within the disk
region (vortex state and single domain state are both stable under
zero magnetic field)40, the single domain state will remain so after
turning off the magnetic field. An interesting question is whether
the N¼ 0 state and N¼ 1 skyrmion state need the same critical
field to annihilate the skyrmion core (for example, to change the
central vortex disk into a single domain state). Figure 4 shows the
PEEM images of the central vortex state after application of an in-
plane magnetic field pulse of different strengths. The Co spin
texture is imaged but, as discussed above, is also representative of
the strongly exchange coupled Ni spins. For the N¼ 0 state, the
central vortex state remains after the application of an in-plane
magnetic field pulse up to B100 Oe and switches to the single
domain state for field greater than B110 Oe (Fig. 4a). In contrast,
the N¼ 1 skyrmion central vortex state remains up to a field of
B140 Oe and switches to the single domain state for field greater
than B160 Oe (Fig. 4b). As the PEEM images in Fig. 4a,b are
taken from the same disk, we attribute the different critical fields
in annihilating the skyrmion core to the different topologies of
the skyrmion: a lower critical field for N¼ 0 state as opposed to a
greater field for N¼ 1 skyrmion. We fabricated and measured
15 samples. Although the critical field varies from sample to
sample due to inhomogeneity, we observe the same result that the
critical field for N¼ 1 skyrmion is greater than the critical field
for N¼ 0 state.
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Figure 4 | The skyrmion PEEM images after applying an in-plane magnetic field pulse. The central vortex is surrounded by out-of-plane Ni spins as
indicated by the yellow symbols. (a) N¼0 state for parallel alignment between the central vortex core and the surrounding Ni spins, and (b) N¼ 1
skyrmion for antiparallel alignment between the central vortex core and the surrounding Ni spins. The critical field needed to switch the central vortex disk
to the single-domain disk (N¼0 state) is weaker for N¼0 state than N¼ 1 skyrmion, suggesting a topological effect of in the skyrmion core annihilation
process.
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Figure 5 | Simulation result of the Co and Ni domains within different
out-of-plane magnetic fields. (a) H¼0 Oe; (b) H¼ 1000 Oe; (c)
H¼ 3000 Oe; (d) H¼6000 Oe. The surrounding out-of-plane Ni spins
switch from # z to þ z directions above H¼800 Oe, but the central vortex
core switches its polarity from # z to þ z directions at H¼ 6,000Oe.
This allows the switching of the skyrmion topology between N¼0 and
N¼ 1 states by switching the surrounding Ni spin direction using an
800-Oe out-of-plane magnetic field without switching the central vortex
core polarity.
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direction and subsequently a 1,000-Oe out-of-plane magnetic
field in the þ z direction. The simulation result clearly shows the
formation of skyrmions in the Ni film. In fact, numerical
calculation of the skyrmion number using equation (1) from the
Ni spin texture in Fig. 3c yields N¼ 0.0001 for skyrmion core
parallel to the surrounding Ni spins and N¼ 0.9965 for skyrmion
core antiparallel to the surrounding Ni spins.

Annihilation of skyrmion. To reveal the topological effect of the
skyrmion, we studied the skyrmion core annihilation by applying
an in-plane magnetic field of various strengths. Within an in-
plane magnetic field, the skyrmion core moves sideways to
expand the domain parallel to the field39. If the in-plane field is
not strong enough to push the core out of the disk (for example,
annihilate the skyrmion core), the skyrmion core will move back
to the disk central region after turning off the field. On the other
hand, if the in-plane field reaches a critical field to annihilate the
skyrmion core by pushing it out of the disk region, the disk region
will be converted from a vortex state to a single domain state.
As the Co dots have the radius of 1mm and thickness of 30 nm,
which lead to a bistable phase of Co domain within the disk
region (vortex state and single domain state are both stable under
zero magnetic field)40, the single domain state will remain so after
turning off the magnetic field. An interesting question is whether
the N¼ 0 state and N¼ 1 skyrmion state need the same critical
field to annihilate the skyrmion core (for example, to change the
central vortex disk into a single domain state). Figure 4 shows the
PEEM images of the central vortex state after application of an in-
plane magnetic field pulse of different strengths. The Co spin
texture is imaged but, as discussed above, is also representative of
the strongly exchange coupled Ni spins. For the N¼ 0 state, the
central vortex state remains after the application of an in-plane
magnetic field pulse up to B100 Oe and switches to the single
domain state for field greater than B110 Oe (Fig. 4a). In contrast,
the N¼ 1 skyrmion central vortex state remains up to a field of
B140 Oe and switches to the single domain state for field greater
than B160 Oe (Fig. 4b). As the PEEM images in Fig. 4a,b are
taken from the same disk, we attribute the different critical fields
in annihilating the skyrmion core to the different topologies of
the skyrmion: a lower critical field for N¼ 0 state as opposed to a
greater field for N¼ 1 skyrmion. We fabricated and measured
15 samples. Although the critical field varies from sample to
sample due to inhomogeneity, we observe the same result that the
critical field for N¼ 1 skyrmion is greater than the critical field
for N¼ 0 state.
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Figure 4 | The skyrmion PEEM images after applying an in-plane magnetic field pulse. The central vortex is surrounded by out-of-plane Ni spins as
indicated by the yellow symbols. (a) N¼0 state for parallel alignment between the central vortex core and the surrounding Ni spins, and (b) N¼ 1
skyrmion for antiparallel alignment between the central vortex core and the surrounding Ni spins. The critical field needed to switch the central vortex disk
to the single-domain disk (N¼0 state) is weaker for N¼0 state than N¼ 1 skyrmion, suggesting a topological effect of in the skyrmion core annihilation
process.
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Figure 5 | Simulation result of the Co and Ni domains within different
out-of-plane magnetic fields. (a) H¼0 Oe; (b) H¼ 1000 Oe; (c)
H¼ 3000 Oe; (d) H¼6000 Oe. The surrounding out-of-plane Ni spins
switch from # z to þ z directions above H¼800 Oe, but the central vortex
core switches its polarity from # z to þ z directions at H¼ 6,000Oe.
This allows the switching of the skyrmion topology between N¼0 and
N¼ 1 states by switching the surrounding Ni spin direction using an
800-Oe out-of-plane magnetic field without switching the central vortex
core polarity.
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direction and subsequently a 1,000-Oe out-of-plane magnetic
field in the þ z direction. The simulation result clearly shows the
formation of skyrmions in the Ni film. In fact, numerical
calculation of the skyrmion number using equation (1) from the
Ni spin texture in Fig. 3c yields N¼ 0.0001 for skyrmion core
parallel to the surrounding Ni spins and N¼ 0.9965 for skyrmion
core antiparallel to the surrounding Ni spins.

Annihilation of skyrmion. To reveal the topological effect of the
skyrmion, we studied the skyrmion core annihilation by applying
an in-plane magnetic field of various strengths. Within an in-
plane magnetic field, the skyrmion core moves sideways to
expand the domain parallel to the field39. If the in-plane field is
not strong enough to push the core out of the disk (for example,
annihilate the skyrmion core), the skyrmion core will move back
to the disk central region after turning off the field. On the other
hand, if the in-plane field reaches a critical field to annihilate the
skyrmion core by pushing it out of the disk region, the disk region
will be converted from a vortex state to a single domain state.
As the Co dots have the radius of 1mm and thickness of 30 nm,
which lead to a bistable phase of Co domain within the disk
region (vortex state and single domain state are both stable under
zero magnetic field)40, the single domain state will remain so after
turning off the magnetic field. An interesting question is whether
the N¼ 0 state and N¼ 1 skyrmion state need the same critical
field to annihilate the skyrmion core (for example, to change the
central vortex disk into a single domain state). Figure 4 shows the
PEEM images of the central vortex state after application of an in-
plane magnetic field pulse of different strengths. The Co spin
texture is imaged but, as discussed above, is also representative of
the strongly exchange coupled Ni spins. For the N¼ 0 state, the
central vortex state remains after the application of an in-plane
magnetic field pulse up to B100 Oe and switches to the single
domain state for field greater than B110 Oe (Fig. 4a). In contrast,
the N¼ 1 skyrmion central vortex state remains up to a field of
B140 Oe and switches to the single domain state for field greater
than B160 Oe (Fig. 4b). As the PEEM images in Fig. 4a,b are
taken from the same disk, we attribute the different critical fields
in annihilating the skyrmion core to the different topologies of
the skyrmion: a lower critical field for N¼ 0 state as opposed to a
greater field for N¼ 1 skyrmion. We fabricated and measured
15 samples. Although the critical field varies from sample to
sample due to inhomogeneity, we observe the same result that the
critical field for N¼ 1 skyrmion is greater than the critical field
for N¼ 0 state.

N= 0

N= 1

H= 0 Oe H= 30 Oe H= 55 Oe H= 80 Oe H= 110 Oe H= 135 Oe H= 160 Oe

Figure 4 | The skyrmion PEEM images after applying an in-plane magnetic field pulse. The central vortex is surrounded by out-of-plane Ni spins as
indicated by the yellow symbols. (a) N¼0 state for parallel alignment between the central vortex core and the surrounding Ni spins, and (b) N¼ 1
skyrmion for antiparallel alignment between the central vortex core and the surrounding Ni spins. The critical field needed to switch the central vortex disk
to the single-domain disk (N¼0 state) is weaker for N¼0 state than N¼ 1 skyrmion, suggesting a topological effect of in the skyrmion core annihilation
process.

Co

H= 0 Oe

1,000 Oe

3,000 Oe

6,000 Oe

Ni

Mz
+1

–1

Figure 5 | Simulation result of the Co and Ni domains within different
out-of-plane magnetic fields. (a) H¼0 Oe; (b) H¼ 1000 Oe; (c)
H¼ 3000 Oe; (d) H¼6000 Oe. The surrounding out-of-plane Ni spins
switch from # z to þ z directions above H¼800 Oe, but the central vortex
core switches its polarity from # z to þ z directions at H¼ 6,000Oe.
This allows the switching of the skyrmion topology between N¼0 and
N¼ 1 states by switching the surrounding Ni spin direction using an
800-Oe out-of-plane magnetic field without switching the central vortex
core polarity.
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ferromagnetic layer with the same domain pattern. This assertion
is further confirmed by our micromagnetic simulations (see
below). Thus, we conclude that the Ni region beneath the Co disk
follows the same Co vortex structure. This creates a magnetic
system in which the Co disk (together with the Ni below the disk)
forms an in-plane magnetic vortex with the Ni spins surrounding
the disk having an out-of-plane magnetization. Note that an
isolated magnetic vortex is half of a skyrmion36 and that a vortex
connected to an out-of-plane spin environment is a full skyrmion;
our system of the central vortex connected to the out-of-plane
surrounding Ni spins thus corresponds exactly to the skyrmion
spin texture proposed in ref. 32. The topology of a skyrmion is
characterized by an integer index (the so-called skyrmion
number)11

N ¼ 1
4p

Z
dxdyn " @xn#@yn

! "
ð1Þ

where nðx; yÞ is the normalized magnetization field (n ¼ M=jMj).
The beauty of the skyrmion topology is that the skyrmion
number is topologically invariant against a smooth deformation
of the spin texture. In particular, the two skyrmion textures for a
central vortex surrounded by out-of-plane spins have indices of
N¼ 0 and N¼ 1, which are determined only by the central vortex
core polarity relative to the surrounding out-of-plane spins
(N¼ 0 for parallel alignment and N¼ 1 for antiparallel

alignment) regardless of the spin texture details11,37. In our
experiment, we realize the N¼ 0 state by first applying a
H¼ 20,000 Oe magnetic field in the out-of-plane direction and
then turning off the field. As both the Ni film and the Co disk
have an out-of-plane saturation field o20,000 Oe (Fig. 2), the
central vortex core polarity after turning off the magnetic field
will be parallel to the surrounding Ni spins to form the N¼ 0
state (Fig. 3b). To prepare the N¼ 1 skyrmion state, we apply an
800-Oe magnetic field to the N¼ 0 state in the opposite direction
of the original 20,000 Oe direction (for example, opposite to the
core polarity direction) and then turn off the field. As the
magnetic coercivity of the surrounding Ni is 500 Oe and the core
polarity reversal field for a permalloy disk is 43,000 Oe38 (our
simulation result shows that the vortex core switching field for
our Co/Ni disk should be B6,000 Oe), the 800-Oe field will only
reverse the surrounding Ni spin direction without reversing the
central vortex core polarity. Therefore, the ending state has
opposite orientation between the central vortex core polarity and
the surrounding Ni spins, that is, the N¼ 1 skyrmion state
(Fig. 3b). We performed micromagnetic simulations using the
parameters of our experimental system. Figure 3c shows the
simulation result of the Co and Ni remanent domains after
applying a 20,000-Oe out-of-plane magnetic field in the & z
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Figure 2 | Element-specific magnetic measurement of the Co disk and
the surrounding Ni. (a) PEEM image of the Co(disk)/Ni(30 Ml)/Cu(001)
sample fabricated using shadow mask. (b) X-ray absorption spectra (XAS)
of Co and Ni at 2p levels for left circular polarized X-ray. The difference of
the XAS for magnetization parallel (red colour) and antiparallel (blue
colour) to the X-ray beam represents the element-specific XMCD signal.
(c) Element-specific hysteresis loops shows that the Co disk (together with
the Ni below the disk) has an in-plane magnetization and the Ni
surrounding the disk has an out-of-plane magnetization. (d) Co PEEM
images with different X-ray incident directions show that the Co disk in
Co(disk)/Ni(30 Ml)/Cu(100) forms a magnetic vortex state. The central
vortex plus the surrounding out-of-plane Ni spins correspond to a
magnetic skyrmion32.

N= 0 N= 1

N= 0 N= 1

–1

+1
Mz

Co

Ni

Figure 3 | A magnetic skyrmion consists of a central in-plane vortex and
the surrounding out-of-plane spins. (a) N¼0 state and N¼ 1 skyrmion
state are characterized by a parallel and antiparallel alignment of the
central vortex core polarity relative to the surrounding out-of-plane spins,
respectively. (b) N¼0 state and N¼ 1 skyrmion state in Co(disk)/
Ni(30 Ml)/Cu(100) can be prepared by switching the surrounding Ni spin
direction without switching the central vortex core polarity using an
800-Oe out-of-plane magnetic field. (c) Micromagnetic simulation
confirms the formation of N¼0 state and N¼ 1 skyrmion state by
switching the surrounding Ni spin direction without changing the core
polarity (blue dot at the centre).
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individual position of the vortex core as a function of time
was not resolved precisely, but rather localized black/white
clouds are seen that correspond to the integrated gyroscopic
motion during the image acquisition.15 The black/white con-
trast associated with the vortex core precession results from
the fact that two vortex cores with opposite polarity (with
moments pointing out of/in to the image plane) have been
formed. In Fig. 2(e), a 3D visualisation, based on the data in
Figs. 2(a) and 2(b), of the interaction between the Co/Pd do-
main pattern and the vortices in the hybrid anisotropy ele-
ment is shown. The different polarities of the vortex cores in
the dynamic image (Fig. 2(b)) and the corresponding central
domains with the same orientation of magnetization in the
Co/Pd circular domain pattern in Fig. 2(a) demonstrate the
mutual interaction between the different layers of the hybrid
film. Changing the phase of the rf excitation by 180! relative
to the synchrotron clock causes the image contrast to reverse,
unambiguously confirming true vortex core motion with two
vortices with opposite vortex core polarity in Fig. 2(d).

To gain more insight into these magnetic hybrid struc-
tures, we use micromagnetic simulations to simulate a static
and dynamic domain structure of a 1.5 lm square element.
The Landau-Lifshitz-Gilbert equation was solved for the sys-
tem using a hybrid finite element/boundary element
method,18 with a linear basis function and an adaptive mesh
from 5 to 12 nm. The model assumed an interfacial exchange
coupling between the magnetic layers with the following
boundary condition at the interface APy@h=@z ¼ ACo=Pd@h=@z
that is derived from the minimization of the Gibbs free
energy with respect to h, the polar angle of the orientation of
the polarization.19,20 We have included the Oersted field
due to the non-uniform current path through the different
materials in our simulations. Spin current interactions have
shown only marginal contributions and so are omitted in this
study. The material parameters used in the simulations are
obtained from magnetic measurements of related samples
and from literature. The magnetic measurements were per-
formed at a temperature of 180 !C reflecting experimental
conditions during rf excitation: the Co/Pd multilayer was
treated as a single material with electrical conductivity rCo/Pd

¼ 3 MS m#1, exchange stiffness ACo/Pd¼ 10 pJ m#1, satura-
tion magnetization MCo/Pd¼ 400 kA m#1, an out-of-plane
magnetocrystalline anisotropy KCo/Pd¼ 250 kJ m#3, and a damp-
ing constant aCo/Pd¼ 0.02. The corresponding material parame-
ters for the Py layer were rPy¼ 3 MS m#1, APy¼ 13 pJ m#1,
MPy¼ 800 kA m#1, KPy¼ 0 kJ m#3, and aPy¼ 0.02. The sur-
rounding Cu stripline had a conductivity of rCu¼ 4.5 MS m#1.
All simulation results of initial remanent states were
obtained following saturation in the out-of-plane direction.
For individual square elements of Py, one observes a Landau
state21–23 representing a single vortex and for Co/Pd multi-
layers a stripe domain state24 is observed. In our hybrid ani-
sotropy films, we observe a more complex domain structure
which arises from the mutual interaction between the two
layers.25 The circular like domain patterns of the Co/Pd layer
are a result of competing energy contributions. Simulations
with different shapes and squares with different dimensions
demonstrate that the circular domain structure is more domi-
nant for smaller squares (400–800 nm), whereas larger ones
(1000 nm–1500 nm) give rise to maze-like domains, circular

domains, and other domain topologies. Additional symmetry
(circular) is imposed through the mutual imprint once a
Landau pattern is formed in the Py structure.

In order to explore the observed mutual domain imprint-
ing, we simulate the domain structure in the two layers using
the methodology described above. Figs. 3(a)–3(d) show the
remanent state after relaxing from an initial out-of-plane sat-
uration. The perpendicular domain structure in the Co/Pd
layer [Fig. 3(b)] penetrates into the Py layer [Fig. 3(d)].
Similarly, the in-plane domain structure that dominates in
the Py layer [Fig. 3(c)] maps into the Co/Pd layer [Fig. 3(a)].
In addition, multiple vortex cores (white (black) spots) in the
Py [Fig. 3(d)] have the same polarity as the underlying
Co/Pd domains [Fig. 3(b)]. The reason for this is the strong
coupling between the in-plane and out-of-plane domain
structures, which induces metastable pinning site potentials,
as a consequence of the mutual spin structure interaction.
The simulated static domain configurations Figs. 3(b) and
3(d) capture the mutual spin imprinting effect as observed in
the static experimental domain images shown in Figs. 2(a)
and 2(c). In particular, the simulations confirm that vortices
form in the Py layer over the locally circular stripe domain
patterns in the Co/Pd layer, and this can be understood in
terms of energy minimization since this represents the lowest
energy configuration.

In the dynamic simulations, the domain structure in both
the Co/Pd and Py layers undergoes significant changes when
the rf current is applied to the stripline with an rf field
strength of 74 Oe. The snapshots are taken after 20 ns of ex-
citation with five complete current cycles (amplitude 36 mA,
period 4 ns) applied. During the excitation most vortices
were driven out of the system and only a central one
remained. The previous Co/Pd domain pattern [Fig. 3(b)]

FIG. 3. Static simulated remanent magnetic states of a 1.5 lm square taken at
the bottom of the Co/Pd layer (z¼#9.6 nm) and the top of the Py layer
z¼þ20 nm (see Fig. 1(a)). (a)–(d) Mutual domain imprint is clearly evident
by comparing (b) and (d). Here the Co/Pd stripe domains are visible in the Py
layer and the in-plane Py domain structure is seen in the Co/Pd layer [compare
(c) vs. (a)]. The emergence of a locally circular domain structure is visible in
(b) and a complex magnetization pattern resembling Landau state forms above
it in the Py (c). White (Black) spots in (d) indicate vortex core positions in the
model. The dynamic simulations (e)–(h) show a snapshot of the domain pat-
tern that evolves from the static domain configuration [(a)–(d)]. The curling
stripe domains (b) are rearranged around the centre of the square (f) where the
vortex is located as shown in (g) and (h). Note that care should be taken when
correlating with the experimental images, which have contributions from both
in-plane and out-of-plane components since the sample is at an angle of 30!

to the X-ray propagation direction. The trajectory of the vortex motion in the
dynamic simulations is shown by the circular arrow.

182401-3 Heldt et al. Appl. Phys. Lett. 104, 182401 (2014)
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directly on to the final Pd layer and a 1 nm Al protective
capping layer was deposited on top of the film stack. In
order to be able to apply an rf magnetic field to excite the
patterned elements, an additional lithographic step was
used to overlay the elements with an evaporated 200 nm
thick copper stripline. The sample temperature was meas-
ured using platinum meander sensors fabricated close to the
patterned elements. The central membrane area was cov-
ered by a 150 nm thick AlN heat-sink layer to distribute the
thermal load generated during rf excitation. In the final
step, the Si3N4-membrane window was opened by wet etch-
ing in a potassium hydroxide (KOH) solution. The com-
plete sample layout is shown schematically in Fig. 1(b).

The STXM experiments were carried out at the
PolLux beamline (X07DA) at the Swiss Light Source. A
high resolution Fresnel zone plate with 15 nm outer zone
width focused the X-rays onto the sample, which was raster
scanned. In order to observe magnetic contrast, the X-rays
were tuned to either the Co L3 edge (778 eV) or the Ni L3

edge (852 eV), which allowed XMCD measurements of the
Co/Pd or Permalloy layers to be made independently. The
transmitted X-rays were detected using a fast avalanche pho-
todiode (APD) capable of single photon counting, enabling
magnetization changes to be recorded in the nanosecond
time regime. The sample was tilted to an angle of 30! with
respect to the incoming beam (Fig. 1(b)). The tilting is com-
monly used to image systems with in-plane components of
magnetization, and for our samples allows both in-plane and
perpendicular magnetization components to be imaged
simultaneously which is key in avoiding alignment errors.
Images were acquired in either a static or dynamic mode of
operation. For static images, the magnetic contrast from
XMCD measurements was enhanced by dividing images
acquired using left and right hand circular polarisation.13,15

During dynamic image acquisition, a 15 dBm rf current was
applied to the Cu stripline, creating a sinusoidal Oersted
field17 to excite the domain structure. Synchronising the ex-
citation signal to the synchrotron ring-clock allows dynamic
imaging at defined phase angles relative to the rf magnetic
field. Therefore, adjusting the phase of the rf excitation with
respect to the synchrotron ring-clock provides images at
any arbitrary point on the field cycle. We use a differential
imaging technique for time resolved imaging, which gives
the difference of two consecutive magnetic contrast images
with a 180! phase shift. This technique reduces almost all
“non-magnetic” and “non-dynamic” contrast contributions.15

Applying an rf excitation leads to an increase in the sample
temperature which is measured by determining the resistance
of the platinum meander sensors. Acquisition of data in the
dynamic mode typically takes several minutes to ensure
images with sufficient signal-to-noise ratio. During this time,
the temperature remains constant at approximately 180 !C.

The static STXM-XMCD images of these hybrid struc-
tures are shown in Figs. 2(a) and 2(c). The data show that
domains in the Co/Pd layer are modified from the expected
pure stripe pattern with the emergence of locally near circu-
lar structures indicated with white arrows. In the Py layer, an
indistinct black/white contrast is observed rather than the
expected Landau pattern. This diffuse domain structure is
due to the fact that the measurement integrates over the

entire thickness of the Py layer where the magnetization
gradually changes from out-of-plane at the interface, to close
to in-plane at the top of the layer.11

In order to experimentally investigate the dynamic
response of the hybrid patterned element, an oscillating
magnetic field at an rf excitation frequency of 250 MHz and
15 dBm input power was applied to the stripline. This fre-
quency coincides with the excitation values reported in the
literature21 for Py elements with similar dimensions.
Dynamic images in Figs. 2(b) and 2(d) show two distinct ex-
citation spots; one with black and one with white contrast
indicating opposite polarity magnetizations. As a result of
the pixel-by-pixel imaging (image resolution 80" 80 pixel)
and time integration (20 ms/pixel) in our measurements, the

FIG. 2. Static [(a) and (c)] and dynamic [(b) and (d)] XMCD images of a
1.5lm hybrid square structure with 20 nm Py layer showing the vortex core
interacting with the underlying Co/Pd circular stripe domain. The local effect
of the coupling is indicated by arrows, where the core polarity is matched to
the circular stripe domains. The opposite contrast shown in (b) and (d) con-
firms the magnetic origin of the data. (e) Three-dimensional schematic indicat-
ing a vortex pair with reversed polarities, represented by arrows, circulating in
opposite directions and coupled to the Co/Pd circular domains.

182401-2 Heldt et al. Appl. Phys. Lett. 104, 182401 (2014)
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individual position of the vortex core as a function of time
was not resolved precisely, but rather localized black/white
clouds are seen that correspond to the integrated gyroscopic
motion during the image acquisition.15 The black/white con-
trast associated with the vortex core precession results from
the fact that two vortex cores with opposite polarity (with
moments pointing out of/in to the image plane) have been
formed. In Fig. 2(e), a 3D visualisation, based on the data in
Figs. 2(a) and 2(b), of the interaction between the Co/Pd do-
main pattern and the vortices in the hybrid anisotropy ele-
ment is shown. The different polarities of the vortex cores in
the dynamic image (Fig. 2(b)) and the corresponding central
domains with the same orientation of magnetization in the
Co/Pd circular domain pattern in Fig. 2(a) demonstrate the
mutual interaction between the different layers of the hybrid
film. Changing the phase of the rf excitation by 180! relative
to the synchrotron clock causes the image contrast to reverse,
unambiguously confirming true vortex core motion with two
vortices with opposite vortex core polarity in Fig. 2(d).

To gain more insight into these magnetic hybrid struc-
tures, we use micromagnetic simulations to simulate a static
and dynamic domain structure of a 1.5 lm square element.
The Landau-Lifshitz-Gilbert equation was solved for the sys-
tem using a hybrid finite element/boundary element
method,18 with a linear basis function and an adaptive mesh
from 5 to 12 nm. The model assumed an interfacial exchange
coupling between the magnetic layers with the following
boundary condition at the interface APy@h=@z ¼ ACo=Pd@h=@z
that is derived from the minimization of the Gibbs free
energy with respect to h, the polar angle of the orientation of
the polarization.19,20 We have included the Oersted field
due to the non-uniform current path through the different
materials in our simulations. Spin current interactions have
shown only marginal contributions and so are omitted in this
study. The material parameters used in the simulations are
obtained from magnetic measurements of related samples
and from literature. The magnetic measurements were per-
formed at a temperature of 180 !C reflecting experimental
conditions during rf excitation: the Co/Pd multilayer was
treated as a single material with electrical conductivity rCo/Pd

¼ 3 MS m#1, exchange stiffness ACo/Pd¼ 10 pJ m#1, satura-
tion magnetization MCo/Pd¼ 400 kA m#1, an out-of-plane
magnetocrystalline anisotropy KCo/Pd¼ 250 kJ m#3, and a damp-
ing constant aCo/Pd¼ 0.02. The corresponding material parame-
ters for the Py layer were rPy¼ 3 MS m#1, APy¼ 13 pJ m#1,
MPy¼ 800 kA m#1, KPy¼ 0 kJ m#3, and aPy¼ 0.02. The sur-
rounding Cu stripline had a conductivity of rCu¼ 4.5 MS m#1.
All simulation results of initial remanent states were
obtained following saturation in the out-of-plane direction.
For individual square elements of Py, one observes a Landau
state21–23 representing a single vortex and for Co/Pd multi-
layers a stripe domain state24 is observed. In our hybrid ani-
sotropy films, we observe a more complex domain structure
which arises from the mutual interaction between the two
layers.25 The circular like domain patterns of the Co/Pd layer
are a result of competing energy contributions. Simulations
with different shapes and squares with different dimensions
demonstrate that the circular domain structure is more domi-
nant for smaller squares (400–800 nm), whereas larger ones
(1000 nm–1500 nm) give rise to maze-like domains, circular

domains, and other domain topologies. Additional symmetry
(circular) is imposed through the mutual imprint once a
Landau pattern is formed in the Py structure.

In order to explore the observed mutual domain imprint-
ing, we simulate the domain structure in the two layers using
the methodology described above. Figs. 3(a)–3(d) show the
remanent state after relaxing from an initial out-of-plane sat-
uration. The perpendicular domain structure in the Co/Pd
layer [Fig. 3(b)] penetrates into the Py layer [Fig. 3(d)].
Similarly, the in-plane domain structure that dominates in
the Py layer [Fig. 3(c)] maps into the Co/Pd layer [Fig. 3(a)].
In addition, multiple vortex cores (white (black) spots) in the
Py [Fig. 3(d)] have the same polarity as the underlying
Co/Pd domains [Fig. 3(b)]. The reason for this is the strong
coupling between the in-plane and out-of-plane domain
structures, which induces metastable pinning site potentials,
as a consequence of the mutual spin structure interaction.
The simulated static domain configurations Figs. 3(b) and
3(d) capture the mutual spin imprinting effect as observed in
the static experimental domain images shown in Figs. 2(a)
and 2(c). In particular, the simulations confirm that vortices
form in the Py layer over the locally circular stripe domain
patterns in the Co/Pd layer, and this can be understood in
terms of energy minimization since this represents the lowest
energy configuration.

In the dynamic simulations, the domain structure in both
the Co/Pd and Py layers undergoes significant changes when
the rf current is applied to the stripline with an rf field
strength of 74 Oe. The snapshots are taken after 20 ns of ex-
citation with five complete current cycles (amplitude 36 mA,
period 4 ns) applied. During the excitation most vortices
were driven out of the system and only a central one
remained. The previous Co/Pd domain pattern [Fig. 3(b)]

FIG. 3. Static simulated remanent magnetic states of a 1.5 lm square taken at
the bottom of the Co/Pd layer (z¼#9.6 nm) and the top of the Py layer
z¼þ20 nm (see Fig. 1(a)). (a)–(d) Mutual domain imprint is clearly evident
by comparing (b) and (d). Here the Co/Pd stripe domains are visible in the Py
layer and the in-plane Py domain structure is seen in the Co/Pd layer [compare
(c) vs. (a)]. The emergence of a locally circular domain structure is visible in
(b) and a complex magnetization pattern resembling Landau state forms above
it in the Py (c). White (Black) spots in (d) indicate vortex core positions in the
model. The dynamic simulations (e)–(h) show a snapshot of the domain pat-
tern that evolves from the static domain configuration [(a)–(d)]. The curling
stripe domains (b) are rearranged around the centre of the square (f) where the
vortex is located as shown in (g) and (h). Note that care should be taken when
correlating with the experimental images, which have contributions from both
in-plane and out-of-plane components since the sample is at an angle of 30!

to the X-ray propagation direction. The trajectory of the vortex motion in the
dynamic simulations is shown by the circular arrow.

182401-3 Heldt et al. Appl. Phys. Lett. 104, 182401 (2014)
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directly on to the final Pd layer and a 1 nm Al protective
capping layer was deposited on top of the film stack. In
order to be able to apply an rf magnetic field to excite the
patterned elements, an additional lithographic step was
used to overlay the elements with an evaporated 200 nm
thick copper stripline. The sample temperature was meas-
ured using platinum meander sensors fabricated close to the
patterned elements. The central membrane area was cov-
ered by a 150 nm thick AlN heat-sink layer to distribute the
thermal load generated during rf excitation. In the final
step, the Si3N4-membrane window was opened by wet etch-
ing in a potassium hydroxide (KOH) solution. The com-
plete sample layout is shown schematically in Fig. 1(b).

The STXM experiments were carried out at the
PolLux beamline (X07DA) at the Swiss Light Source. A
high resolution Fresnel zone plate with 15 nm outer zone
width focused the X-rays onto the sample, which was raster
scanned. In order to observe magnetic contrast, the X-rays
were tuned to either the Co L3 edge (778 eV) or the Ni L3

edge (852 eV), which allowed XMCD measurements of the
Co/Pd or Permalloy layers to be made independently. The
transmitted X-rays were detected using a fast avalanche pho-
todiode (APD) capable of single photon counting, enabling
magnetization changes to be recorded in the nanosecond
time regime. The sample was tilted to an angle of 30! with
respect to the incoming beam (Fig. 1(b)). The tilting is com-
monly used to image systems with in-plane components of
magnetization, and for our samples allows both in-plane and
perpendicular magnetization components to be imaged
simultaneously which is key in avoiding alignment errors.
Images were acquired in either a static or dynamic mode of
operation. For static images, the magnetic contrast from
XMCD measurements was enhanced by dividing images
acquired using left and right hand circular polarisation.13,15

During dynamic image acquisition, a 15 dBm rf current was
applied to the Cu stripline, creating a sinusoidal Oersted
field17 to excite the domain structure. Synchronising the ex-
citation signal to the synchrotron ring-clock allows dynamic
imaging at defined phase angles relative to the rf magnetic
field. Therefore, adjusting the phase of the rf excitation with
respect to the synchrotron ring-clock provides images at
any arbitrary point on the field cycle. We use a differential
imaging technique for time resolved imaging, which gives
the difference of two consecutive magnetic contrast images
with a 180! phase shift. This technique reduces almost all
“non-magnetic” and “non-dynamic” contrast contributions.15

Applying an rf excitation leads to an increase in the sample
temperature which is measured by determining the resistance
of the platinum meander sensors. Acquisition of data in the
dynamic mode typically takes several minutes to ensure
images with sufficient signal-to-noise ratio. During this time,
the temperature remains constant at approximately 180 !C.

The static STXM-XMCD images of these hybrid struc-
tures are shown in Figs. 2(a) and 2(c). The data show that
domains in the Co/Pd layer are modified from the expected
pure stripe pattern with the emergence of locally near circu-
lar structures indicated with white arrows. In the Py layer, an
indistinct black/white contrast is observed rather than the
expected Landau pattern. This diffuse domain structure is
due to the fact that the measurement integrates over the

entire thickness of the Py layer where the magnetization
gradually changes from out-of-plane at the interface, to close
to in-plane at the top of the layer.11

In order to experimentally investigate the dynamic
response of the hybrid patterned element, an oscillating
magnetic field at an rf excitation frequency of 250 MHz and
15 dBm input power was applied to the stripline. This fre-
quency coincides with the excitation values reported in the
literature21 for Py elements with similar dimensions.
Dynamic images in Figs. 2(b) and 2(d) show two distinct ex-
citation spots; one with black and one with white contrast
indicating opposite polarity magnetizations. As a result of
the pixel-by-pixel imaging (image resolution 80" 80 pixel)
and time integration (20 ms/pixel) in our measurements, the

FIG. 2. Static [(a) and (c)] and dynamic [(b) and (d)] XMCD images of a
1.5lm hybrid square structure with 20 nm Py layer showing the vortex core
interacting with the underlying Co/Pd circular stripe domain. The local effect
of the coupling is indicated by arrows, where the core polarity is matched to
the circular stripe domains. The opposite contrast shown in (b) and (d) con-
firms the magnetic origin of the data. (e) Three-dimensional schematic indicat-
ing a vortex pair with reversed polarities, represented by arrows, circulating in
opposite directions and coupled to the Co/Pd circular domains.

182401-2 Heldt et al. Appl. Phys. Lett. 104, 182401 (2014)
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individual position of the vortex core as a function of time
was not resolved precisely, but rather localized black/white
clouds are seen that correspond to the integrated gyroscopic
motion during the image acquisition.15 The black/white con-
trast associated with the vortex core precession results from
the fact that two vortex cores with opposite polarity (with
moments pointing out of/in to the image plane) have been
formed. In Fig. 2(e), a 3D visualisation, based on the data in
Figs. 2(a) and 2(b), of the interaction between the Co/Pd do-
main pattern and the vortices in the hybrid anisotropy ele-
ment is shown. The different polarities of the vortex cores in
the dynamic image (Fig. 2(b)) and the corresponding central
domains with the same orientation of magnetization in the
Co/Pd circular domain pattern in Fig. 2(a) demonstrate the
mutual interaction between the different layers of the hybrid
film. Changing the phase of the rf excitation by 180! relative
to the synchrotron clock causes the image contrast to reverse,
unambiguously confirming true vortex core motion with two
vortices with opposite vortex core polarity in Fig. 2(d).

To gain more insight into these magnetic hybrid struc-
tures, we use micromagnetic simulations to simulate a static
and dynamic domain structure of a 1.5 lm square element.
The Landau-Lifshitz-Gilbert equation was solved for the sys-
tem using a hybrid finite element/boundary element
method,18 with a linear basis function and an adaptive mesh
from 5 to 12 nm. The model assumed an interfacial exchange
coupling between the magnetic layers with the following
boundary condition at the interface APy@h=@z ¼ ACo=Pd@h=@z
that is derived from the minimization of the Gibbs free
energy with respect to h, the polar angle of the orientation of
the polarization.19,20 We have included the Oersted field
due to the non-uniform current path through the different
materials in our simulations. Spin current interactions have
shown only marginal contributions and so are omitted in this
study. The material parameters used in the simulations are
obtained from magnetic measurements of related samples
and from literature. The magnetic measurements were per-
formed at a temperature of 180 !C reflecting experimental
conditions during rf excitation: the Co/Pd multilayer was
treated as a single material with electrical conductivity rCo/Pd

¼ 3 MS m#1, exchange stiffness ACo/Pd¼ 10 pJ m#1, satura-
tion magnetization MCo/Pd¼ 400 kA m#1, an out-of-plane
magnetocrystalline anisotropy KCo/Pd¼ 250 kJ m#3, and a damp-
ing constant aCo/Pd¼ 0.02. The corresponding material parame-
ters for the Py layer were rPy¼ 3 MS m#1, APy¼ 13 pJ m#1,
MPy¼ 800 kA m#1, KPy¼ 0 kJ m#3, and aPy¼ 0.02. The sur-
rounding Cu stripline had a conductivity of rCu¼ 4.5 MS m#1.
All simulation results of initial remanent states were
obtained following saturation in the out-of-plane direction.
For individual square elements of Py, one observes a Landau
state21–23 representing a single vortex and for Co/Pd multi-
layers a stripe domain state24 is observed. In our hybrid ani-
sotropy films, we observe a more complex domain structure
which arises from the mutual interaction between the two
layers.25 The circular like domain patterns of the Co/Pd layer
are a result of competing energy contributions. Simulations
with different shapes and squares with different dimensions
demonstrate that the circular domain structure is more domi-
nant for smaller squares (400–800 nm), whereas larger ones
(1000 nm–1500 nm) give rise to maze-like domains, circular

domains, and other domain topologies. Additional symmetry
(circular) is imposed through the mutual imprint once a
Landau pattern is formed in the Py structure.

In order to explore the observed mutual domain imprint-
ing, we simulate the domain structure in the two layers using
the methodology described above. Figs. 3(a)–3(d) show the
remanent state after relaxing from an initial out-of-plane sat-
uration. The perpendicular domain structure in the Co/Pd
layer [Fig. 3(b)] penetrates into the Py layer [Fig. 3(d)].
Similarly, the in-plane domain structure that dominates in
the Py layer [Fig. 3(c)] maps into the Co/Pd layer [Fig. 3(a)].
In addition, multiple vortex cores (white (black) spots) in the
Py [Fig. 3(d)] have the same polarity as the underlying
Co/Pd domains [Fig. 3(b)]. The reason for this is the strong
coupling between the in-plane and out-of-plane domain
structures, which induces metastable pinning site potentials,
as a consequence of the mutual spin structure interaction.
The simulated static domain configurations Figs. 3(b) and
3(d) capture the mutual spin imprinting effect as observed in
the static experimental domain images shown in Figs. 2(a)
and 2(c). In particular, the simulations confirm that vortices
form in the Py layer over the locally circular stripe domain
patterns in the Co/Pd layer, and this can be understood in
terms of energy minimization since this represents the lowest
energy configuration.

In the dynamic simulations, the domain structure in both
the Co/Pd and Py layers undergoes significant changes when
the rf current is applied to the stripline with an rf field
strength of 74 Oe. The snapshots are taken after 20 ns of ex-
citation with five complete current cycles (amplitude 36 mA,
period 4 ns) applied. During the excitation most vortices
were driven out of the system and only a central one
remained. The previous Co/Pd domain pattern [Fig. 3(b)]

FIG. 3. Static simulated remanent magnetic states of a 1.5 lm square taken at
the bottom of the Co/Pd layer (z¼#9.6 nm) and the top of the Py layer
z¼þ20 nm (see Fig. 1(a)). (a)–(d) Mutual domain imprint is clearly evident
by comparing (b) and (d). Here the Co/Pd stripe domains are visible in the Py
layer and the in-plane Py domain structure is seen in the Co/Pd layer [compare
(c) vs. (a)]. The emergence of a locally circular domain structure is visible in
(b) and a complex magnetization pattern resembling Landau state forms above
it in the Py (c). White (Black) spots in (d) indicate vortex core positions in the
model. The dynamic simulations (e)–(h) show a snapshot of the domain pat-
tern that evolves from the static domain configuration [(a)–(d)]. The curling
stripe domains (b) are rearranged around the centre of the square (f) where the
vortex is located as shown in (g) and (h). Note that care should be taken when
correlating with the experimental images, which have contributions from both
in-plane and out-of-plane components since the sample is at an angle of 30!

to the X-ray propagation direction. The trajectory of the vortex motion in the
dynamic simulations is shown by the circular arrow.

182401-3 Heldt et al. Appl. Phys. Lett. 104, 182401 (2014)
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directly on to the final Pd layer and a 1 nm Al protective
capping layer was deposited on top of the film stack. In
order to be able to apply an rf magnetic field to excite the
patterned elements, an additional lithographic step was
used to overlay the elements with an evaporated 200 nm
thick copper stripline. The sample temperature was meas-
ured using platinum meander sensors fabricated close to the
patterned elements. The central membrane area was cov-
ered by a 150 nm thick AlN heat-sink layer to distribute the
thermal load generated during rf excitation. In the final
step, the Si3N4-membrane window was opened by wet etch-
ing in a potassium hydroxide (KOH) solution. The com-
plete sample layout is shown schematically in Fig. 1(b).

The STXM experiments were carried out at the
PolLux beamline (X07DA) at the Swiss Light Source. A
high resolution Fresnel zone plate with 15 nm outer zone
width focused the X-rays onto the sample, which was raster
scanned. In order to observe magnetic contrast, the X-rays
were tuned to either the Co L3 edge (778 eV) or the Ni L3

edge (852 eV), which allowed XMCD measurements of the
Co/Pd or Permalloy layers to be made independently. The
transmitted X-rays were detected using a fast avalanche pho-
todiode (APD) capable of single photon counting, enabling
magnetization changes to be recorded in the nanosecond
time regime. The sample was tilted to an angle of 30! with
respect to the incoming beam (Fig. 1(b)). The tilting is com-
monly used to image systems with in-plane components of
magnetization, and for our samples allows both in-plane and
perpendicular magnetization components to be imaged
simultaneously which is key in avoiding alignment errors.
Images were acquired in either a static or dynamic mode of
operation. For static images, the magnetic contrast from
XMCD measurements was enhanced by dividing images
acquired using left and right hand circular polarisation.13,15

During dynamic image acquisition, a 15 dBm rf current was
applied to the Cu stripline, creating a sinusoidal Oersted
field17 to excite the domain structure. Synchronising the ex-
citation signal to the synchrotron ring-clock allows dynamic
imaging at defined phase angles relative to the rf magnetic
field. Therefore, adjusting the phase of the rf excitation with
respect to the synchrotron ring-clock provides images at
any arbitrary point on the field cycle. We use a differential
imaging technique for time resolved imaging, which gives
the difference of two consecutive magnetic contrast images
with a 180! phase shift. This technique reduces almost all
“non-magnetic” and “non-dynamic” contrast contributions.15

Applying an rf excitation leads to an increase in the sample
temperature which is measured by determining the resistance
of the platinum meander sensors. Acquisition of data in the
dynamic mode typically takes several minutes to ensure
images with sufficient signal-to-noise ratio. During this time,
the temperature remains constant at approximately 180 !C.

The static STXM-XMCD images of these hybrid struc-
tures are shown in Figs. 2(a) and 2(c). The data show that
domains in the Co/Pd layer are modified from the expected
pure stripe pattern with the emergence of locally near circu-
lar structures indicated with white arrows. In the Py layer, an
indistinct black/white contrast is observed rather than the
expected Landau pattern. This diffuse domain structure is
due to the fact that the measurement integrates over the

entire thickness of the Py layer where the magnetization
gradually changes from out-of-plane at the interface, to close
to in-plane at the top of the layer.11

In order to experimentally investigate the dynamic
response of the hybrid patterned element, an oscillating
magnetic field at an rf excitation frequency of 250 MHz and
15 dBm input power was applied to the stripline. This fre-
quency coincides with the excitation values reported in the
literature21 for Py elements with similar dimensions.
Dynamic images in Figs. 2(b) and 2(d) show two distinct ex-
citation spots; one with black and one with white contrast
indicating opposite polarity magnetizations. As a result of
the pixel-by-pixel imaging (image resolution 80" 80 pixel)
and time integration (20 ms/pixel) in our measurements, the

FIG. 2. Static [(a) and (c)] and dynamic [(b) and (d)] XMCD images of a
1.5lm hybrid square structure with 20 nm Py layer showing the vortex core
interacting with the underlying Co/Pd circular stripe domain. The local effect
of the coupling is indicated by arrows, where the core polarity is matched to
the circular stripe domains. The opposite contrast shown in (b) and (d) con-
firms the magnetic origin of the data. (e) Three-dimensional schematic indicat-
ing a vortex pair with reversed polarities, represented by arrows, circulating in
opposite directions and coupled to the Co/Pd circular domains.
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FIG. 1. (Color online) (a) Sketch of a Co/Ru/Co nanodisk.
(b) Micromagnetic simulation result for a Co (20 nm)/Ru (2 nm)/Co
(20 nm) nanodisk. Arrows and colors correspond to the directions
of the local magnetization and the magnitude of the out-of-plane
magnetization component (Mz) at every point, respectively. Spin
textures in both the top and the bottom nanolayers are skyrmions.

magnetic ground states, which is smaller than the exchange
length of cobalt (about 4.94 nm). At phase boundaries, the
cell size was reduced to 2 × 2 × 1 nm3 to test stability of
the obtained states. The dimensionless damping α was chosen
to be 0.25 for rapid convergence. Different initial magnetic
states [vortex-like (with the same or opposite chirality), in-
plane-like, and out-of-plane-like initial states] were used to
get the most stable ground state. As for gyration simulation,
the cell size was 2 × 2 × 2 nm3 and α was 0.02. A pulsed
magnetic field of 10-ns width and 50-mT magnitude along the
+x direction was applied to the top or bottom nanolayer.

III. FORMATION OF SKYRMIONS

Figure 1(a) is a sketch of a single Co (20 nm)/Ru (2 nm)/Co
(20 nm) nanodisk with a diameter of 200 nm. Figure 1(b)
represents the micromagnetic simulation result of the nanodisk
with an out-of-plane-like initial state. The equilibrium states
of the top and bottom nanolayers are typical skyrmion-like

magnetic configurations. The magnetization M is down (along
the −z axis) in the centers and up (along the +z axis)
on the boundaries and it rotates gradually from the −z axis
to the +z axis in the intermediate regions of the nanolayers.
The magnetic chirality of the top nanolayer is right-handed,
while that of the bottom one is left-handed. To elucidate the
equilibrium state’s nature, we calculate the skyrmion number
using the following formula:16,32

S = 1
4π

!!
qdxdy, q ≡ 1

2
ϵµν(∂µm × ∂νm) · m, (1)

where ϵµν is the antisymmetric tensor, q is the topological den-
sity, and m is the unit vector of local magnetization. S is found
to be approximately −1, showing a signature of a skyrmion-
like state. Similar magnetic spin textures have been found in a
patterned Co/Ru/Co nanodisk array with the diameter the same
as that of the single Co/Ru/Co nanodisk. The distance between
centers of two nearest-neighboring nanodisks was 250 nm, as
shown in Fig. 2. The result suggests that a stray field between
two nearest-neighboring nanodisks (250 nm apart) has little
influence on the skyrmion spin textures.

The formation of magnetic stable states is the consequence
of minimizing the Gibbs free energy of magnetic systems.
Figure 3(a) illustrates time dependences of the total energy,
exchange energy, uniaxial anisotropy energy, demagnetization
energy, and antiferromagnetic coupling energy for the case in
Fig. 1. The exchange energy, uniaxial anisotropy energy, and
demagnetization energy are two orders of magnitude higher
than the interfacial antiferromagnetic coupling energy and,
thus, are vital to the emergence of a skyrmion spin texture.
At the beginning, the out-of-plane-like initial state has a very
high value of total energy due to the significant demagneti-
zation energy. To lower the total energy, the demagnetization
energy decreases rapidly with time, whereas the exchange en-
ergy and uniaxial anisotropy energy both increase significantly.
A balance is reached and the total energy is almost unchanged
after 0.5 ns. Concurrently, the skyrmion number S drops to
about −1 for the top and bottom nanolayers, as shown in the
inset in Fig. 3(b), suggesting that a spontaneous topologically
stable knot emerges in the magnetization.10

As elaborated in many articles,10–13,15–22 the DMI is crucial
to the formation of magnetic skyrmion-like states, which favors
canting spins. The DMI is defined as12,42–44

HDMI =
!!

DM · (∇ × M)dxdy, (2)

where D is DMI constant. But in this work, skyrmions are
spontaneously formed without the DMI. As discussed above,
the competition among the exchange energy, demagnetization
energy, and uniaxial anisotropy energy plays a significant role
in the emergence of skyrmions. To quantify the competition
effect, we define a quantity to mimic the DMI:

& =
!!

M · (∇ × M)dxdy. (3)

From Eq. (3), we calculate & as a function of time on
both the top and the bottom Co nanolayers [see Fig. 3(b)].
Notably, when energies compete drastically with each other
before 0.5 ns in Fig. 3(a), the & for both Co nanolayers
significantly changes. Then all energies reach equilibrium and

054403-2

Y.Y.	Dai	et	al.,	Phys.	Rev.	B	88,	
054403	(2013).

5 10 15 20 25

5

10

15

20

Mix

Multi-
domain

Multidomain

Skyrmion

t R
u
(n

m
)

t
Co

(nm)

Vortex

Tailoring	Interlayer	Exchange	Coupling

8



R.	Streubel	|	SOCSIS,	Spetses	|	2.7.2016 /25

• Non-collinear	spin	textures	at	room	temperature	

• Interlayer	exchange	coupling	and	spaial	confinement	

• Tunable	parameter	range	

- Large	variety	of	topological	states	

- Switchable	topological	charge	at	remanence	(not	here)	

- Disinct	dynamics

DAI, WANG, TAO, YANG, REN, AND ZHANG PHYSICAL REVIEW B 88, 054403 (2013)

FIG. 1. (Color online) (a) Sketch of a Co/Ru/Co nanodisk.
(b) Micromagnetic simulation result for a Co (20 nm)/Ru (2 nm)/Co
(20 nm) nanodisk. Arrows and colors correspond to the directions
of the local magnetization and the magnitude of the out-of-plane
magnetization component (Mz) at every point, respectively. Spin
textures in both the top and the bottom nanolayers are skyrmions.

magnetic ground states, which is smaller than the exchange
length of cobalt (about 4.94 nm). At phase boundaries, the
cell size was reduced to 2 × 2 × 1 nm3 to test stability of
the obtained states. The dimensionless damping α was chosen
to be 0.25 for rapid convergence. Different initial magnetic
states [vortex-like (with the same or opposite chirality), in-
plane-like, and out-of-plane-like initial states] were used to
get the most stable ground state. As for gyration simulation,
the cell size was 2 × 2 × 2 nm3 and α was 0.02. A pulsed
magnetic field of 10-ns width and 50-mT magnitude along the
+x direction was applied to the top or bottom nanolayer.

III. FORMATION OF SKYRMIONS

Figure 1(a) is a sketch of a single Co (20 nm)/Ru (2 nm)/Co
(20 nm) nanodisk with a diameter of 200 nm. Figure 1(b)
represents the micromagnetic simulation result of the nanodisk
with an out-of-plane-like initial state. The equilibrium states
of the top and bottom nanolayers are typical skyrmion-like

magnetic configurations. The magnetization M is down (along
the −z axis) in the centers and up (along the +z axis)
on the boundaries and it rotates gradually from the −z axis
to the +z axis in the intermediate regions of the nanolayers.
The magnetic chirality of the top nanolayer is right-handed,
while that of the bottom one is left-handed. To elucidate the
equilibrium state’s nature, we calculate the skyrmion number
using the following formula:16,32

S = 1
4π

!!
qdxdy, q ≡ 1

2
ϵµν(∂µm × ∂νm) · m, (1)

where ϵµν is the antisymmetric tensor, q is the topological den-
sity, and m is the unit vector of local magnetization. S is found
to be approximately −1, showing a signature of a skyrmion-
like state. Similar magnetic spin textures have been found in a
patterned Co/Ru/Co nanodisk array with the diameter the same
as that of the single Co/Ru/Co nanodisk. The distance between
centers of two nearest-neighboring nanodisks was 250 nm, as
shown in Fig. 2. The result suggests that a stray field between
two nearest-neighboring nanodisks (250 nm apart) has little
influence on the skyrmion spin textures.

The formation of magnetic stable states is the consequence
of minimizing the Gibbs free energy of magnetic systems.
Figure 3(a) illustrates time dependences of the total energy,
exchange energy, uniaxial anisotropy energy, demagnetization
energy, and antiferromagnetic coupling energy for the case in
Fig. 1. The exchange energy, uniaxial anisotropy energy, and
demagnetization energy are two orders of magnitude higher
than the interfacial antiferromagnetic coupling energy and,
thus, are vital to the emergence of a skyrmion spin texture.
At the beginning, the out-of-plane-like initial state has a very
high value of total energy due to the significant demagneti-
zation energy. To lower the total energy, the demagnetization
energy decreases rapidly with time, whereas the exchange en-
ergy and uniaxial anisotropy energy both increase significantly.
A balance is reached and the total energy is almost unchanged
after 0.5 ns. Concurrently, the skyrmion number S drops to
about −1 for the top and bottom nanolayers, as shown in the
inset in Fig. 3(b), suggesting that a spontaneous topologically
stable knot emerges in the magnetization.10

As elaborated in many articles,10–13,15–22 the DMI is crucial
to the formation of magnetic skyrmion-like states, which favors
canting spins. The DMI is defined as12,42–44

HDMI =
!!

DM · (∇ × M)dxdy, (2)

where D is DMI constant. But in this work, skyrmions are
spontaneously formed without the DMI. As discussed above,
the competition among the exchange energy, demagnetization
energy, and uniaxial anisotropy energy plays a significant role
in the emergence of skyrmions. To quantify the competition
effect, we define a quantity to mimic the DMI:

& =
!!

M · (∇ × M)dxdy. (3)

From Eq. (3), we calculate & as a function of time on
both the top and the bottom Co nanolayers [see Fig. 3(b)].
Notably, when energies compete drastically with each other
before 0.5 ns in Fig. 3(a), the & for both Co nanolayers
significantly changes. Then all energies reach equilibrium and

054403-2

Y.Y.	Dai	et	al.,	Phys.	Rev.	B	88,	
054403	(2013).

DAI, WANG, TAO, YANG, REN, AND ZHANG PHYSICAL REVIEW B 88, 054403 (2013)

FIG. 3. (Color online) (a) Time dependence of different energies
for a Co (20 nm)/Ru (2 nm)/Co (20 nm) nanodisk with a
diameter of 200 nm. (b) Competition among the exchange energy,
demagnetization energy, and uniaxial anisotropy energy has an effect
similar to the DMI (here represented by !). Inset: Skyrmion number
as a function of time.

completely. Concurrently, skyrmion numbers of the top and
bottom nanolayers change slightly, from approximately −1
to −0.9, and rise sharply, up to about 0, when the field
is up to 0.64 T. To investigate the spatial distribution of
magnetization, we show the r dependence of θ in Fig. 5(b). θ is
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FIG. 4. (Color online) Phase diagram of spin textures derived
from micromagnetic simulations. The spin textures as functions of
the thickness of Co and of Ru illustrate four regions: the vortex-like
state, skyrmion-like state, multidomain state, and mixed state. Phase
boundaries are marked by white lines.

FIG. 5. (Color online) (a) Normalized magnetization curve
(M-B curve) of the Co (20 nm)/Ru (2 nm)/Co (20 nm) nanodisk and
the corresponding skyrmion number of the top (“top-S”) and bottom
(“bottom-S”) nanolayers as a function of the field. (b) Averaged angle
between the local magnetization and the +z axis in the range of
(r, r + dr) under different magnetic fields.

defined as the averaged angle between the local magnetization
and the +z axis in the range of (r, r + dr) as described
in Fig. 1(a). The behavior of θ at zero magnetic field is
typically skyrmion-like and rules out the possible existence
of cylindrical bubble domains.14,45 Besides, the distribution
of magnetization does not match the Belavin-Polyakov (BP)6

solution as demonstrated in Fig. 9. With an increasing magnetic
field, θ values in the center and at the edge of the nanodisk
align rigidly till the critical saturation field (0.64 T) is reached.
θ at the edge remains always tilted from a 0 value, possibly due
to the stray field at the edge, which results in the absence of a
small fraction of the order parameter sphere when the skyrmion
is mapped from real space to an order parameter sphere as
illustrated in Fig. 8. In contrast to the rigidity of magnetization
in the center and at the edge, θ in the intermediate region
decreases gradually with the field, which has a variation
tendency similar to that reported in Ref. 46. Figure 5 indicates
that skyrmions remain in a similar configuration under the
external field even up to 0.44 T, which is higher than the
reported one10–12,15 (see Supplemental Material).47 Obviously,
the skyrmion obtained in the nanodisk is quite robust.

V. DYNAMICS OF SKYRMIONS

We also investigated the gyrotropic motion of the guiding
center of skyrmions. The guiding center (Rx ,Ry) is essential for
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FIG. 1. (Color online) (a) Sketch of a Co/Ru/Co nanodisk.
(b) Micromagnetic simulation result for a Co (20 nm)/Ru (2 nm)/Co
(20 nm) nanodisk. Arrows and colors correspond to the directions
of the local magnetization and the magnitude of the out-of-plane
magnetization component (Mz) at every point, respectively. Spin
textures in both the top and the bottom nanolayers are skyrmions.

magnetic ground states, which is smaller than the exchange
length of cobalt (about 4.94 nm). At phase boundaries, the
cell size was reduced to 2 × 2 × 1 nm3 to test stability of
the obtained states. The dimensionless damping α was chosen
to be 0.25 for rapid convergence. Different initial magnetic
states [vortex-like (with the same or opposite chirality), in-
plane-like, and out-of-plane-like initial states] were used to
get the most stable ground state. As for gyration simulation,
the cell size was 2 × 2 × 2 nm3 and α was 0.02. A pulsed
magnetic field of 10-ns width and 50-mT magnitude along the
+x direction was applied to the top or bottom nanolayer.

III. FORMATION OF SKYRMIONS

Figure 1(a) is a sketch of a single Co (20 nm)/Ru (2 nm)/Co
(20 nm) nanodisk with a diameter of 200 nm. Figure 1(b)
represents the micromagnetic simulation result of the nanodisk
with an out-of-plane-like initial state. The equilibrium states
of the top and bottom nanolayers are typical skyrmion-like

magnetic configurations. The magnetization M is down (along
the −z axis) in the centers and up (along the +z axis)
on the boundaries and it rotates gradually from the −z axis
to the +z axis in the intermediate regions of the nanolayers.
The magnetic chirality of the top nanolayer is right-handed,
while that of the bottom one is left-handed. To elucidate the
equilibrium state’s nature, we calculate the skyrmion number
using the following formula:16,32

S = 1
4π

!!
qdxdy, q ≡ 1

2
ϵµν(∂µm × ∂νm) · m, (1)

where ϵµν is the antisymmetric tensor, q is the topological den-
sity, and m is the unit vector of local magnetization. S is found
to be approximately −1, showing a signature of a skyrmion-
like state. Similar magnetic spin textures have been found in a
patterned Co/Ru/Co nanodisk array with the diameter the same
as that of the single Co/Ru/Co nanodisk. The distance between
centers of two nearest-neighboring nanodisks was 250 nm, as
shown in Fig. 2. The result suggests that a stray field between
two nearest-neighboring nanodisks (250 nm apart) has little
influence on the skyrmion spin textures.

The formation of magnetic stable states is the consequence
of minimizing the Gibbs free energy of magnetic systems.
Figure 3(a) illustrates time dependences of the total energy,
exchange energy, uniaxial anisotropy energy, demagnetization
energy, and antiferromagnetic coupling energy for the case in
Fig. 1. The exchange energy, uniaxial anisotropy energy, and
demagnetization energy are two orders of magnitude higher
than the interfacial antiferromagnetic coupling energy and,
thus, are vital to the emergence of a skyrmion spin texture.
At the beginning, the out-of-plane-like initial state has a very
high value of total energy due to the significant demagneti-
zation energy. To lower the total energy, the demagnetization
energy decreases rapidly with time, whereas the exchange en-
ergy and uniaxial anisotropy energy both increase significantly.
A balance is reached and the total energy is almost unchanged
after 0.5 ns. Concurrently, the skyrmion number S drops to
about −1 for the top and bottom nanolayers, as shown in the
inset in Fig. 3(b), suggesting that a spontaneous topologically
stable knot emerges in the magnetization.10

As elaborated in many articles,10–13,15–22 the DMI is crucial
to the formation of magnetic skyrmion-like states, which favors
canting spins. The DMI is defined as12,42–44

HDMI =
!!

DM · (∇ × M)dxdy, (2)

where D is DMI constant. But in this work, skyrmions are
spontaneously formed without the DMI. As discussed above,
the competition among the exchange energy, demagnetization
energy, and uniaxial anisotropy energy plays a significant role
in the emergence of skyrmions. To quantify the competition
effect, we define a quantity to mimic the DMI:

& =
!!

M · (∇ × M)dxdy. (3)

From Eq. (3), we calculate & as a function of time on
both the top and the bottom Co nanolayers [see Fig. 3(b)].
Notably, when energies compete drastically with each other
before 0.5 ns in Fig. 3(a), the & for both Co nanolayers
significantly changes. Then all energies reach equilibrium and
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FIG. 3. (Color online) (a) Time dependence of different energies
for a Co (20 nm)/Ru (2 nm)/Co (20 nm) nanodisk with a
diameter of 200 nm. (b) Competition among the exchange energy,
demagnetization energy, and uniaxial anisotropy energy has an effect
similar to the DMI (here represented by !). Inset: Skyrmion number
as a function of time.

completely. Concurrently, skyrmion numbers of the top and
bottom nanolayers change slightly, from approximately −1
to −0.9, and rise sharply, up to about 0, when the field
is up to 0.64 T. To investigate the spatial distribution of
magnetization, we show the r dependence of θ in Fig. 5(b). θ is
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FIG. 4. (Color online) Phase diagram of spin textures derived
from micromagnetic simulations. The spin textures as functions of
the thickness of Co and of Ru illustrate four regions: the vortex-like
state, skyrmion-like state, multidomain state, and mixed state. Phase
boundaries are marked by white lines.

FIG. 5. (Color online) (a) Normalized magnetization curve
(M-B curve) of the Co (20 nm)/Ru (2 nm)/Co (20 nm) nanodisk and
the corresponding skyrmion number of the top (“top-S”) and bottom
(“bottom-S”) nanolayers as a function of the field. (b) Averaged angle
between the local magnetization and the +z axis in the range of
(r, r + dr) under different magnetic fields.

defined as the averaged angle between the local magnetization
and the +z axis in the range of (r, r + dr) as described
in Fig. 1(a). The behavior of θ at zero magnetic field is
typically skyrmion-like and rules out the possible existence
of cylindrical bubble domains.14,45 Besides, the distribution
of magnetization does not match the Belavin-Polyakov (BP)6

solution as demonstrated in Fig. 9. With an increasing magnetic
field, θ values in the center and at the edge of the nanodisk
align rigidly till the critical saturation field (0.64 T) is reached.
θ at the edge remains always tilted from a 0 value, possibly due
to the stray field at the edge, which results in the absence of a
small fraction of the order parameter sphere when the skyrmion
is mapped from real space to an order parameter sphere as
illustrated in Fig. 8. In contrast to the rigidity of magnetization
in the center and at the edge, θ in the intermediate region
decreases gradually with the field, which has a variation
tendency similar to that reported in Ref. 46. Figure 5 indicates
that skyrmions remain in a similar configuration under the
external field even up to 0.44 T, which is higher than the
reported one10–12,15 (see Supplemental Material).47 Obviously,
the skyrmion obtained in the nanodisk is quite robust.

V. DYNAMICS OF SKYRMIONS

We also investigated the gyrotropic motion of the guiding
center of skyrmions. The guiding center (Rx ,Ry) is essential for
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demagnetization energy, and uniaxial anisotropy energy has an effect
similar to the DMI (here represented by !). Inset: Skyrmion number
as a function of time.

completely. Concurrently, skyrmion numbers of the top and
bottom nanolayers change slightly, from approximately −1
to −0.9, and rise sharply, up to about 0, when the field
is up to 0.64 T. To investigate the spatial distribution of
magnetization, we show the r dependence of θ in Fig. 5(b). θ is
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FIG. 5. (Color online) (a) Normalized magnetization curve
(M-B curve) of the Co (20 nm)/Ru (2 nm)/Co (20 nm) nanodisk and
the corresponding skyrmion number of the top (“top-S”) and bottom
(“bottom-S”) nanolayers as a function of the field. (b) Averaged angle
between the local magnetization and the +z axis in the range of
(r, r + dr) under different magnetic fields.

defined as the averaged angle between the local magnetization
and the +z axis in the range of (r, r + dr) as described
in Fig. 1(a). The behavior of θ at zero magnetic field is
typically skyrmion-like and rules out the possible existence
of cylindrical bubble domains.14,45 Besides, the distribution
of magnetization does not match the Belavin-Polyakov (BP)6

solution as demonstrated in Fig. 9. With an increasing magnetic
field, θ values in the center and at the edge of the nanodisk
align rigidly till the critical saturation field (0.64 T) is reached.
θ at the edge remains always tilted from a 0 value, possibly due
to the stray field at the edge, which results in the absence of a
small fraction of the order parameter sphere when the skyrmion
is mapped from real space to an order parameter sphere as
illustrated in Fig. 8. In contrast to the rigidity of magnetization
in the center and at the edge, θ in the intermediate region
decreases gradually with the field, which has a variation
tendency similar to that reported in Ref. 46. Figure 5 indicates
that skyrmions remain in a similar configuration under the
external field even up to 0.44 T, which is higher than the
reported one10–12,15 (see Supplemental Material).47 Obviously,
the skyrmion obtained in the nanodisk is quite robust.

V. DYNAMICS OF SKYRMIONS

We also investigated the gyrotropic motion of the guiding
center of skyrmions. The guiding center (Rx ,Ry) is essential for
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FIG. 1. (Color online) (a) Sketch of a Co/Ru/Co nanodisk.
(b) Micromagnetic simulation result for a Co (20 nm)/Ru (2 nm)/Co
(20 nm) nanodisk. Arrows and colors correspond to the directions
of the local magnetization and the magnitude of the out-of-plane
magnetization component (Mz) at every point, respectively. Spin
textures in both the top and the bottom nanolayers are skyrmions.

magnetic ground states, which is smaller than the exchange
length of cobalt (about 4.94 nm). At phase boundaries, the
cell size was reduced to 2 × 2 × 1 nm3 to test stability of
the obtained states. The dimensionless damping α was chosen
to be 0.25 for rapid convergence. Different initial magnetic
states [vortex-like (with the same or opposite chirality), in-
plane-like, and out-of-plane-like initial states] were used to
get the most stable ground state. As for gyration simulation,
the cell size was 2 × 2 × 2 nm3 and α was 0.02. A pulsed
magnetic field of 10-ns width and 50-mT magnitude along the
+x direction was applied to the top or bottom nanolayer.

III. FORMATION OF SKYRMIONS

Figure 1(a) is a sketch of a single Co (20 nm)/Ru (2 nm)/Co
(20 nm) nanodisk with a diameter of 200 nm. Figure 1(b)
represents the micromagnetic simulation result of the nanodisk
with an out-of-plane-like initial state. The equilibrium states
of the top and bottom nanolayers are typical skyrmion-like

magnetic configurations. The magnetization M is down (along
the −z axis) in the centers and up (along the +z axis)
on the boundaries and it rotates gradually from the −z axis
to the +z axis in the intermediate regions of the nanolayers.
The magnetic chirality of the top nanolayer is right-handed,
while that of the bottom one is left-handed. To elucidate the
equilibrium state’s nature, we calculate the skyrmion number
using the following formula:16,32

S = 1
4π

!!
qdxdy, q ≡ 1

2
ϵµν(∂µm × ∂νm) · m, (1)

where ϵµν is the antisymmetric tensor, q is the topological den-
sity, and m is the unit vector of local magnetization. S is found
to be approximately −1, showing a signature of a skyrmion-
like state. Similar magnetic spin textures have been found in a
patterned Co/Ru/Co nanodisk array with the diameter the same
as that of the single Co/Ru/Co nanodisk. The distance between
centers of two nearest-neighboring nanodisks was 250 nm, as
shown in Fig. 2. The result suggests that a stray field between
two nearest-neighboring nanodisks (250 nm apart) has little
influence on the skyrmion spin textures.

The formation of magnetic stable states is the consequence
of minimizing the Gibbs free energy of magnetic systems.
Figure 3(a) illustrates time dependences of the total energy,
exchange energy, uniaxial anisotropy energy, demagnetization
energy, and antiferromagnetic coupling energy for the case in
Fig. 1. The exchange energy, uniaxial anisotropy energy, and
demagnetization energy are two orders of magnitude higher
than the interfacial antiferromagnetic coupling energy and,
thus, are vital to the emergence of a skyrmion spin texture.
At the beginning, the out-of-plane-like initial state has a very
high value of total energy due to the significant demagneti-
zation energy. To lower the total energy, the demagnetization
energy decreases rapidly with time, whereas the exchange en-
ergy and uniaxial anisotropy energy both increase significantly.
A balance is reached and the total energy is almost unchanged
after 0.5 ns. Concurrently, the skyrmion number S drops to
about −1 for the top and bottom nanolayers, as shown in the
inset in Fig. 3(b), suggesting that a spontaneous topologically
stable knot emerges in the magnetization.10

As elaborated in many articles,10–13,15–22 the DMI is crucial
to the formation of magnetic skyrmion-like states, which favors
canting spins. The DMI is defined as12,42–44

HDMI =
!!

DM · (∇ × M)dxdy, (2)

where D is DMI constant. But in this work, skyrmions are
spontaneously formed without the DMI. As discussed above,
the competition among the exchange energy, demagnetization
energy, and uniaxial anisotropy energy plays a significant role
in the emergence of skyrmions. To quantify the competition
effect, we define a quantity to mimic the DMI:

& =
!!

M · (∇ × M)dxdy. (3)

From Eq. (3), we calculate & as a function of time on
both the top and the bottom Co nanolayers [see Fig. 3(b)].
Notably, when energies compete drastically with each other
before 0.5 ns in Fig. 3(a), the & for both Co nanolayers
significantly changes. Then all energies reach equilibrium and
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FIG. 6. (Color online) (a, b) Trajectories of the guiding centers of skyrmions in both the top and the bottom nanolayers when a pulsed
magnetic field is applied to the top nanolayer. (c, d) Gyrotropic motion of the guiding centers of skyrmions after the applied magnetic field is
switched off. Colors are used to indicate time-dependent positions of (Rx ,Ry). The filled black circle represents the new equilibrium position
under the magnetic field.

the dynamics of a skyrmion, which is defined by the moments
of the topological density:32,48

Rx =
!!

xqdxdy!!
qdxdy

, Ry =
!!

yqdxdy!!
qdxdy

, (4)

where q is the topological density defined in Eq. (1). First, a
pulsed magnetic field of 10-ns width and 50-mT magnitude
is applied along the +x direction on the top nanolayer, as
demonstrated in Fig. 6(a). The guiding center gyrates towards
its new equlibrium position along the field, which is different
from the motion of the vortex.49,50 The trajectory of (Rx ,Ry)
of the top nanolayer is initially like a star (before 2.4 ns),
then an elliptical orbit, and, finally, is damped around its
new equilibrium position (33.5 nm, 0 nm), represented by
the filled black circle. Stimulated by the gyrotropic motion
of the top skyrmion through strong interlayer magnetostatic
interaction, the skyrmions in the bottom nanolayer without the
presence of a field almost synchronously gyrate, as shown in
Fig. 6(b). This indirect control of skyrmion motion may be used
in information-signal processing and spin devices.14,21,34–36

Once the field is turned off, (Rx,Ry) in both nanolayers begin
to gyrate back to the origin (0,0), as shown in Figs. 6(c)
and 6(d). Initally, the trajectories of the two guiding centers of
skyrmions are hexagons (before 15.24 ns), which is similar to

hypocycloid involute. The period of this hexagon-like motion
is approximately T = 1 ns (i.e., frequency f = 1 GHz).
The average velocity in the first period is about 200 m/s.
The corresponding fast Fourier transform (FFT) spectra of the
trajectories illustrate two eigenfrequencies, 0.96 and 4.98 GHz,
with a ratio of about 1:5 as illustrated in Fig. 7. These
trajectories of (Rx ,Ry) have never been observed in other
topological magnetic systems (vortices or bubbles), which
usually have a circular or an elliptical orbit. Note that a
pentagram trajectory resulting from the deformation of the
circular domain wall in a magnetic bubble was reported
previously,32,33 which is about the mean position (X,Y )
defined by the moments of the magnetization. However, the
hexagon-like trajectories in this work are due to the distribution
variance of the topological density of the whole system and
about the guiding centers (Rx ,Ry) defined by the moments of
the topological density. Moreover, the motion of skyrmions
cannot be correctly described by the mean position (X,Y ).
Therefore, our hexagon-like trajectories of (Rx ,Ry) in the
skyrmion are different from the pentagram trajectory of (X,Y )
in the magnetic bubble. These may be understood by their
differences in spin textures as well as the strong magnetostatic
interaction of the double-skyrmion system (a detailed analysis
will be discussed in future work). After 14.24 ns, gyration
orbits change to circular ones (see Supplemental Material).47

054403-5

Tailoring	Interlayer	Exchange	Coupling

8



R.	Streubel	|	SOCSIS,	Spetses	|	2.7.2016 /25

Deposi5on	onto/	through	Spheres

Monolayer	—	3	µmBilayer	—	3	µm
Monolayer	—	500	nm

Etched	5min Etched	4min

• Self-assembly	of	non-magneic	sphere	arrays	

• (Semi-)directed	deposiion	

• Caps	with	thickness	gradient	on	spheres	

• Fischer	paperns	and	anidot	arrays	on	substrate	

Paricle	lithography	

• Periodicity	by	diameter	

• Shape/	topology	by	etching	

• Height	asymmetry	by	deposiion	angle	

9



R.	Streubel	|	SOCSIS,	Spetses	|	2.7.2016 /25

Deposi5on	onto/	through	Spheres

Monolayer	—	3	µmBilayer	—	3	µm
Monolayer	—	500	nm

Etched	5min Etched	4min

• Self-assembly	of	non-magneic	sphere	arrays	

• (Semi-)directed	deposiion	

• Caps	with	thickness	gradient	on	spheres	

• Fischer	paperns	and	anidot	arrays	on	substrate	

Paricle	lithography	

• Periodicity	by	diameter	

• Shape/	topology	by	etching	

• Height	asymmetry	by	deposiion	angle	

9



R.	Streubel	|	SOCSIS,	Spetses	|	2.7.2016 /25

Deposi5on	onto/	through	Spheres

Monolayer	—	3	µmBilayer	—	3	µm
Monolayer	—	500	nm

Etched	5min Etched	4min

2

the vortex annihilation field, which can be referred to as
an enhancement of the vortex stability. However, fur-
ther decrease results in suppression of vortex nucleation
in cap arrays. Instead, a rotation of the magnetization
in the onion state takes place during reversal.11 On the
other hand, the vortex becomes less stable (smaller anni-
hilation and nucleation fields) with decreasing Py thick-
ness while keeping the diameter unchanged and is finally
suppressed completely. Both trends can be understood
by the decrease of the aspect ratio, the quotient of film
thickness and particle diameter. For small aspect ratios,
particularly the magnetic volume charges become small.
As those contributions are the main driving force for sta-
bilizing the vortex state, samples with small aspect ratio
exhibit the onion state, as experimentally observed. This
simple argument cannot be applied to samples with small
diameters, since the interaction between adjacent caps in-
creases significantly as known from planar disk arrays.19

Based on the analysis of these magnetic hysteresis
loops the magnetization reversal process of each speci-
men is determined and assembled into a phase diagram
[Fig. 1(c)]. The solid line separating the two phases,
vortex and onion state, is given as a guide to the eye.
The dashed line within the vortex phase illustrates the
boundary above which the remanent vortex state occurs.
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FIG. 1. (a) Soft-magnetic Py caps on SiO2 particles that
exhibit a thickness gradient stabilizing the vortex state even
in closely packed arrays. (b) Magnetic hysteresis curves for Py
films deposited onto spheres of various diameter and various
thickness. (c) Magnetic phase diagram. The two magnetic
phases, vortex and onion state, are indicated with a solid line
as a guide to the eye. The dashed line illustrates the boundary
between vortex remanent and equilibrium states.
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FIG. 2. (a) Magnetic force micrograph shows independently
from the initial in-plane saturation orientation vortices with
randomly distributed polarity localized at the center of the
cap (indicated by white dashed circle). (b) Line profiles for
positive and negative polarity contain residual electrostatic
contributions that are eliminated by subtraction, since profiles
do not di↵er within the noise level.

Due to the limited number of possible states (numeri-
cally verified), the transition states during magnetiza-
tion reversal coincide with the equilibrium states that
may di↵er from the remanent states, and can therefore
be derived from the hysteresis loops. Comparing the ex-
perimental phase diagram for closely packed arrays with
the numerically determined one for single caps18 reveals
an expanded onion phase due to magnetostatic interac-
tion during the vortex nucleation process. The sample
with 40 nm Py on spheres with a diameter of 330 nm re-
veals the closest arrangement of vortices at remanence
and is thus most suited to investigate the coupling dur-
ing the nucleation process. Hence, magnetic patterns of
this specimen will be studied in the following.

Firstly, the magnetic states were probed by a
frequency-modulated HR-MFM.[REF2] In order to re-
move contact potential force contributions, a bias voltage
of 300mV is applied during measurement. Figure 2(a)
displays a typical MFM contrast of closely packed vor-
tices (t = 40nm, ? = 330 nm) with bright and dark
regions corresponding to the vortex core in the center of
the cap, which are indicated by dashed white circle. Posi-
tively or negatively charged core surfaces are distributed
evenly in a random manner even in the samples with
defined chirality patterns (see discussion below). The
profiles of positive (bright) and negative (dark) polarity
are shown in Fig. 2(b). All positive and negative pro-
files reveal the same shape with a FWHM of (46±2) nm.
This suggests that the measured size of the vortex core
is independent of the relative orientation of polarity with
respect to the chirality, as it would have been expected
in systems with DMI.16 However, the contribution of the
magnetic tip to the measured profiles cannot be unam-
biguously deconvoluted due to the complexity of the mag-
netic structure of the vortex core and the interaction of
the tip with the vortex itself. Therefore, although pres-
ence of DMI-driven modification cannot be completely
excluded, its e↵ect is below the resolution of our device.
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the vortex annihilation field, which can be referred to as
an enhancement of the vortex stability. However, fur-
ther decrease results in suppression of vortex nucleation
in cap arrays. Instead, a rotation of the magnetization
in the onion state takes place during reversal.11 On the
other hand, the vortex becomes less stable (smaller anni-
hilation and nucleation fields) with decreasing Py thick-
ness while keeping the diameter unchanged and is finally
suppressed completely. Both trends can be understood
by the decrease of the aspect ratio, the quotient of film
thickness and particle diameter. For small aspect ratios,
particularly the magnetic volume charges become small.
As those contributions are the main driving force for sta-
bilizing the vortex state, samples with small aspect ratio
exhibit the onion state, as experimentally observed. This
simple argument cannot be applied to samples with small
diameters, since the interaction between adjacent caps in-
creases significantly as known from planar disk arrays.19

Based on the analysis of these magnetic hysteresis
loops the magnetization reversal process of each speci-
men is determined and assembled into a phase diagram
[Fig. 1(c)]. The solid line separating the two phases,
vortex and onion state, is given as a guide to the eye.
The dashed line within the vortex phase illustrates the
boundary above which the remanent vortex state occurs.
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FIG. 1. (a) Soft-magnetic Py caps on SiO2 particles that
exhibit a thickness gradient stabilizing the vortex state even
in closely packed arrays. (b) Magnetic hysteresis curves for Py
films deposited onto spheres of various diameter and various
thickness. (c) Magnetic phase diagram. The two magnetic
phases, vortex and onion state, are indicated with a solid line
as a guide to the eye. The dashed line illustrates the boundary
between vortex remanent and equilibrium states.
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FIG. 2. (a) Magnetic force micrograph shows independently
from the initial in-plane saturation orientation vortices with
randomly distributed polarity localized at the center of the
cap (indicated by white dashed circle). (b) Line profiles for
positive and negative polarity contain residual electrostatic
contributions that are eliminated by subtraction, since profiles
do not di↵er within the noise level.

Due to the limited number of possible states (numeri-
cally verified), the transition states during magnetiza-
tion reversal coincide with the equilibrium states that
may di↵er from the remanent states, and can therefore
be derived from the hysteresis loops. Comparing the ex-
perimental phase diagram for closely packed arrays with
the numerically determined one for single caps18 reveals
an expanded onion phase due to magnetostatic interac-
tion during the vortex nucleation process. The sample
with 40 nm Py on spheres with a diameter of 330 nm re-
veals the closest arrangement of vortices at remanence
and is thus most suited to investigate the coupling dur-
ing the nucleation process. Hence, magnetic patterns of
this specimen will be studied in the following.

Firstly, the magnetic states were probed by a
frequency-modulated HR-MFM.[REF2] In order to re-
move contact potential force contributions, a bias voltage
of 300mV is applied during measurement. Figure 2(a)
displays a typical MFM contrast of closely packed vor-
tices (t = 40nm, ? = 330 nm) with bright and dark
regions corresponding to the vortex core in the center of
the cap, which are indicated by dashed white circle. Posi-
tively or negatively charged core surfaces are distributed
evenly in a random manner even in the samples with
defined chirality patterns (see discussion below). The
profiles of positive (bright) and negative (dark) polarity
are shown in Fig. 2(b). All positive and negative pro-
files reveal the same shape with a FWHM of (46±2) nm.
This suggests that the measured size of the vortex core
is independent of the relative orientation of polarity with
respect to the chirality, as it would have been expected
in systems with DMI.16 However, the contribution of the
magnetic tip to the measured profiles cannot be unam-
biguously deconvoluted due to the complexity of the mag-
netic structure of the vortex core and the interaction of
the tip with the vortex itself. Therefore, although pres-
ence of DMI-driven modification cannot be completely
excluded, its e↵ect is below the resolution of our device.

• Self-assembly	of	non-magneic	sphere	arrays	

• (Semi-)directed	deposiion	

• Caps	with	thickness	gradient	on	spheres	

• Fischer	paperns	and	anidot	arrays	on	substrate	

Paricle	lithography	

• Periodicity	by	diameter	

• Shape/	topology	by	etching	

• Height	asymmetry	by	deposiion	angle	
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Thin-fi lm technology is widely implemented in numerous 
applications1. Although fl at substrates are commonly used, 
we report on the advantages of using curved surfaces as a 

substrate. Th e curvature induces a lateral fi lm-thickness variation 
that allows alteration of the properties of the deposited material2,3. 
Based on this concept, a variety of implementations in materials 
science can be expected. As an example, a topographic pattern 
formed of spherical nanoparticles4,5 is combined with magnetic 
multilayer fi lm deposition. Here we show that this combination 
leads to a new class of magnetic material with a unique combination 
of remarkable properties: Th e so-formed nanostructures are 
monodisperse, magnetically isolated, single-domain, and reveal 
a uniform magnetic anisotropy with an unexpected switching 
behaviour induced by their spherical shape. Furthermore, changing 
the deposition angle with respect to the particle ensemble allows 
tailoring of the orientation of the magnetic anisotropy, which 
results in tilted nanostructure material.

In modern magnetic recording materials, the ‘superparamagnetic 
effect’ has become increasingly important as new magnetic hard-
disk-drive products are designed for higher storage densities. 
This phenomenon is based on the fact that the thermal stability of 
the magnetization orientation of magnetically decoupled grains of the 
recording material scales with magnetic anisotropy strength Ku and 
grain volume V, where its product is the energy that is needed to reverse 
the magnetization orientation6,7. Thus, the magnetization of the grains 
may become unstable due to thermally activated fl uctuations as the 
grains become smaller. One approach to delay superparamagnetism 
is to compensate the decrease in grain size by increasing the magnetic 
anisotropy. In this regard, nanoparticle media6,8, where two-dimensional 
arrays of monodisperse nanoparticles with high magnetic anisotropy 
are used, is assumed to be the ideal future magnetic recording material. 
However, key requirements like control of the magnetic anisotropy 
orientation along with magnetic domain isolation have not been 
achieved so far. Here we present an approach that leads to the required 
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Figure 1 Magnetic images of self-assembled particle arrays after Co/Pd 
fi lm deposition. a, Schematic picture of the fi lm deposited onto nanospheres. 
MFM images are presented for arrays with a particle size of b, 310 nm, c, 110 nm 
and d, 50 nm. The images were taken after demagnetizing the samples.
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arrays of monodisperse nanoparticles with high magnetic anisotropy 
are used, is assumed to be the ideal future magnetic recording material. 
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Figure 1 Magnetic images of self-assembled particle arrays after Co/Pd 
fi lm deposition. a, Schematic picture of the fi lm deposited onto nanospheres. 
MFM images are presented for arrays with a particle size of b, 310 nm, c, 110 nm 
and d, 50 nm. The images were taken after demagnetizing the samples.
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Figure 1 Magnetic images of self-assembled particle arrays after Co/Pd 
fi lm deposition. a, Schematic picture of the fi lm deposited onto nanospheres. 
MFM images are presented for arrays with a particle size of b, 310 nm, c, 110 nm 
and d, 50 nm. The images were taken after demagnetizing the samples.
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Magne5c	X-ray	Spectro-Microscopy3.4. Magnetic X-ray Imaging 19
460 10 X-rays and Magnetism: Spectroscopy and Microscopy

Fig. 10.17. Schematic of three X-ray microscopy methods for imaging of nanoscale
magnetic structures. (a) In scanning transmission X-ray microscopy, STXM, a mono-
chromatic X-ray beam is focused to a small X-ray spot by a suitable X-ray optic,
e.g., a zone plate as shown, and the sample is scanned relative to the X-ray focal
spot. The spatial resolution is determined by the spot size which is determined by
the width of the outermost zones in the zone plate. The intensity of the transmit-
ted X-rays or the fluorescence or electron yield from the sample are detected as a
function of the sample position and thus determine the contrast in the image. (b)
In transmission imaging X-ray microscopy, TIXM, the incident beam may be either
monochromatic or not. The beam is focused by a condensor zone plate that in con-
junction with a pinhole before the sample produces a monochromatic photon spot on
the sample. For an incident polychromatic beam the energy resolution is determined
by the zone plate and the pinhole and is typically not very high (E/�E � 200). A
microzone plate generates a magnified image of the illuminated sample area which
can be viewed in real time by a X-ray sensitive CCD camera. The spatial resolu-
tion is determined by the width of the outermost zones in the microzone plate. (c)
In X-ray photoemission electron microscopy, XPEEM, the X-rays are focused by
a shaped mirror to match the field of view of an electron microscope (1–50 µm).
Electrons emitted from the sample are imaged by an assembly of electrostatic or
magnetic lenses with magnification onto a phosphor screen, and the image can be
viewed in real time at video rates. The spatial resolution is determined by the elec-
tron optics within the microscope, the size of the aperture, and the operation voltage.
In advanced designs an energy filter is employed to minimize chromatic abberation
e�ects and such e�ects are further reduced by aberration correcting optics

common. In this approach the energy resolution is given by the monochroma-
tor in the beam line (not shown) and the spatial resolution is determined by
the size of the X-ray spot.

(a) Magnetic transmission X-ray microscope
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Fig. 10.17. Schematic of three X-ray microscopy methods for imaging of nanoscale
magnetic structures. (a) In scanning transmission X-ray microscopy, STXM, a mono-
chromatic X-ray beam is focused to a small X-ray spot by a suitable X-ray optic,
e.g., a zone plate as shown, and the sample is scanned relative to the X-ray focal
spot. The spatial resolution is determined by the spot size which is determined by
the width of the outermost zones in the zone plate. The intensity of the transmit-
ted X-rays or the fluorescence or electron yield from the sample are detected as a
function of the sample position and thus determine the contrast in the image. (b)
In transmission imaging X-ray microscopy, TIXM, the incident beam may be either
monochromatic or not. The beam is focused by a condensor zone plate that in con-
junction with a pinhole before the sample produces a monochromatic photon spot on
the sample. For an incident polychromatic beam the energy resolution is determined
by the zone plate and the pinhole and is typically not very high (E/�E � 200). A
microzone plate generates a magnified image of the illuminated sample area which
can be viewed in real time by a X-ray sensitive CCD camera. The spatial resolu-
tion is determined by the width of the outermost zones in the microzone plate. (c)
In X-ray photoemission electron microscopy, XPEEM, the X-rays are focused by
a shaped mirror to match the field of view of an electron microscope (1–50 µm).
Electrons emitted from the sample are imaged by an assembly of electrostatic or
magnetic lenses with magnification onto a phosphor screen, and the image can be
viewed in real time at video rates. The spatial resolution is determined by the elec-
tron optics within the microscope, the size of the aperture, and the operation voltage.
In advanced designs an energy filter is employed to minimize chromatic abberation
e�ects and such e�ects are further reduced by aberration correcting optics

common. In this approach the energy resolution is given by the monochroma-
tor in the beam line (not shown) and the spatial resolution is determined by
the size of the X-ray spot.

(b) X-ray photoemission electron microscope

Fig. 3.4.: Schematics of (a) TXM and (b) XPEEM. (a) The incidence X-ray beam is deflec-
ted at a condenser zone plate (CZP), consisting of circular patterns with radially alternating
di�raction indices and decreasing separation towards the edge. The X-ray energy is selected
by adjusting the separation between CZP and sample according to the energy-dependent dif-
fraction angle. After penetrating the transparent sample, the beam is collimated by the micro
zone plate (MZP) that projects the sample onto the CCD camera. Spatial and energy res-
olution are determined by CZP and MZP. (b) A monochromatic X-ray beam excites Auger
photoelectrons at a shallow incidence angle that are focused and collected by a PEEM. While
the energy resolution is determined by the undulator, the spatial resolution is limited by the
electron optics of the PEEM, size of the aperture and operation voltage. (Taken from [24])

planar and curved surfaces.

Transmission X-ray Microscopy

In this thesis, the full-field magnetic transmission soft X-ray microscope (MTXM) from
Peter Fischer [XM-1 at beamline 6.1.2 at the Advanced Light Source (ALS), Lawrence
Berkeley National Laboratory (LBNL)] [137] is used to visualize magnetic domain patterns
in transparent magnetic nanomembranes. For this sake, the X-ray beam is focused onto
the transparent sample via a condenser zone plate (CZP) and collimated after penetration
by a micro zone plate (MZP) [Fig. 3.4(a)], usually consisting of circular patterns with
radially alternating refraction indices and decreasing separation towards the edge [REF].
The outermost zone defines energy (�E ¥ 0.5 eV) and spatial (�x ¥ 50 nm) resolution

XPEEM	(Florian	Kronast)	

Beamline	UE49-PGM	at	BESSY	II,	HZB

XM-1	(Peter	Fischer)	

Beamline	6.1.2	at	ALS,	LBNL

J.	Stöhr	&	H.C.	Siegmann,	Solid	State	Sciences,	Vol.	75	(Springer,	2006).
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Fig. 9.12. The XMCD effect illustrated for the L-edge absorption in Fe metal. The
shown density of spin-up and spin-down states closely resembles that calculated for
Fe metal (compare Fig. 12.1). The experimental data on the right are from Chen
et al. [96] and have been corrected to correspond to 100% circular polarization. We
show the case of circularly polarized X-rays with positive angular momentum (he-
licity), and the color coded spectra correspond to the shown sample magnetization
directions

polarized X-rays and parallel alignment of the photon spin and the magne-
tization. The dichroism effect is seen to be very large. If the photon spin is
aligned perpendicular to the magnetization the cases of perpendicular “up”
and “down” magnetization directions cannot be distinguished.

Denoting the magnetization M and photon angular momentum Lph di-
rections by arrows, the dichroism effect is only dependent on the relative
alignment of the two arrows. The convention adopted by the XMCD com-
munity is to plot the dichroism intensity of the 3d transition metals Fe, Co,
and Ni so that the L3 dichroism is negative (also see Fig. 10.12). According
to Fig. 9.12 this corresponds to the definition,

∆I = I↑↓ − I↑↑. (9.93)

Note that the minority electron spin direction (= majority hole spin direction)
is the same as that of the sample magnetization. The importance of the so
defined XMCD intensity can be expressed as follows.

The XMCD difference intensity, defined as the white-line intensity differ-
ence between antiparallel and parallel orientations of the sample magneti-
zation and the incident photon spin is directly proportional to the atomic
magnetic moment.
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common. In this approach the energy resolution is given by the monochroma-
tor in the beam line (not shown) and the spatial resolution is determined by
the size of the X-ray spot.

(a) Magnetic transmission X-ray microscope
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Fig. 10.17. Schematic of three X-ray microscopy methods for imaging of nanoscale
magnetic structures. (a) In scanning transmission X-ray microscopy, STXM, a mono-
chromatic X-ray beam is focused to a small X-ray spot by a suitable X-ray optic,
e.g., a zone plate as shown, and the sample is scanned relative to the X-ray focal
spot. The spatial resolution is determined by the spot size which is determined by
the width of the outermost zones in the zone plate. The intensity of the transmit-
ted X-rays or the fluorescence or electron yield from the sample are detected as a
function of the sample position and thus determine the contrast in the image. (b)
In transmission imaging X-ray microscopy, TIXM, the incident beam may be either
monochromatic or not. The beam is focused by a condensor zone plate that in con-
junction with a pinhole before the sample produces a monochromatic photon spot on
the sample. For an incident polychromatic beam the energy resolution is determined
by the zone plate and the pinhole and is typically not very high (E/�E � 200). A
microzone plate generates a magnified image of the illuminated sample area which
can be viewed in real time by a X-ray sensitive CCD camera. The spatial resolu-
tion is determined by the width of the outermost zones in the microzone plate. (c)
In X-ray photoemission electron microscopy, XPEEM, the X-rays are focused by
a shaped mirror to match the field of view of an electron microscope (1–50 µm).
Electrons emitted from the sample are imaged by an assembly of electrostatic or
magnetic lenses with magnification onto a phosphor screen, and the image can be
viewed in real time at video rates. The spatial resolution is determined by the elec-
tron optics within the microscope, the size of the aperture, and the operation voltage.
In advanced designs an energy filter is employed to minimize chromatic abberation
e�ects and such e�ects are further reduced by aberration correcting optics

common. In this approach the energy resolution is given by the monochroma-
tor in the beam line (not shown) and the spatial resolution is determined by
the size of the X-ray spot.

(b) X-ray photoemission electron microscope

Fig. 3.4.: Schematics of (a) TXM and (b) XPEEM. (a) The incidence X-ray beam is deflec-
ted at a condenser zone plate (CZP), consisting of circular patterns with radially alternating
di�raction indices and decreasing separation towards the edge. The X-ray energy is selected
by adjusting the separation between CZP and sample according to the energy-dependent dif-
fraction angle. After penetrating the transparent sample, the beam is collimated by the micro
zone plate (MZP) that projects the sample onto the CCD camera. Spatial and energy res-
olution are determined by CZP and MZP. (b) A monochromatic X-ray beam excites Auger
photoelectrons at a shallow incidence angle that are focused and collected by a PEEM. While
the energy resolution is determined by the undulator, the spatial resolution is limited by the
electron optics of the PEEM, size of the aperture and operation voltage. (Taken from [24])

planar and curved surfaces.

Transmission X-ray Microscopy

In this thesis, the full-field magnetic transmission soft X-ray microscope (MTXM) from
Peter Fischer [XM-1 at beamline 6.1.2 at the Advanced Light Source (ALS), Lawrence
Berkeley National Laboratory (LBNL)] [137] is used to visualize magnetic domain patterns
in transparent magnetic nanomembranes. For this sake, the X-ray beam is focused onto
the transparent sample via a condenser zone plate (CZP) and collimated after penetration
by a micro zone plate (MZP) [Fig. 3.4(a)], usually consisting of circular patterns with
radially alternating refraction indices and decreasing separation towards the edge [REF].
The outermost zone defines energy (�E ¥ 0.5 eV) and spatial (�x ¥ 50 nm) resolution
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Fig. 9.12. The XMCD effect illustrated for the L-edge absorption in Fe metal. The
shown density of spin-up and spin-down states closely resembles that calculated for
Fe metal (compare Fig. 12.1). The experimental data on the right are from Chen
et al. [96] and have been corrected to correspond to 100% circular polarization. We
show the case of circularly polarized X-rays with positive angular momentum (he-
licity), and the color coded spectra correspond to the shown sample magnetization
directions

polarized X-rays and parallel alignment of the photon spin and the magne-
tization. The dichroism effect is seen to be very large. If the photon spin is
aligned perpendicular to the magnetization the cases of perpendicular “up”
and “down” magnetization directions cannot be distinguished.

Denoting the magnetization M and photon angular momentum Lph di-
rections by arrows, the dichroism effect is only dependent on the relative
alignment of the two arrows. The convention adopted by the XMCD com-
munity is to plot the dichroism intensity of the 3d transition metals Fe, Co,
and Ni so that the L3 dichroism is negative (also see Fig. 10.12). According
to Fig. 9.12 this corresponds to the definition,

∆I = I↑↓ − I↑↑. (9.93)

Note that the minority electron spin direction (= majority hole spin direction)
is the same as that of the sample magnetization. The importance of the so
defined XMCD intensity can be expressed as follows.

The XMCD difference intensity, defined as the white-line intensity differ-
ence between antiparallel and parallel orientations of the sample magneti-
zation and the incident photon spin is directly proportional to the atomic
magnetic moment.

Magne5c	X-ray	Spectro-Microscopy
3.4. Magnetic X-ray Imaging 19
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Fig. 10.17. Schematic of three X-ray microscopy methods for imaging of nanoscale
magnetic structures. (a) In scanning transmission X-ray microscopy, STXM, a mono-
chromatic X-ray beam is focused to a small X-ray spot by a suitable X-ray optic,
e.g., a zone plate as shown, and the sample is scanned relative to the X-ray focal
spot. The spatial resolution is determined by the spot size which is determined by
the width of the outermost zones in the zone plate. The intensity of the transmit-
ted X-rays or the fluorescence or electron yield from the sample are detected as a
function of the sample position and thus determine the contrast in the image. (b)
In transmission imaging X-ray microscopy, TIXM, the incident beam may be either
monochromatic or not. The beam is focused by a condensor zone plate that in con-
junction with a pinhole before the sample produces a monochromatic photon spot on
the sample. For an incident polychromatic beam the energy resolution is determined
by the zone plate and the pinhole and is typically not very high (E/�E � 200). A
microzone plate generates a magnified image of the illuminated sample area which
can be viewed in real time by a X-ray sensitive CCD camera. The spatial resolu-
tion is determined by the width of the outermost zones in the microzone plate. (c)
In X-ray photoemission electron microscopy, XPEEM, the X-rays are focused by
a shaped mirror to match the field of view of an electron microscope (1–50 µm).
Electrons emitted from the sample are imaged by an assembly of electrostatic or
magnetic lenses with magnification onto a phosphor screen, and the image can be
viewed in real time at video rates. The spatial resolution is determined by the elec-
tron optics within the microscope, the size of the aperture, and the operation voltage.
In advanced designs an energy filter is employed to minimize chromatic abberation
e�ects and such e�ects are further reduced by aberration correcting optics

common. In this approach the energy resolution is given by the monochroma-
tor in the beam line (not shown) and the spatial resolution is determined by
the size of the X-ray spot.

(a) Magnetic transmission X-ray microscope
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e.g., a zone plate as shown, and the sample is scanned relative to the X-ray focal
spot. The spatial resolution is determined by the spot size which is determined by
the width of the outermost zones in the zone plate. The intensity of the transmit-
ted X-rays or the fluorescence or electron yield from the sample are detected as a
function of the sample position and thus determine the contrast in the image. (b)
In transmission imaging X-ray microscopy, TIXM, the incident beam may be either
monochromatic or not. The beam is focused by a condensor zone plate that in con-
junction with a pinhole before the sample produces a monochromatic photon spot on
the sample. For an incident polychromatic beam the energy resolution is determined
by the zone plate and the pinhole and is typically not very high (E/�E � 200). A
microzone plate generates a magnified image of the illuminated sample area which
can be viewed in real time by a X-ray sensitive CCD camera. The spatial resolu-
tion is determined by the width of the outermost zones in the microzone plate. (c)
In X-ray photoemission electron microscopy, XPEEM, the X-rays are focused by
a shaped mirror to match the field of view of an electron microscope (1–50 µm).
Electrons emitted from the sample are imaged by an assembly of electrostatic or
magnetic lenses with magnification onto a phosphor screen, and the image can be
viewed in real time at video rates. The spatial resolution is determined by the elec-
tron optics within the microscope, the size of the aperture, and the operation voltage.
In advanced designs an energy filter is employed to minimize chromatic abberation
e�ects and such e�ects are further reduced by aberration correcting optics

common. In this approach the energy resolution is given by the monochroma-
tor in the beam line (not shown) and the spatial resolution is determined by
the size of the X-ray spot.

(b) X-ray photoemission electron microscope

Fig. 3.4.: Schematics of (a) TXM and (b) XPEEM. (a) The incidence X-ray beam is deflec-
ted at a condenser zone plate (CZP), consisting of circular patterns with radially alternating
di�raction indices and decreasing separation towards the edge. The X-ray energy is selected
by adjusting the separation between CZP and sample according to the energy-dependent dif-
fraction angle. After penetrating the transparent sample, the beam is collimated by the micro
zone plate (MZP) that projects the sample onto the CCD camera. Spatial and energy res-
olution are determined by CZP and MZP. (b) A monochromatic X-ray beam excites Auger
photoelectrons at a shallow incidence angle that are focused and collected by a PEEM. While
the energy resolution is determined by the undulator, the spatial resolution is limited by the
electron optics of the PEEM, size of the aperture and operation voltage. (Taken from [24])
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Transmission X-ray Microscopy

In this thesis, the full-field magnetic transmission soft X-ray microscope (MTXM) from
Peter Fischer [XM-1 at beamline 6.1.2 at the Advanced Light Source (ALS), Lawrence
Berkeley National Laboratory (LBNL)] [137] is used to visualize magnetic domain patterns
in transparent magnetic nanomembranes. For this sake, the X-ray beam is focused onto
the transparent sample via a condenser zone plate (CZP) and collimated after penetration
by a micro zone plate (MZP) [Fig. 3.4(a)], usually consisting of circular patterns with
radially alternating refraction indices and decreasing separation towards the edge [REF].
The outermost zone defines energy (�E ¥ 0.5 eV) and spatial (�x ¥ 50 nm) resolution
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FIG. 1. Imprinting non-collinear magnetic spin textures into out-of-plane magnetized films (Co/Pd multilayers) via interlayer
coupling to a vortex state (Permalloy, Py) (a). Calculations are carried out for a Co/Pd anisotropy of Ku = 200 kJ/m3.
Depending on the interlayer exchange coupling strength and the magnetic field treatment (remanence or relaxed state), config-
urations of distinct topology can be imprinted in the out-of-plane magnetized layer as revealed by micromagnetic simulations.
Figures (b) – (e) show the magnetic configuration of four di↵erent states in Co/Pd films with decreasing strength of interlayer
coupling Ji (left to right) after applying an out-of-plane magnetic field. Colors correspond to the normalized out-of-plane
magnetization component: (b) Remanent and relaxed vortex state; (c) – (d) remanent donut state type II and type I (number
of domain walls), respectively; and (e) relaxed magnetic spiral. The topological charge S of each state is assessed based on
the sketched magnetization configuration in the cross-section. (f) Line profiles through the center of the Co/Pd film for the
normalized out-of-plane magnetization (mz = Mz/Ms) in remanent state Co/Pd spins illustrate the possibility to tailor the
opening angle of the donut state by adjusting Ji. The magnetic spiral also appears after opening the circular domain wall of
the donut state by applying a small in-plane magnetic field.

an opening angle of the spin texture that can be precisely
controlled by tuning the interlayer exchange coupling be-
tween in-plane and out-of-plane magnetic substructures
and applying small magnetic fields. Our concept is ex-
perimentally confirmed by observing the magnetic con-
figurations and magnetization reversal processes in het-
erostructures consisting of nanopatterned out-of-plane
magnetized Co/Pd films and Permalloy (Py, Ni80Fe20)
nanostructures in the vortex state separated by a thin
Pd spacer. Two magnetic x-ray microscopy techniques,
namely bulk sensitive magnetic soft x-ray transmission
microsopy (MTXM) and surface sensitive x-ray photoe-
mission electron microscopy (XPEEM), were used to im-
age the magnetic domains in the individual layers, har-
nessing the inherent element-specificity of the x-ray mag-
netic circular dichroism (XMCD) e↵ect. Furthermore,

XMCD spectroscopy enabled us to retrieve element-
specific hysteresis curves in those structures. We prove
that the interlayer coupling strength can be tailored by
adjusting the thickness d of the non-ferromagnetic Pd
spacer layer between Permalloy and Co/Pd layers.

Firstly, we investigate this concept by a numerical

study of magnetic spin textures in a disk-like heterostruc-
ture (? = 400 nm) consisting of a hard-magnetic out-
of-plane magnetized Co/Pd multilayer stack (5 nm) and
a soft-magnetic Permalloy (40 nm) separated by a non-
magnetic spacer of varying thickness d [Fig. ??(a)]. The
interlayer exchange coupling strength is varied in the
range from J

i

= 0.1 to 2mJ/m2 (Pd spacer thickness
0 to 30 nm), as expected e.g. for RKKY-type coupling
through Pd [? ? ]. The magnetic coupling through
thick Pd spacers (& 3 nm) is mediated by spin di↵usion

Imprin5ng	Spin	Textures
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Fig. 5.5.: Imprint of non-collinear magnetic spin textures into out-of-plane magnetized films
via interlayer exchange coupling to a vortex state (a). Figures (b)–(e) show four topologic-
ally distinct states in Co/Pd films with decreasing interlayer coupling J

i

(left to right) after
applying an out-of-plane magnetic field revealed by micromagnetic simulations. Colors cor-
respond to the normalized out-of-plane magnetization component. The skyrmion number S of
each state is estimated based on the sketched magnetization configuration in the cross-section.
(Taken from [114])

for Co/Pd (5 nm thick) and Py (40 nm thick), respectively. The large asymmetry between
Co/Pd and Py thickness preserves the topology of the Py vortex. The e�ect of the Pd
spacer thickness on the coupling between the layers is mimicked by varying the interlayer
exchange coupling strength in the range J

i

= (0.1 ÷ 2) mJ/m2, as expected for RKKY-like
coupling [14–16] through Pd [239, 240]. The magnetic coupling through thick Pd spacers
(d & 3 nm) is mediated by spin di�usion mechanisms involving unfilled 4d and 5s ≠ p Pd
bands [239], which can numerically described in the same way. Magnetostatic coupling
alone does not stabilize the reported configurations [114]. The topologically non-trivial
states are characterized by the skyrmion number [17]:
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FIG. 3. Remanent states within Co/Pd multilayers (vertically coupled to a magnetic vortex) after applying the magnetic field

perpendicular to the surface. Figures (a) – (f) show the magnetization with colors corresponding to the normalized out-of-

plane magnetization. Initial saturation pointed up (red). For the sake of stray field minimization, a donut state nucleates with

magnetization pointing down. (g) A certain coupling (& 0.4 mJ/m

2
) is required to nucleate a donut state type II (multi-domain

state) at remanence. For better visibility, only the hysteresis curve for one direction (from positive fields) is given. In strongly

coupled systems, the Co/Pd spins align in the plane following the circulating Py spins. The edge magnetization reverses at

small negative field, while the vortex core is very stable and does not change its polarity in fields smaller than 140 kA/m. (h)

Line profile of the out-of-plane magnetization through the center of the disk. The opening angle of the donut depends on the

interlayer exchange coupling. (i) The out-of-plane magnetization component is linear in the interlayer coupling for intermediate

to weak strength. (Red data is multiplied by �1 to illustrate linear trend.) (j) The core size increases linearly for decreasing

coupling strength starting at 1 mJ/m

2
. For a Co/Pd disk with a diameter of 400 nm, the core size converges � 75 nm. A

larger diameter (440 nm) allows for a continuation of the linear trend up to 90 nm. The green area indicates the experimentally

determined core size for a Pd spacer of 5 nm and a diameter of 500 nm.

FIG. 2. Remanent states within Co/Pd multilayers (vertically coupled to a magnetic vortex) after applying

the magnetic field perpendicular to the surface. Figures (a) – (f) show the magnetisation with colors

corresponding to the normalised out-of-plane magnetisation. Initial saturation pointed up (red). For the sake

of stray field minimisation, a donut state nucleates with magnetisation pointing down. (g) A certain coupling

(Ji & 0.4 mJ/m2) is required to nucleate a donut state type II (multi-domain state) at remanence. For better
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via interlayer exchange coupling to a vortex state (a). Figures (b)–(e) show four topologic-
ally distinct states in Co/Pd films with decreasing interlayer coupling J
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applying an out-of-plane magnetic field revealed by micromagnetic simulations. Colors cor-
respond to the normalized out-of-plane magnetization component. The skyrmion number S of
each state is estimated based on the sketched magnetization configuration in the cross-section.
(Taken from [114])

for Co/Pd (5 nm thick) and Py (40 nm thick), respectively. The large asymmetry between
Co/Pd and Py thickness preserves the topology of the Py vortex. The e�ect of the Pd
spacer thickness on the coupling between the layers is mimicked by varying the interlayer
exchange coupling strength in the range J

i

= (0.1 ÷ 2) mJ/m2, as expected for RKKY-like
coupling [14–16] through Pd [239, 240]. The magnetic coupling through thick Pd spacers
(d & 3 nm) is mediated by spin di�usion mechanisms involving unfilled 4d and 5s ≠ p Pd
bands [239], which can numerically described in the same way. Magnetostatic coupling
alone does not stabilize the reported configurations [114]. The topologically non-trivial
states are characterized by the skyrmion number [17]:

S = 1
4fi
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perpendicular to the surface. Figures (a) – (f) show the magnetization with colors corresponding to the normalized out-of-

plane magnetization. Initial saturation pointed up (red). For the sake of stray field minimization, a donut state nucleates with

magnetization pointing down. (g) A certain coupling (& 0.4 mJ/m

2
) is required to nucleate a donut state type II (multi-domain

state) at remanence. For better visibility, only the hysteresis curve for one direction (from positive fields) is given. In strongly

coupled systems, the Co/Pd spins align in the plane following the circulating Py spins. The edge magnetization reverses at

small negative field, while the vortex core is very stable and does not change its polarity in fields smaller than 140 kA/m. (h)

Line profile of the out-of-plane magnetization through the center of the disk. The opening angle of the donut depends on the

interlayer exchange coupling. (i) The out-of-plane magnetization component is linear in the interlayer coupling for intermediate

to weak strength. (Red data is multiplied by �1 to illustrate linear trend.) (j) The core size increases linearly for decreasing

coupling strength starting at 1 mJ/m

2
. For a Co/Pd disk with a diameter of 400 nm, the core size converges � 75 nm. A

larger diameter (440 nm) allows for a continuation of the linear trend up to 90 nm. The green area indicates the experimentally

determined core size for a Pd spacer of 5 nm and a diameter of 500 nm.
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Fig. 5.5.: Imprint of non-collinear magnetic spin textures into out-of-plane magnetized films
via interlayer exchange coupling to a vortex state (a). Figures (b)–(e) show four topologic-
ally distinct states in Co/Pd films with decreasing interlayer coupling J

i

(left to right) after
applying an out-of-plane magnetic field revealed by micromagnetic simulations. Colors cor-
respond to the normalized out-of-plane magnetization component. The skyrmion number S of
each state is estimated based on the sketched magnetization configuration in the cross-section.
(Taken from [114])

for Co/Pd (5 nm thick) and Py (40 nm thick), respectively. The large asymmetry between
Co/Pd and Py thickness preserves the topology of the Py vortex. The e�ect of the Pd
spacer thickness on the coupling between the layers is mimicked by varying the interlayer
exchange coupling strength in the range J

i

= (0.1 ÷ 2) mJ/m2, as expected for RKKY-like
coupling [14–16] through Pd [239, 240]. The magnetic coupling through thick Pd spacers
(d & 3 nm) is mediated by spin di�usion mechanisms involving unfilled 4d and 5s ≠ p Pd
bands [239], which can numerically described in the same way. Magnetostatic coupling
alone does not stabilize the reported configurations [114]. The topologically non-trivial
states are characterized by the skyrmion number [17]:

S = 1
4fi

⁄
mmm (ˆ

x

mmm ◊ ˆ
y

mmm) dx dy , (5.3)
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• Verical	stacking	of	sos-magneic	and	out-

of-plane	magneized	nanopaperns	

• On	spherical	nanoparicles	(ø	=	500	nm)	

• Variaion	of	non-magneic	spacer	thickness	

d	=	(1–30)	nm	

• Spacer	thickness	strongly	affects	

magneizaion	reversal	in	Co/Pd
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FIG. 2. Realization of spin texture imprint. (a) Schematics and cross-section SEM of the investigated [Co/Pd]/Pd(d)/Py
multilayer stack. (b) Magnetic hysteresis loops of [Co/Pd]/Pd/Py caps obtained by Kerr magnetometry reveal magnetization
in Py top layer. (c), (d) Element-specific XMCD hysteresis curves at Co L3 (Ni L3) edge of [Co/Pd]/Pd/Py multilayer stacks
with di↵erent Pd spacer thickness for (c) polar and (d) partially longitudinal (50� tilt) sensitivity. With decreasing spacer
thickness the out-of-plane anisotropy of the Co/Pd multilayers weakens. The interlayer exchange coupling favors an in-plane
alignment of the Co/Pd spins. The measured hysteresis is dominated by the magnetization of the planar film, as the sparsely
distributed small caps contribute little.

sition from the strongly coupled state to the entirely
decoupled one. Previous studies showed that for a Pd
spacer thickness larger than 3 nm, the Co/Pd layer is ex-
change decoupled from the Permalloy film [23, 24]. For
this thickness range (3 ⇠ 5 nm), the magnetic coupling
through thick Pd spacer is mediated by spin transport
mechanisms involving unfilled 4d and 5s � p Pd bands
[23]. Thus, systems with a Pd spacer thickness of . 5 nm
should allow for imprinting magnetic spin textures in
Co/Pd films.

The impact of the out-of-plane magnetized Co/Pd mul-
tilayer on the magnetic vortex in an array of closely
packed Py caps was investigated by longitudinal mag-
netooptical Kerr e↵ect (MOKE) magnetometry. The ob-
tained Kerr signal is governed by the magnetization re-
versal in the 40 nm-thick Py top layer. The underlying
Co/Pd film cannot be studied by optical means due to
limited penetration depth. Figure 2(b) shows the hys-
teresis loops of Permalloy for the samples with strongly
coupled and decoupled stacks. The coupled system re-
veals an enhanced vortex stabilization (smaller vortex
nucleation field) that is assigned to the small bias field of
the Co/Pd layers.

However, Co/Pd spins are coupled to the Py magne-
tization. Therefore, to assess the actual spin modifi-

cation of the buried Co/Pd system, element-specific x-
ray magnetic circular dichroism (XMCD) spectroscopy
is conducted at the Co L3 absorption energy at normal
[Fig. 2(c): 0�] and oblique [Fig. 2(d): 50�] incidence. The
XMCD signal consists of contributions from both capped
structures and planar film due to a large spot size, which
can only be disentangled by adding lateral resolution in
x-ray microscopy. For thick Pd spacer, hard- and soft-
magnetic layers are decoupled with an out-of-plane easy
axis for Co/Pd [Fig. 2(c)]. For 1 nm spacer thickness,
the magnetic hysteresis loops of Py and Co/Pd layers
reveal a similar shape [Fig. 2(d)]. Although the XMCD
signal is dominated by the contribution from the planar
surrounding film, indications of the vortex transition can
be recognized in the response of the Co/Pd stack. An
intermediate spacer thickness of 3 ⇠ 5 nm reveals the
transition of the normal direction from easy axis to hard
axis [Fig. 2(c)]. Comparing the experimental with the
numerical hysteresis loop suggests that samples with a
spacer thickness of 3 ⇠ 5 nm should have an interlayer
coupling strength in the range from 0.4 to 0.5MJ/m3,
which stabilizes magnetic spiral and donut in Co/Pd.

Utilizing the element specificity of magnetic soft x-
ray transmission microcopy (MTXM) [31], we unambigu-
ously proved the stabilization of non-collinear spin tex-
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multilayer stack. (b) Magnetic hysteresis loops of [Co/Pd]/Pd/Py caps obtained by Kerr magnetometry reveal magnetization
in Py top layer. (c), (d) Element-specific XMCD hysteresis curves at Co L3 (Ni L3) edge of [Co/Pd]/Pd/Py multilayer stacks
with di↵erent Pd spacer thickness for (c) polar and (d) partially longitudinal (50� tilt) sensitivity. With decreasing spacer
thickness the out-of-plane anisotropy of the Co/Pd multilayers weakens. The interlayer exchange coupling favors an in-plane
alignment of the Co/Pd spins. The measured hysteresis is dominated by the magnetization of the planar film, as the sparsely
distributed small caps contribute little.

sition from the strongly coupled state to the entirely
decoupled one. Previous studies showed that for a Pd
spacer thickness larger than 3 nm, the Co/Pd layer is ex-
change decoupled from the Permalloy film [23, 24]. For
this thickness range (3 ⇠ 5 nm), the magnetic coupling
through thick Pd spacer is mediated by spin transport
mechanisms involving unfilled 4d and 5s � p Pd bands
[23]. Thus, systems with a Pd spacer thickness of . 5 nm
should allow for imprinting magnetic spin textures in
Co/Pd films.

The impact of the out-of-plane magnetized Co/Pd mul-
tilayer on the magnetic vortex in an array of closely
packed Py caps was investigated by longitudinal mag-
netooptical Kerr e↵ect (MOKE) magnetometry. The ob-
tained Kerr signal is governed by the magnetization re-
versal in the 40 nm-thick Py top layer. The underlying
Co/Pd film cannot be studied by optical means due to
limited penetration depth. Figure 2(b) shows the hys-
teresis loops of Permalloy for the samples with strongly
coupled and decoupled stacks. The coupled system re-
veals an enhanced vortex stabilization (smaller vortex
nucleation field) that is assigned to the small bias field of
the Co/Pd layers.

However, Co/Pd spins are coupled to the Py magne-
tization. Therefore, to assess the actual spin modifi-

cation of the buried Co/Pd system, element-specific x-
ray magnetic circular dichroism (XMCD) spectroscopy
is conducted at the Co L3 absorption energy at normal
[Fig. 2(c): 0�] and oblique [Fig. 2(d): 50�] incidence. The
XMCD signal consists of contributions from both capped
structures and planar film due to a large spot size, which
can only be disentangled by adding lateral resolution in
x-ray microscopy. For thick Pd spacer, hard- and soft-
magnetic layers are decoupled with an out-of-plane easy
axis for Co/Pd [Fig. 2(c)]. For 1 nm spacer thickness,
the magnetic hysteresis loops of Py and Co/Pd layers
reveal a similar shape [Fig. 2(d)]. Although the XMCD
signal is dominated by the contribution from the planar
surrounding film, indications of the vortex transition can
be recognized in the response of the Co/Pd stack. An
intermediate spacer thickness of 3 ⇠ 5 nm reveals the
transition of the normal direction from easy axis to hard
axis [Fig. 2(c)]. Comparing the experimental with the
numerical hysteresis loop suggests that samples with a
spacer thickness of 3 ⇠ 5 nm should have an interlayer
coupling strength in the range from 0.4 to 0.5MJ/m3,
which stabilizes magnetic spiral and donut in Co/Pd.

Utilizing the element specificity of magnetic soft x-
ray transmission microcopy (MTXM) [31], we unambigu-
ously proved the stabilization of non-collinear spin tex-
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FIG. 2. Realization of spin texture imprint. (a) Schematics and cross-section SEM of the investigated [Co/Pd]/Pd(d)/Py
multilayer stack. (b) Magnetic hysteresis loops of [Co/Pd]/Pd/Py caps obtained by Kerr magnetometry reveal magnetization
in Py top layer. (c), (d) Element-specific XMCD hysteresis curves at Co L3 (Ni L3) edge of [Co/Pd]/Pd/Py multilayer stacks
with di↵erent Pd spacer thickness for (c) polar and (d) partially longitudinal (50� tilt) sensitivity. With decreasing spacer
thickness the out-of-plane anisotropy of the Co/Pd multilayers weakens. The interlayer exchange coupling favors an in-plane
alignment of the Co/Pd spins. The measured hysteresis is dominated by the magnetization of the planar film, as the sparsely
distributed small caps contribute little.

sition from the strongly coupled state to the entirely
decoupled one. Previous studies showed that for a Pd
spacer thickness larger than 3 nm, the Co/Pd layer is ex-
change decoupled from the Permalloy film [23, 24]. For
this thickness range (3 ⇠ 5 nm), the magnetic coupling
through thick Pd spacer is mediated by spin transport
mechanisms involving unfilled 4d and 5s � p Pd bands
[23]. Thus, systems with a Pd spacer thickness of . 5 nm
should allow for imprinting magnetic spin textures in
Co/Pd films.

The impact of the out-of-plane magnetized Co/Pd mul-
tilayer on the magnetic vortex in an array of closely
packed Py caps was investigated by longitudinal mag-
netooptical Kerr e↵ect (MOKE) magnetometry. The ob-
tained Kerr signal is governed by the magnetization re-
versal in the 40 nm-thick Py top layer. The underlying
Co/Pd film cannot be studied by optical means due to
limited penetration depth. Figure 2(b) shows the hys-
teresis loops of Permalloy for the samples with strongly
coupled and decoupled stacks. The coupled system re-
veals an enhanced vortex stabilization (smaller vortex
nucleation field) that is assigned to the small bias field of
the Co/Pd layers.

However, Co/Pd spins are coupled to the Py magne-
tization. Therefore, to assess the actual spin modifi-

cation of the buried Co/Pd system, element-specific x-
ray magnetic circular dichroism (XMCD) spectroscopy
is conducted at the Co L3 absorption energy at normal
[Fig. 2(c): 0�] and oblique [Fig. 2(d): 50�] incidence. The
XMCD signal consists of contributions from both capped
structures and planar film due to a large spot size, which
can only be disentangled by adding lateral resolution in
x-ray microscopy. For thick Pd spacer, hard- and soft-
magnetic layers are decoupled with an out-of-plane easy
axis for Co/Pd [Fig. 2(c)]. For 1 nm spacer thickness,
the magnetic hysteresis loops of Py and Co/Pd layers
reveal a similar shape [Fig. 2(d)]. Although the XMCD
signal is dominated by the contribution from the planar
surrounding film, indications of the vortex transition can
be recognized in the response of the Co/Pd stack. An
intermediate spacer thickness of 3 ⇠ 5 nm reveals the
transition of the normal direction from easy axis to hard
axis [Fig. 2(c)]. Comparing the experimental with the
numerical hysteresis loop suggests that samples with a
spacer thickness of 3 ⇠ 5 nm should have an interlayer
coupling strength in the range from 0.4 to 0.5MJ/m3,
which stabilizes magnetic spiral and donut in Co/Pd.

Utilizing the element specificity of magnetic soft x-
ray transmission microcopy (MTXM) [31], we unambigu-
ously proved the stabilization of non-collinear spin tex-
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FIG. 2. Realization of spin texture imprint. (a) Schematics and cross-section SEM of the investigated [Co/Pd]/Pd(d)/Py
multilayer stack. (b) Magnetic hysteresis loops of [Co/Pd]/Pd/Py caps obtained by Kerr magnetometry reveal magnetization
in Py top layer. (c), (d) Element-specific XMCD hysteresis curves at Co L3 (Ni L3) edge of [Co/Pd]/Pd/Py multilayer stacks
with di↵erent Pd spacer thickness for (c) polar and (d) partially longitudinal (50� tilt) sensitivity. With decreasing spacer
thickness the out-of-plane anisotropy of the Co/Pd multilayers weakens. The interlayer exchange coupling favors an in-plane
alignment of the Co/Pd spins. The measured hysteresis is dominated by the magnetization of the planar film, as the sparsely
distributed small caps contribute little.

sition from the strongly coupled state to the entirely
decoupled one. Previous studies showed that for a Pd
spacer thickness larger than 3 nm, the Co/Pd layer is ex-
change decoupled from the Permalloy film [23, 24]. For
this thickness range (3 ⇠ 5 nm), the magnetic coupling
through thick Pd spacer is mediated by spin transport
mechanisms involving unfilled 4d and 5s � p Pd bands
[23]. Thus, systems with a Pd spacer thickness of . 5 nm
should allow for imprinting magnetic spin textures in
Co/Pd films.

The impact of the out-of-plane magnetized Co/Pd mul-
tilayer on the magnetic vortex in an array of closely
packed Py caps was investigated by longitudinal mag-
netooptical Kerr e↵ect (MOKE) magnetometry. The ob-
tained Kerr signal is governed by the magnetization re-
versal in the 40 nm-thick Py top layer. The underlying
Co/Pd film cannot be studied by optical means due to
limited penetration depth. Figure 2(b) shows the hys-
teresis loops of Permalloy for the samples with strongly
coupled and decoupled stacks. The coupled system re-
veals an enhanced vortex stabilization (smaller vortex
nucleation field) that is assigned to the small bias field of
the Co/Pd layers.

However, Co/Pd spins are coupled to the Py magne-
tization. Therefore, to assess the actual spin modifi-

cation of the buried Co/Pd system, element-specific x-
ray magnetic circular dichroism (XMCD) spectroscopy
is conducted at the Co L3 absorption energy at normal
[Fig. 2(c): 0�] and oblique [Fig. 2(d): 50�] incidence. The
XMCD signal consists of contributions from both capped
structures and planar film due to a large spot size, which
can only be disentangled by adding lateral resolution in
x-ray microscopy. For thick Pd spacer, hard- and soft-
magnetic layers are decoupled with an out-of-plane easy
axis for Co/Pd [Fig. 2(c)]. For 1 nm spacer thickness,
the magnetic hysteresis loops of Py and Co/Pd layers
reveal a similar shape [Fig. 2(d)]. Although the XMCD
signal is dominated by the contribution from the planar
surrounding film, indications of the vortex transition can
be recognized in the response of the Co/Pd stack. An
intermediate spacer thickness of 3 ⇠ 5 nm reveals the
transition of the normal direction from easy axis to hard
axis [Fig. 2(c)]. Comparing the experimental with the
numerical hysteresis loop suggests that samples with a
spacer thickness of 3 ⇠ 5 nm should have an interlayer
coupling strength in the range from 0.4 to 0.5MJ/m3,
which stabilizes magnetic spiral and donut in Co/Pd.

Utilizing the element specificity of magnetic soft x-
ray transmission microcopy (MTXM) [31], we unambigu-
ously proved the stabilization of non-collinear spin tex-
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FIG. 2. Realization of spin texture imprint. (a) Schematics and cross-section SEM of the investigated [Co/Pd]/Pd(d)/Py
multilayer stack. (b) Magnetic hysteresis loops of [Co/Pd]/Pd/Py caps obtained by Kerr magnetometry reveal magnetization
in Py top layer. (c), (d) Element-specific XMCD hysteresis curves at Co L3 (Ni L3) edge of [Co/Pd]/Pd/Py multilayer stacks
with di↵erent Pd spacer thickness for (c) polar and (d) partially longitudinal (50� tilt) sensitivity. With decreasing spacer
thickness the out-of-plane anisotropy of the Co/Pd multilayers weakens. The interlayer exchange coupling favors an in-plane
alignment of the Co/Pd spins. The measured hysteresis is dominated by the magnetization of the planar film, as the sparsely
distributed small caps contribute little.

sition from the strongly coupled state to the entirely
decoupled one. Previous studies showed that for a Pd
spacer thickness larger than 3 nm, the Co/Pd layer is ex-
change decoupled from the Permalloy film [23, 24]. For
this thickness range (3 ⇠ 5 nm), the magnetic coupling
through thick Pd spacer is mediated by spin transport
mechanisms involving unfilled 4d and 5s � p Pd bands
[23]. Thus, systems with a Pd spacer thickness of . 5 nm
should allow for imprinting magnetic spin textures in
Co/Pd films.

The impact of the out-of-plane magnetized Co/Pd mul-
tilayer on the magnetic vortex in an array of closely
packed Py caps was investigated by longitudinal mag-
netooptical Kerr e↵ect (MOKE) magnetometry. The ob-
tained Kerr signal is governed by the magnetization re-
versal in the 40 nm-thick Py top layer. The underlying
Co/Pd film cannot be studied by optical means due to
limited penetration depth. Figure 2(b) shows the hys-
teresis loops of Permalloy for the samples with strongly
coupled and decoupled stacks. The coupled system re-
veals an enhanced vortex stabilization (smaller vortex
nucleation field) that is assigned to the small bias field of
the Co/Pd layers.

However, Co/Pd spins are coupled to the Py magne-
tization. Therefore, to assess the actual spin modifi-

cation of the buried Co/Pd system, element-specific x-
ray magnetic circular dichroism (XMCD) spectroscopy
is conducted at the Co L3 absorption energy at normal
[Fig. 2(c): 0�] and oblique [Fig. 2(d): 50�] incidence. The
XMCD signal consists of contributions from both capped
structures and planar film due to a large spot size, which
can only be disentangled by adding lateral resolution in
x-ray microscopy. For thick Pd spacer, hard- and soft-
magnetic layers are decoupled with an out-of-plane easy
axis for Co/Pd [Fig. 2(c)]. For 1 nm spacer thickness,
the magnetic hysteresis loops of Py and Co/Pd layers
reveal a similar shape [Fig. 2(d)]. Although the XMCD
signal is dominated by the contribution from the planar
surrounding film, indications of the vortex transition can
be recognized in the response of the Co/Pd stack. An
intermediate spacer thickness of 3 ⇠ 5 nm reveals the
transition of the normal direction from easy axis to hard
axis [Fig. 2(c)]. Comparing the experimental with the
numerical hysteresis loop suggests that samples with a
spacer thickness of 3 ⇠ 5 nm should have an interlayer
coupling strength in the range from 0.4 to 0.5MJ/m3,
which stabilizes magnetic spiral and donut in Co/Pd.

Utilizing the element specificity of magnetic soft x-
ray transmission microcopy (MTXM) [31], we unambigu-
ously proved the stabilization of non-collinear spin tex-
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FIG. 2. Realization of spin texture imprint. (a) Schematics and cross-section SEM of the investigated [Co/Pd]/Pd(d)/Py
multilayer stack. (b) Magnetic hysteresis loops of [Co/Pd]/Pd/Py caps obtained by Kerr magnetometry reveal magnetization
in Py top layer. (c), (d) Element-specific XMCD hysteresis curves at Co L3 (Ni L3) edge of [Co/Pd]/Pd/Py multilayer stacks
with di↵erent Pd spacer thickness for (c) polar and (d) partially longitudinal (50� tilt) sensitivity. With decreasing spacer
thickness the out-of-plane anisotropy of the Co/Pd multilayers weakens. The interlayer exchange coupling favors an in-plane
alignment of the Co/Pd spins. The measured hysteresis is dominated by the magnetization of the planar film, as the sparsely
distributed small caps contribute little.

sition from the strongly coupled state to the entirely
decoupled one. Previous studies showed that for a Pd
spacer thickness larger than 3 nm, the Co/Pd layer is ex-
change decoupled from the Permalloy film [23, 24]. For
this thickness range (3 ⇠ 5 nm), the magnetic coupling
through thick Pd spacer is mediated by spin transport
mechanisms involving unfilled 4d and 5s � p Pd bands
[23]. Thus, systems with a Pd spacer thickness of . 5 nm
should allow for imprinting magnetic spin textures in
Co/Pd films.

The impact of the out-of-plane magnetized Co/Pd mul-
tilayer on the magnetic vortex in an array of closely
packed Py caps was investigated by longitudinal mag-
netooptical Kerr e↵ect (MOKE) magnetometry. The ob-
tained Kerr signal is governed by the magnetization re-
versal in the 40 nm-thick Py top layer. The underlying
Co/Pd film cannot be studied by optical means due to
limited penetration depth. Figure 2(b) shows the hys-
teresis loops of Permalloy for the samples with strongly
coupled and decoupled stacks. The coupled system re-
veals an enhanced vortex stabilization (smaller vortex
nucleation field) that is assigned to the small bias field of
the Co/Pd layers.

However, Co/Pd spins are coupled to the Py magne-
tization. Therefore, to assess the actual spin modifi-

cation of the buried Co/Pd system, element-specific x-
ray magnetic circular dichroism (XMCD) spectroscopy
is conducted at the Co L3 absorption energy at normal
[Fig. 2(c): 0�] and oblique [Fig. 2(d): 50�] incidence. The
XMCD signal consists of contributions from both capped
structures and planar film due to a large spot size, which
can only be disentangled by adding lateral resolution in
x-ray microscopy. For thick Pd spacer, hard- and soft-
magnetic layers are decoupled with an out-of-plane easy
axis for Co/Pd [Fig. 2(c)]. For 1 nm spacer thickness,
the magnetic hysteresis loops of Py and Co/Pd layers
reveal a similar shape [Fig. 2(d)]. Although the XMCD
signal is dominated by the contribution from the planar
surrounding film, indications of the vortex transition can
be recognized in the response of the Co/Pd stack. An
intermediate spacer thickness of 3 ⇠ 5 nm reveals the
transition of the normal direction from easy axis to hard
axis [Fig. 2(c)]. Comparing the experimental with the
numerical hysteresis loop suggests that samples with a
spacer thickness of 3 ⇠ 5 nm should have an interlayer
coupling strength in the range from 0.4 to 0.5MJ/m3,
which stabilizes magnetic spiral and donut in Co/Pd.

Utilizing the element specificity of magnetic soft x-
ray transmission microcopy (MTXM) [31], we unambigu-
ously proved the stabilization of non-collinear spin tex-
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FIG. 2. Realization of spin texture imprint. (a) Schematics and cross-section SEM of the investigated [Co/Pd]/Pd(d)/Py
multilayer stack. (b) Magnetic hysteresis loops of [Co/Pd]/Pd/Py caps obtained by Kerr magnetometry reveal magnetization
in Py top layer. (c), (d) Element-specific XMCD hysteresis curves at Co L3 (Ni L3) edge of [Co/Pd]/Pd/Py multilayer stacks
with di↵erent Pd spacer thickness for (c) polar and (d) partially longitudinal (50� tilt) sensitivity. With decreasing spacer
thickness the out-of-plane anisotropy of the Co/Pd multilayers weakens. The interlayer exchange coupling favors an in-plane
alignment of the Co/Pd spins. The measured hysteresis is dominated by the magnetization of the planar film, as the sparsely
distributed small caps contribute little.

sition from the strongly coupled state to the entirely
decoupled one. Previous studies showed that for a Pd
spacer thickness larger than 3 nm, the Co/Pd layer is ex-
change decoupled from the Permalloy film [23, 24]. For
this thickness range (3 ⇠ 5 nm), the magnetic coupling
through thick Pd spacer is mediated by spin transport
mechanisms involving unfilled 4d and 5s � p Pd bands
[23]. Thus, systems with a Pd spacer thickness of . 5 nm
should allow for imprinting magnetic spin textures in
Co/Pd films.

The impact of the out-of-plane magnetized Co/Pd mul-
tilayer on the magnetic vortex in an array of closely
packed Py caps was investigated by longitudinal mag-
netooptical Kerr e↵ect (MOKE) magnetometry. The ob-
tained Kerr signal is governed by the magnetization re-
versal in the 40 nm-thick Py top layer. The underlying
Co/Pd film cannot be studied by optical means due to
limited penetration depth. Figure 2(b) shows the hys-
teresis loops of Permalloy for the samples with strongly
coupled and decoupled stacks. The coupled system re-
veals an enhanced vortex stabilization (smaller vortex
nucleation field) that is assigned to the small bias field of
the Co/Pd layers.

However, Co/Pd spins are coupled to the Py magne-
tization. Therefore, to assess the actual spin modifi-

cation of the buried Co/Pd system, element-specific x-
ray magnetic circular dichroism (XMCD) spectroscopy
is conducted at the Co L3 absorption energy at normal
[Fig. 2(c): 0�] and oblique [Fig. 2(d): 50�] incidence. The
XMCD signal consists of contributions from both capped
structures and planar film due to a large spot size, which
can only be disentangled by adding lateral resolution in
x-ray microscopy. For thick Pd spacer, hard- and soft-
magnetic layers are decoupled with an out-of-plane easy
axis for Co/Pd [Fig. 2(c)]. For 1 nm spacer thickness,
the magnetic hysteresis loops of Py and Co/Pd layers
reveal a similar shape [Fig. 2(d)]. Although the XMCD
signal is dominated by the contribution from the planar
surrounding film, indications of the vortex transition can
be recognized in the response of the Co/Pd stack. An
intermediate spacer thickness of 3 ⇠ 5 nm reveals the
transition of the normal direction from easy axis to hard
axis [Fig. 2(c)]. Comparing the experimental with the
numerical hysteresis loop suggests that samples with a
spacer thickness of 3 ⇠ 5 nm should have an interlayer
coupling strength in the range from 0.4 to 0.5MJ/m3,
which stabilizes magnetic spiral and donut in Co/Pd.

Utilizing the element specificity of magnetic soft x-
ray transmission microcopy (MTXM) [31], we unambigu-
ously proved the stabilization of non-collinear spin tex-
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FIG. 2. Realization of spin texture imprint. (a) Schematics and cross-section SEM of the investigated [Co/Pd]/Pd(d)/Py
multilayer stack. (b) Magnetic hysteresis loops of [Co/Pd]/Pd/Py caps obtained by Kerr magnetometry reveal magnetization
in Py top layer. (c), (d) Element-specific XMCD hysteresis curves at Co L3 (Ni L3) edge of [Co/Pd]/Pd/Py multilayer stacks
with di↵erent Pd spacer thickness for (c) polar and (d) partially longitudinal (50� tilt) sensitivity. With decreasing spacer
thickness the out-of-plane anisotropy of the Co/Pd multilayers weakens. The interlayer exchange coupling favors an in-plane
alignment of the Co/Pd spins. The measured hysteresis is dominated by the magnetization of the planar film, as the sparsely
distributed small caps contribute little.

sition from the strongly coupled state to the entirely
decoupled one. Previous studies showed that for a Pd
spacer thickness larger than 3 nm, the Co/Pd layer is ex-
change decoupled from the Permalloy film [23, 24]. For
this thickness range (3 ⇠ 5 nm), the magnetic coupling
through thick Pd spacer is mediated by spin transport
mechanisms involving unfilled 4d and 5s � p Pd bands
[23]. Thus, systems with a Pd spacer thickness of . 5 nm
should allow for imprinting magnetic spin textures in
Co/Pd films.

The impact of the out-of-plane magnetized Co/Pd mul-
tilayer on the magnetic vortex in an array of closely
packed Py caps was investigated by longitudinal mag-
netooptical Kerr e↵ect (MOKE) magnetometry. The ob-
tained Kerr signal is governed by the magnetization re-
versal in the 40 nm-thick Py top layer. The underlying
Co/Pd film cannot be studied by optical means due to
limited penetration depth. Figure 2(b) shows the hys-
teresis loops of Permalloy for the samples with strongly
coupled and decoupled stacks. The coupled system re-
veals an enhanced vortex stabilization (smaller vortex
nucleation field) that is assigned to the small bias field of
the Co/Pd layers.

However, Co/Pd spins are coupled to the Py magne-
tization. Therefore, to assess the actual spin modifi-

cation of the buried Co/Pd system, element-specific x-
ray magnetic circular dichroism (XMCD) spectroscopy
is conducted at the Co L3 absorption energy at normal
[Fig. 2(c): 0�] and oblique [Fig. 2(d): 50�] incidence. The
XMCD signal consists of contributions from both capped
structures and planar film due to a large spot size, which
can only be disentangled by adding lateral resolution in
x-ray microscopy. For thick Pd spacer, hard- and soft-
magnetic layers are decoupled with an out-of-plane easy
axis for Co/Pd [Fig. 2(c)]. For 1 nm spacer thickness,
the magnetic hysteresis loops of Py and Co/Pd layers
reveal a similar shape [Fig. 2(d)]. Although the XMCD
signal is dominated by the contribution from the planar
surrounding film, indications of the vortex transition can
be recognized in the response of the Co/Pd stack. An
intermediate spacer thickness of 3 ⇠ 5 nm reveals the
transition of the normal direction from easy axis to hard
axis [Fig. 2(c)]. Comparing the experimental with the
numerical hysteresis loop suggests that samples with a
spacer thickness of 3 ⇠ 5 nm should have an interlayer
coupling strength in the range from 0.4 to 0.5MJ/m3,
which stabilizes magnetic spiral and donut in Co/Pd.

Utilizing the element specificity of magnetic soft x-
ray transmission microcopy (MTXM) [31], we unambigu-
ously proved the stabilization of non-collinear spin tex-
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FIG. 2. Realization of spin texture imprint. (a) Schematics and cross-section SEM of the investigated [Co/Pd]/Pd(d)/Py
multilayer stack. (b) Magnetic hysteresis loops of [Co/Pd]/Pd/Py caps obtained by Kerr magnetometry reveal magnetization
in Py top layer. (c), (d) Element-specific XMCD hysteresis curves at Co L3 (Ni L3) edge of [Co/Pd]/Pd/Py multilayer stacks
with di↵erent Pd spacer thickness for (c) polar and (d) partially longitudinal (50� tilt) sensitivity. With decreasing spacer
thickness the out-of-plane anisotropy of the Co/Pd multilayers weakens. The interlayer exchange coupling favors an in-plane
alignment of the Co/Pd spins. The measured hysteresis is dominated by the magnetization of the planar film, as the sparsely
distributed small caps contribute little.

sition from the strongly coupled state to the entirely
decoupled one. Previous studies showed that for a Pd
spacer thickness larger than 3 nm, the Co/Pd layer is ex-
change decoupled from the Permalloy film [23, 24]. For
this thickness range (3 ⇠ 5 nm), the magnetic coupling
through thick Pd spacer is mediated by spin transport
mechanisms involving unfilled 4d and 5s � p Pd bands
[23]. Thus, systems with a Pd spacer thickness of . 5 nm
should allow for imprinting magnetic spin textures in
Co/Pd films.

The impact of the out-of-plane magnetized Co/Pd mul-
tilayer on the magnetic vortex in an array of closely
packed Py caps was investigated by longitudinal mag-
netooptical Kerr e↵ect (MOKE) magnetometry. The ob-
tained Kerr signal is governed by the magnetization re-
versal in the 40 nm-thick Py top layer. The underlying
Co/Pd film cannot be studied by optical means due to
limited penetration depth. Figure 2(b) shows the hys-
teresis loops of Permalloy for the samples with strongly
coupled and decoupled stacks. The coupled system re-
veals an enhanced vortex stabilization (smaller vortex
nucleation field) that is assigned to the small bias field of
the Co/Pd layers.

However, Co/Pd spins are coupled to the Py magne-
tization. Therefore, to assess the actual spin modifi-

cation of the buried Co/Pd system, element-specific x-
ray magnetic circular dichroism (XMCD) spectroscopy
is conducted at the Co L3 absorption energy at normal
[Fig. 2(c): 0�] and oblique [Fig. 2(d): 50�] incidence. The
XMCD signal consists of contributions from both capped
structures and planar film due to a large spot size, which
can only be disentangled by adding lateral resolution in
x-ray microscopy. For thick Pd spacer, hard- and soft-
magnetic layers are decoupled with an out-of-plane easy
axis for Co/Pd [Fig. 2(c)]. For 1 nm spacer thickness,
the magnetic hysteresis loops of Py and Co/Pd layers
reveal a similar shape [Fig. 2(d)]. Although the XMCD
signal is dominated by the contribution from the planar
surrounding film, indications of the vortex transition can
be recognized in the response of the Co/Pd stack. An
intermediate spacer thickness of 3 ⇠ 5 nm reveals the
transition of the normal direction from easy axis to hard
axis [Fig. 2(c)]. Comparing the experimental with the
numerical hysteresis loop suggests that samples with a
spacer thickness of 3 ⇠ 5 nm should have an interlayer
coupling strength in the range from 0.4 to 0.5MJ/m3,
which stabilizes magnetic spiral and donut in Co/Pd.

Utilizing the element specificity of magnetic soft x-
ray transmission microcopy (MTXM) [31], we unambigu-
ously proved the stabilization of non-collinear spin tex-
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FIG. 2. Realization of spin texture imprint. (a) Schematics and cross-section SEM of the investigated [Co/Pd]/Pd(d)/Py
multilayer stack. (b) Magnetic hysteresis loops of [Co/Pd]/Pd/Py caps obtained by Kerr magnetometry reveal magnetization
in Py top layer. (c), (d) Element-specific XMCD hysteresis curves at Co L3 (Ni L3) edge of [Co/Pd]/Pd/Py multilayer stacks
with di↵erent Pd spacer thickness for (c) polar and (d) partially longitudinal (50� tilt) sensitivity. With decreasing spacer
thickness the out-of-plane anisotropy of the Co/Pd multilayers weakens. The interlayer exchange coupling favors an in-plane
alignment of the Co/Pd spins. The measured hysteresis is dominated by the magnetization of the planar film, as the sparsely
distributed small caps contribute little.

sition from the strongly coupled state to the entirely
decoupled one. Previous studies showed that for a Pd
spacer thickness larger than 3 nm, the Co/Pd layer is ex-
change decoupled from the Permalloy film [23, 24]. For
this thickness range (3 ⇠ 5 nm), the magnetic coupling
through thick Pd spacer is mediated by spin transport
mechanisms involving unfilled 4d and 5s � p Pd bands
[23]. Thus, systems with a Pd spacer thickness of . 5 nm
should allow for imprinting magnetic spin textures in
Co/Pd films.

The impact of the out-of-plane magnetized Co/Pd mul-
tilayer on the magnetic vortex in an array of closely
packed Py caps was investigated by longitudinal mag-
netooptical Kerr e↵ect (MOKE) magnetometry. The ob-
tained Kerr signal is governed by the magnetization re-
versal in the 40 nm-thick Py top layer. The underlying
Co/Pd film cannot be studied by optical means due to
limited penetration depth. Figure 2(b) shows the hys-
teresis loops of Permalloy for the samples with strongly
coupled and decoupled stacks. The coupled system re-
veals an enhanced vortex stabilization (smaller vortex
nucleation field) that is assigned to the small bias field of
the Co/Pd layers.

However, Co/Pd spins are coupled to the Py magne-
tization. Therefore, to assess the actual spin modifi-

cation of the buried Co/Pd system, element-specific x-
ray magnetic circular dichroism (XMCD) spectroscopy
is conducted at the Co L3 absorption energy at normal
[Fig. 2(c): 0�] and oblique [Fig. 2(d): 50�] incidence. The
XMCD signal consists of contributions from both capped
structures and planar film due to a large spot size, which
can only be disentangled by adding lateral resolution in
x-ray microscopy. For thick Pd spacer, hard- and soft-
magnetic layers are decoupled with an out-of-plane easy
axis for Co/Pd [Fig. 2(c)]. For 1 nm spacer thickness,
the magnetic hysteresis loops of Py and Co/Pd layers
reveal a similar shape [Fig. 2(d)]. Although the XMCD
signal is dominated by the contribution from the planar
surrounding film, indications of the vortex transition can
be recognized in the response of the Co/Pd stack. An
intermediate spacer thickness of 3 ⇠ 5 nm reveals the
transition of the normal direction from easy axis to hard
axis [Fig. 2(c)]. Comparing the experimental with the
numerical hysteresis loop suggests that samples with a
spacer thickness of 3 ⇠ 5 nm should have an interlayer
coupling strength in the range from 0.4 to 0.5MJ/m3,
which stabilizes magnetic spiral and donut in Co/Pd.

Utilizing the element specificity of magnetic soft x-
ray transmission microcopy (MTXM) [31], we unambigu-
ously proved the stabilization of non-collinear spin tex-
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FIG. 2. Realization of spin texture imprint. (a) Schematics and cross-section SEM of the investigated [Co/Pd]/Pd(d)/Py
multilayer stack. (b) Magnetic hysteresis loops of [Co/Pd]/Pd/Py caps obtained by Kerr magnetometry reveal magnetization
in Py top layer. (c), (d) Element-specific XMCD hysteresis curves at Co L3 (Ni L3) edge of [Co/Pd]/Pd/Py multilayer stacks
with di↵erent Pd spacer thickness for (c) polar and (d) partially longitudinal (50� tilt) sensitivity. With decreasing spacer
thickness the out-of-plane anisotropy of the Co/Pd multilayers weakens. The interlayer exchange coupling favors an in-plane
alignment of the Co/Pd spins. The measured hysteresis is dominated by the magnetization of the planar film, as the sparsely
distributed small caps contribute little.

sition from the strongly coupled state to the entirely
decoupled one. Previous studies showed that for a Pd
spacer thickness larger than 3 nm, the Co/Pd layer is ex-
change decoupled from the Permalloy film [23, 24]. For
this thickness range (3 ⇠ 5 nm), the magnetic coupling
through thick Pd spacer is mediated by spin transport
mechanisms involving unfilled 4d and 5s � p Pd bands
[23]. Thus, systems with a Pd spacer thickness of . 5 nm
should allow for imprinting magnetic spin textures in
Co/Pd films.

The impact of the out-of-plane magnetized Co/Pd mul-
tilayer on the magnetic vortex in an array of closely
packed Py caps was investigated by longitudinal mag-
netooptical Kerr e↵ect (MOKE) magnetometry. The ob-
tained Kerr signal is governed by the magnetization re-
versal in the 40 nm-thick Py top layer. The underlying
Co/Pd film cannot be studied by optical means due to
limited penetration depth. Figure 2(b) shows the hys-
teresis loops of Permalloy for the samples with strongly
coupled and decoupled stacks. The coupled system re-
veals an enhanced vortex stabilization (smaller vortex
nucleation field) that is assigned to the small bias field of
the Co/Pd layers.

However, Co/Pd spins are coupled to the Py magne-
tization. Therefore, to assess the actual spin modifi-

cation of the buried Co/Pd system, element-specific x-
ray magnetic circular dichroism (XMCD) spectroscopy
is conducted at the Co L3 absorption energy at normal
[Fig. 2(c): 0�] and oblique [Fig. 2(d): 50�] incidence. The
XMCD signal consists of contributions from both capped
structures and planar film due to a large spot size, which
can only be disentangled by adding lateral resolution in
x-ray microscopy. For thick Pd spacer, hard- and soft-
magnetic layers are decoupled with an out-of-plane easy
axis for Co/Pd [Fig. 2(c)]. For 1 nm spacer thickness,
the magnetic hysteresis loops of Py and Co/Pd layers
reveal a similar shape [Fig. 2(d)]. Although the XMCD
signal is dominated by the contribution from the planar
surrounding film, indications of the vortex transition can
be recognized in the response of the Co/Pd stack. An
intermediate spacer thickness of 3 ⇠ 5 nm reveals the
transition of the normal direction from easy axis to hard
axis [Fig. 2(c)]. Comparing the experimental with the
numerical hysteresis loop suggests that samples with a
spacer thickness of 3 ⇠ 5 nm should have an interlayer
coupling strength in the range from 0.4 to 0.5MJ/m3,
which stabilizes magnetic spiral and donut in Co/Pd.

Utilizing the element specificity of magnetic soft x-
ray transmission microcopy (MTXM) [31], we unambigu-
ously proved the stabilization of non-collinear spin tex-

4

x-ray

↵

300 nm

a

�100 0 100

�1

0

1

d [nm]

Magnetic Field [kA/m]

N
or
m
.
M
a
g
n
.
M
o
m
.

1

3

5

30

XMCD
↵ = 0�

Co edge

c

�40 �20 0 20 40

�1

0

1

d=1 nm
vortex

planar

Magnetic Field [kA/m]

N
or
m
.
M
a
g
n
.
M
o
m
.

Co edge

Ni edge

XMCD
↵ = 50�

d

�20 �10 0 10 20

�1

0

1

d [nm]

Magnetic Field [kA/m]

N
or
m
.
M
a
g
n
.
M
o
m
.

1

30

MOKE
Py top layer

b

FIG. 2. Realization of spin texture imprint. (a) Schematics and cross-section SEM of the investigated [Co/Pd]/Pd(d)/Py
multilayer stack. (b) Magnetic hysteresis loops of [Co/Pd]/Pd/Py caps obtained by Kerr magnetometry reveal magnetization
in Py top layer. (c), (d) Element-specific XMCD hysteresis curves at Co L3 (Ni L3) edge of [Co/Pd]/Pd/Py multilayer stacks
with di↵erent Pd spacer thickness for (c) polar and (d) partially longitudinal (50� tilt) sensitivity. With decreasing spacer
thickness the out-of-plane anisotropy of the Co/Pd multilayers weakens. The interlayer exchange coupling favors an in-plane
alignment of the Co/Pd spins. The measured hysteresis is dominated by the magnetization of the planar film, as the sparsely
distributed small caps contribute little.

sition from the strongly coupled state to the entirely
decoupled one. Previous studies showed that for a Pd
spacer thickness larger than 3 nm, the Co/Pd layer is ex-
change decoupled from the Permalloy film [23, 24]. For
this thickness range (3 ⇠ 5 nm), the magnetic coupling
through thick Pd spacer is mediated by spin transport
mechanisms involving unfilled 4d and 5s � p Pd bands
[23]. Thus, systems with a Pd spacer thickness of . 5 nm
should allow for imprinting magnetic spin textures in
Co/Pd films.

The impact of the out-of-plane magnetized Co/Pd mul-
tilayer on the magnetic vortex in an array of closely
packed Py caps was investigated by longitudinal mag-
netooptical Kerr e↵ect (MOKE) magnetometry. The ob-
tained Kerr signal is governed by the magnetization re-
versal in the 40 nm-thick Py top layer. The underlying
Co/Pd film cannot be studied by optical means due to
limited penetration depth. Figure 2(b) shows the hys-
teresis loops of Permalloy for the samples with strongly
coupled and decoupled stacks. The coupled system re-
veals an enhanced vortex stabilization (smaller vortex
nucleation field) that is assigned to the small bias field of
the Co/Pd layers.

However, Co/Pd spins are coupled to the Py magne-
tization. Therefore, to assess the actual spin modifi-

cation of the buried Co/Pd system, element-specific x-
ray magnetic circular dichroism (XMCD) spectroscopy
is conducted at the Co L3 absorption energy at normal
[Fig. 2(c): 0�] and oblique [Fig. 2(d): 50�] incidence. The
XMCD signal consists of contributions from both capped
structures and planar film due to a large spot size, which
can only be disentangled by adding lateral resolution in
x-ray microscopy. For thick Pd spacer, hard- and soft-
magnetic layers are decoupled with an out-of-plane easy
axis for Co/Pd [Fig. 2(c)]. For 1 nm spacer thickness,
the magnetic hysteresis loops of Py and Co/Pd layers
reveal a similar shape [Fig. 2(d)]. Although the XMCD
signal is dominated by the contribution from the planar
surrounding film, indications of the vortex transition can
be recognized in the response of the Co/Pd stack. An
intermediate spacer thickness of 3 ⇠ 5 nm reveals the
transition of the normal direction from easy axis to hard
axis [Fig. 2(c)]. Comparing the experimental with the
numerical hysteresis loop suggests that samples with a
spacer thickness of 3 ⇠ 5 nm should have an interlayer
coupling strength in the range from 0.4 to 0.5MJ/m3,
which stabilizes magnetic spiral and donut in Co/Pd.

Utilizing the element specificity of magnetic soft x-
ray transmission microcopy (MTXM) [31], we unambigu-
ously proved the stabilization of non-collinear spin tex-
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FIG. 5. Realization of spin texture imprint. (a) Schematics and cross-section SEM of the investigated [Co/Pd]/Pd(d)/Py

multilayer stack. (b) Magnetic hysteresis loops of [Co/Pd]/Pd/Py caps obtained by Kerr magnetometry reveal magnetization

in Py top layer and an enhanced vortex stability (smaller vortex nucleation field) for small spacer thickness. (c), (d) Element-

specific XMCD hysteresis curves at Co L3 (Ni L3) edge of [Co/Pd]/Pd/Py multilayer stacks with di�erent Pd spacer thickness

for (c) polar and (d) partially longitudinal (50

�
tilt) sensitivity. With decreasing spacer thickness the out-of-plane anisotropy

of the Co/Pd multilayers weakens. The interlayer exchange coupling favors an in-plane alignment of the Co/Pd spins. The

measured hysteresis is dominated by the magnetization of the planar film, as the sparsely distributed small caps contribute

little.
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spins. As the Py cap is buried underneath the Co/Pd system, a weak but obvious XMCD contrast is recorded that is confined
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Co/Pd spins with respect to the Py spins. As the Py cap is buried underneath the Co/Pd system, a weak
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7

5

x-ray

�

300 nm

(a)

�100 0 100

�1

0

1

d [nm]

Magnetic Field [kA/m]

N
or

m
.

M
ag

n
.

M
om

.

1
3
5

30

XMCD
� = 0�

Co edge

(c)

�40 �20 0 20 40

�1

0

1

d=1 nm
vortex

planar

Magnetic Field [kA/m]

N
or

m
.

M
ag

n
.

M
om

.

Co edge

Ni edge

XMCD
� = 50�

(d)

�20 �10 0 10 20

�1

0

1

d [nm]

Magnetic Field [kA/m]

N
or

m
.

M
ag

n
.

M
om

.

1
30

MOKE
Py top layer

(b)

FIG. 5. Realization of spin texture imprint. (a) Schematics and cross-section SEM of the investigated [Co/Pd]/Pd(d)/Py
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measured hysteresis is dominated by the magnetization of the planar film, as the sparsely distributed small caps contribute

little.
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XPEEM	

1	nm	spacing	
Pd(2)/[Co(0.4)/Pd(0.7)]5/

Pd(1)/Py(40)/Pd(2)

MTXM	

3	nm	spacing	
Pd(2)/[Co(0.4)/Pd(0.7)]5/

Pd(3)/Py(40)/Pd(2)

• Uilizing	X-ray	magneic	circular	dichroism	(XMCD)	with	full-field	microscopy	

• Resonant	excitaion	at	Co	L3	and	Fe	L3	absorpion	edges

Evidence	of	Posi5ve	Interlayer	Exchange

8	nm	buried	
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FIG. 5. Realization of spin texture imprint. (a) Schematics and cross-section SEM of the investigated [Co/Pd]/Pd(d)/Py

multilayer stack. (b) Magnetic hysteresis loops of [Co/Pd]/Pd/Py caps obtained by Kerr magnetometry reveal magnetization

in Py top layer and an enhanced vortex stability (smaller vortex nucleation field) for small spacer thickness. (c), (d) Element-

specific XMCD hysteresis curves at Co L3 (Ni L3) edge of [Co/Pd]/Pd/Py multilayer stacks with di�erent Pd spacer thickness

for (c) polar and (d) partially longitudinal (50

�
tilt) sensitivity. With decreasing spacer thickness the out-of-plane anisotropy

of the Co/Pd multilayers weakens. The interlayer exchange coupling favors an in-plane alignment of the Co/Pd spins. The

measured hysteresis is dominated by the magnetization of the planar film, as the sparsely distributed small caps contribute

little.
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7

5

x-ray

�

300 nm

(a)

�100 0 100

�1

0

1

d [nm]

Magnetic Field [kA/m]

N
or

m
.

M
ag

n
.

M
om

.

1
3
5

30

XMCD
� = 0�

Co edge

(c)

�40 �20 0 20 40

�1

0

1

d=1 nm
vortex

planar

Magnetic Field [kA/m]

N
or

m
.

M
ag

n
.

M
om

.

Co edge

Ni edge

XMCD
� = 50�

(d)

�20 �10 0 10 20

�1

0

1

d [nm]

Magnetic Field [kA/m]

N
or

m
.

M
ag

n
.

M
om

.

1
30

MOKE
Py top layer

(b)

FIG. 5. Realization of spin texture imprint. (a) Schematics and cross-section SEM of the investigated [Co/Pd]/Pd(d)/Py

multilayer stack. (b) Magnetic hysteresis loops of [Co/Pd]/Pd/Py caps obtained by Kerr magnetometry reveal magnetization

in Py top layer and an enhanced vortex stability (smaller vortex nucleation field) for small spacer thickness. (c), (d) Element-

specific XMCD hysteresis curves at Co L3 (Ni L3) edge of [Co/Pd]/Pd/Py multilayer stacks with di�erent Pd spacer thickness

for (c) polar and (d) partially longitudinal (50

�
tilt) sensitivity. With decreasing spacer thickness the out-of-plane anisotropy

of the Co/Pd multilayers weakens. The interlayer exchange coupling favors an in-plane alignment of the Co/Pd spins. The

measured hysteresis is dominated by the magnetization of the planar film, as the sparsely distributed small caps contribute
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multilayer stack. (b) Magnetic hysteresis loops of [Co/Pd]/Pd/Py caps obtained by Kerr magnetometry reveal magnetization

in Py top layer and an enhanced vortex stability (smaller vortex nucleation field) for small spacer thickness. (c), (d) Element-

specific XMCD hysteresis curves at Co L3 (Ni L3) edge of [Co/Pd]/Pd/Py multilayer stacks with di�erent Pd spacer thickness

for (c) polar and (d) partially longitudinal (50
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tilt) sensitivity. With decreasing spacer thickness the out-of-plane anisotropy

of the Co/Pd multilayers weakens. The interlayer exchange coupling favors an in-plane alignment of the Co/Pd spins. The

measured hysteresis is dominated by the magnetization of the planar film, as the sparsely distributed small caps contribute

little.
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Fig. 5.6.: Experimental observation of imprinted non-collinear spin textures in hemispherical
[Co/Pd]/Pd/Py caps using XPEEM and MTXM. Schematics illustrate corresponding state.
Varying Pd spacer thickness leads to distinct states: (a) d = 1 nm: vortex; (b)–(d) d =

(4 ÷ 5) nm: donut and spiral; (e) d = 30 nm: saturated. Circles indicate cap position with a
diameter of 500 nm. XPEEM data is recorded at a constant X-ray beam incidence angle of
74

¶ with respect to the surface normal. Out-of-plane and in-plane sensitivity of the MTXM
data is provided by normal incidence and by tilting the sample 30

¶ with respect to the X-ray
beam, respectively. (Taken from [114])

the ALICE chamber at BESSY II in collaboration with Dr. F. Radu and Dr. R. Abrudan,
with the numerical ones suggests that a spacer thickness d = (3 ÷ 5) nm corresponds to an
interlayer coupling strength J

i

= (0.4÷0.5) mJ/m2, which is expected to stabilize magnetic
spiral and donut textures in Co/Pd.

Utilizing XMCD with MTXM and XPEEM, the magnetic states are imaged at remanence
after applying magnetic fields H = ±30 kA/m perpendicularly to the sample surface. In
samples with d = 1 nm, a dipolar XMCD contrast is observed at the Fe L

3

and Co L
3

edges indicating a perfectly imprinted vortex state in the Co/Pd subsystem [Fig. 5.6(a)]
[114]. For XPEEM studies, samples with inverted stack order are used. The 9 nm-thick top
layers (Co/Pd and Pd) covering the Py system still allow for detecting secondary electrons
excited in both Co/Pd and buried Py, and verifying the same sense of circulation [114].
The vortex state in the thin Co/Pd caps generates a dipolar XMCD contrast contrary to
the quadrupolar one occurring in thick Py caps [Figs. 5.1, 5.2]. The small Co thickness and
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layers (Co/Pd and Pd) covering the Py system still allow for detecting secondary electrons
excited in both Co/Pd and buried Py, and verifying the same sense of circulation [114].
The vortex state in the thin Co/Pd caps generates a dipolar XMCD contrast contrary to
the quadrupolar one occurring in thick Py caps [Figs. 5.1, 5.2]. The small Co thickness and
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Fig. 5.7.: XMCD contrast patterns of donut states with various core sizes elucidating the
importance of proper contrast analysis. (a)–(c) Donut state I with di�erent core size. Cores
with lateral expansions below the spatial resolution limit exhibit a shift towards the opposite
color (white, bluish). (d) Donut state II with a faint contrast in the very center representing
the core. (e) Donut state with four circular domain walls. (Taken from [115])

observable core sizes range from 60 to 110 nm, which agrees well with 80 nm derived from
micromagnetic simulations [115]. The donut state shown in Figure 5.7(c) possesses a core
larger than the vortex core imprinted in Co/Pd by the Py vortex. In other words, not only
the local, but also its spatial distribution as known from shadow contrast analysis is crucial
for a proper interpretation. Alternatively, the appearance of states with di�erent central
contrast at same field history reflects a distribution of slightly varying magnetic properties
throughout the cap array. This ends up in the observation of radially varying XMCD con-
trast patterns belonging to donut states with multiple circular domain walls [Fig. 5.7(e)].
The small asymmetry in the XPEEM data apparent in each cap and perpendicularly to the
beam propagation direction [Fig. 5.7] hints for a small in-plane magnetization component
of the donut state due to imprinting. The experimental observation of magnetic spirals
[Fig. 5.6(d)] is another proof for interlayer exchange coupling with certain circulation as
the vortex core dynamics act as a driven force for the domain wall twisting.

Manipulation of Skyrmion Number

The experimental observation of these stabilized non-collinear spin textures at room tem-
perature and remanence is intriguing as it provides means to reliably switch between donut
state type I and type II by applying out-of-plane magnetic fields below the switching field
of the vortex core. Figure 5.8(a) plots minor and major hysteresis loops obtained by mi-
cromagnetic simulations with a moderate interlayer exchange coupling (J

i

. 0.4 mJ/m2).
The larger switching field of the vortex core H

an

¥ 140 kA/m compared to the switching
field of Co/Pd (H ¥ 20 kA/m) is the basis for setting donut state type I by driving a minor
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FIG. 3. Remanent states within Co/Pd multilayers (vertically coupled to a magnetic vortex) after applying the magnetic field

perpendicular to the surface. Figures (a) – (f) show the magnetization with colors corresponding to the normalized out-of-

plane magnetization. Initial saturation pointed up (red). For the sake of stray field minimization, a donut state nucleates with

magnetization pointing down. (g) A certain coupling (& 0.4 mJ/m

2
) is required to nucleate a donut state type II (multi-domain

state) at remanence. For better visibility, only the hysteresis curve for one direction (from positive fields) is given. In strongly

coupled systems, the Co/Pd spins align in the plane following the circulating Py spins. The edge magnetization reverses at

small negative field, while the vortex core is very stable and does not change its polarity in fields smaller than 140 kA/m. (h)

Line profile of the out-of-plane magnetization through the center of the disk. The opening angle of the donut depends on the

interlayer exchange coupling. (i) The out-of-plane magnetization component is linear in the interlayer coupling for intermediate

to weak strength. (Red data is multiplied by �1 to illustrate linear trend.) (j) The core size increases linearly for decreasing

coupling strength starting at 1 mJ/m

2
. For a Co/Pd disk with a diameter of 400 nm, the core size converges � 75 nm. A

larger diameter (440 nm) allows for a continuation of the linear trend up to 90 nm. The green area indicates the experimentally

determined core size for a Pd spacer of 5 nm and a diameter of 500 nm.

FIG. 2. Remanent states within Co/Pd multilayers (vertically coupled to a magnetic vortex) after applying

the magnetic field perpendicular to the surface. Figures (a) – (f) show the magnetisation with colors

corresponding to the normalised out-of-plane magnetisation. Initial saturation pointed up (red). For the sake

of stray field minimisation, a donut state nucleates with magnetisation pointing down. (g) A certain coupling

(Ji & 0.4 mJ/m2) is required to nucleate a donut state type II (multi-domain state) at remanence. For better

visibility, only the hysteresis curve for one direction (from positive fields) is given. In strongly coupled

systems, the Co/Pd spins align in the plane following the circulating Py spins. The edge magnetisation

reverses at small negative field, while the vortex core is very stable and does not change its polarity in

fields smaller than 140 kA/m. (h) Line profile of the out-of-plane magnetisation through the center of the

disk. The opening angle of the donut depends on the interlayer exchange coupling. (i) The out-of-plane

magnetisation component is linear in the interlayer coupling for intermediate to weak strength. (Red data

is multiplied by �1 to illustrate linear trend.) (j) The core size increases linearly for decreasing coupling

strength starting at 1mJ/m2. For a Co/Pd disk with a diameter of 400 nm, the core size converges ⇠ 75 nm.

A larger diameter (440 nm) allows for a continuation of the linear trend up to 90 nm. The green area indicates

the experimentally determined core size for a Pd spacer of 5 nm and a diameter of 500 nm.
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ever, the aforementioned indication of a vortex structure
in Fe-containing layers is also apparent in the Co signal
and exhibits the same circularity [compare Figs. 2(c1)
and 2(c2)], as predicted by theory [Fig. 1(c)]. Please note
that the comparison between experimental data and sim-
ulations performed at T = 0K is valid due to the high
Curie temperatures of the layer stack (& 400K). The
same vortex formation of Co/Pd spins were observed in
inverted stacks in XPEEM measurements.

In case of 3 nm-thick spacer, both in-plane and out-
of-plane magnetization components were detected in the
Co/Pd film (Supplementary Fig. 5). The corresponding
spin texture circulates according to the Py vortex but
with a non-vanishing out-of-plane component.

Increasing the Pd spacer thickness towards 5 nm
(weakening J

i

) results in stronger out-of-plane contrast
and the formation of donut state type I (red) and type
II (cyan) as well as spirals/swirls (purple) at remanence
[Fig. 2(d)]. The multi-domain states are distinct from,
though related to, stripe-domain patterns as they are
created and manipulated under the complex and inho-
mogeneous influence of the vortex in the Py layer. Inter-
estingly, we find a significantly larger amount of donut
and spiral states compared to two-domain and multi-
domain states despite non-vanishing surface roughness
and finite temperatures, that had not been considered in
simulations. The line profiles of these states indicate a
laterally extended core in the range from 60 to 110 nm
[Fig. 2(e)], reliably measured using MXTM and XPEEM
with a spatial resolution of 25 nm. These values coincide
with those derived from micromagnetic simulations for
the expected interlayer exchange coupling, which show
a linear increase with decreasing coupling strength [Sup-
plementary Fig. 2(j)]. It has to be noted that donut state
type I exhibit a core larger than the vortex core imprinted
in Co/Pd by the Py vortex [Fig. 2(d3)]. The small asym-
metry in the XPEEM data apparent in each cap and
perpendicularly to the beam propagation direction refers
to the small in-plane magnetization component of the
donut state due to imprinting. The magnetic contrast
of the spiral shown in Fig. 2(e) coincides very well with
that obtained from simulations. Applying out-of-plane
magnetic fields to the sample allows for displacing the
magnetic spiral or enlarging the core of the donut state
that eventually switches [Fig. 2(d3), also Supplementary
Fig. 6]. With magnetic fields below the switching field
of the vortex core a reliable transformation from donut
state type I into type II, and vice versa is achieved.

The experimental evidence by direct observation and
magnetization reversal of the numerically predicted
states, including vortex, donut state type I and II,
provides the possibility to consider transitions between
them. We focus on systems with moderate interlayer
coupling (J

i

. 0.4mJ/m2). The larger switching field of
the vortex core (140 kA/m) compared to the switching
field of Co/Pd (⇠ 20 kA/m) allows for setting another
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FIG. 3. Theoretically predicted switching of topological
charge S via out-of-plane magnetic fields (Ji = 0.4mJ/m2).
Initially out-of-plane saturated samples (positive field) exhibit
donut state type II at remanence with a topological charge
close to zero (0.07). At negative fields, all Co/Pd spins ex-
cept the vortex core reverse, increasing the charge to one until
the core switches as well. Setting the field to zero before the
core switches results in donut state type I with a nonzero
topological charge (0.93). Insets depict the z magnetization
component.

type of donut state, namely type I with one domain wall
[Fig. 1(d)], by driving a minor hysteresis loop. This state
is topologically di↵erent from donut type II, since the
z magnetization undergoes an odd number of reversals
from edge to center and generates a topological charge
close to 1 (0.93) at remanence (Fig. 3). The correspond-
ing topological charge of donut type II is close to zero
(0.07). This possibility to switch reliably the topologi-
cal charge at remanence is the key advantage of our ap-
proach compared to previous works [23]. As our concept
does not rely on vortex polarity switching, much lower
static magnetic fields are needed to manipulate the topo-
logical charge of the material. The small deviation of
the topological charge from 0 and 1 for donut state type
II and type I, respectively, is due to the tilted Co/Pd
spins at the edge. This limitation can be overcome by
extending the lateral size of the Co/Pd layer and keeping
the dimensions of the Py disk unchanged. The modifi-
cation ensures almost out-of-plane Co/Pd magnetization
at the edge and an asymptotic approach of the net topo-
logical charge to integer values. For instance, the same
system with a 40 nm-larger Co/Pd diameter has topolog-
ical charges of 0.995 and 0.005, but also larger switching
fields (Supplementary Fig. 7).
In conclusion, we demonstrated theoretically and ver-

ified experimentally the imprint of non-collinear spin
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ever, the aforementioned indication of a vortex structure
in Fe-containing layers is also apparent in the Co signal
and exhibits the same circularity [compare Figs. 2(c1)
and 2(c2)], as predicted by theory [Fig. 1(c)]. Please note
that the comparison between experimental data and sim-
ulations performed at T = 0K is valid due to the high
Curie temperatures of the layer stack (& 400K). The
same vortex formation of Co/Pd spins were observed in
inverted stacks in XPEEM measurements.

In case of 3 nm-thick spacer, both in-plane and out-
of-plane magnetization components were detected in the
Co/Pd film (Supplementary Fig. 5). The corresponding
spin texture circulates according to the Py vortex but
with a non-vanishing out-of-plane component.

Increasing the Pd spacer thickness towards 5 nm
(weakening J

i

) results in stronger out-of-plane contrast
and the formation of donut state type I (red) and type
II (cyan) as well as spirals/swirls (purple) at remanence
[Fig. 2(d)]. The multi-domain states are distinct from,
though related to, stripe-domain patterns as they are
created and manipulated under the complex and inho-
mogeneous influence of the vortex in the Py layer. Inter-
estingly, we find a significantly larger amount of donut
and spiral states compared to two-domain and multi-
domain states despite non-vanishing surface roughness
and finite temperatures, that had not been considered in
simulations. The line profiles of these states indicate a
laterally extended core in the range from 60 to 110 nm
[Fig. 2(e)], reliably measured using MXTM and XPEEM
with a spatial resolution of 25 nm. These values coincide
with those derived from micromagnetic simulations for
the expected interlayer exchange coupling, which show
a linear increase with decreasing coupling strength [Sup-
plementary Fig. 2(j)]. It has to be noted that donut state
type I exhibit a core larger than the vortex core imprinted
in Co/Pd by the Py vortex [Fig. 2(d3)]. The small asym-
metry in the XPEEM data apparent in each cap and
perpendicularly to the beam propagation direction refers
to the small in-plane magnetization component of the
donut state due to imprinting. The magnetic contrast
of the spiral shown in Fig. 2(e) coincides very well with
that obtained from simulations. Applying out-of-plane
magnetic fields to the sample allows for displacing the
magnetic spiral or enlarging the core of the donut state
that eventually switches [Fig. 2(d3), also Supplementary
Fig. 6]. With magnetic fields below the switching field
of the vortex core a reliable transformation from donut
state type I into type II, and vice versa is achieved.

The experimental evidence by direct observation and
magnetization reversal of the numerically predicted
states, including vortex, donut state type I and II,
provides the possibility to consider transitions between
them. We focus on systems with moderate interlayer
coupling (J

i

. 0.4mJ/m2). The larger switching field of
the vortex core (140 kA/m) compared to the switching
field of Co/Pd (⇠ 20 kA/m) allows for setting another

0

1
2

1
donut I

donut II

vortex

switches

T
o
p
o
l
o
g
i
c
a
l
C
h
a
r
g
e
S

�150 �100 �50 0 50 100

�1

0

1

Magnetic Field [kA/m]

N
o
r
m
.
M
a
g
n
.
M
o
m
.

major

minor

FIG. 3. Theoretically predicted switching of topological
charge S via out-of-plane magnetic fields (Ji = 0.4mJ/m2).
Initially out-of-plane saturated samples (positive field) exhibit
donut state type II at remanence with a topological charge
close to zero (0.07). At negative fields, all Co/Pd spins ex-
cept the vortex core reverse, increasing the charge to one until
the core switches as well. Setting the field to zero before the
core switches results in donut state type I with a nonzero
topological charge (0.93). Insets depict the z magnetization
component.

type of donut state, namely type I with one domain wall
[Fig. 1(d)], by driving a minor hysteresis loop. This state
is topologically di↵erent from donut type II, since the
z magnetization undergoes an odd number of reversals
from edge to center and generates a topological charge
close to 1 (0.93) at remanence (Fig. 3). The correspond-
ing topological charge of donut type II is close to zero
(0.07). This possibility to switch reliably the topologi-
cal charge at remanence is the key advantage of our ap-
proach compared to previous works [23]. As our concept
does not rely on vortex polarity switching, much lower
static magnetic fields are needed to manipulate the topo-
logical charge of the material. The small deviation of
the topological charge from 0 and 1 for donut state type
II and type I, respectively, is due to the tilted Co/Pd
spins at the edge. This limitation can be overcome by
extending the lateral size of the Co/Pd layer and keeping
the dimensions of the Py disk unchanged. The modifi-
cation ensures almost out-of-plane Co/Pd magnetization
at the edge and an asymptotic approach of the net topo-
logical charge to integer values. For instance, the same
system with a 40 nm-larger Co/Pd diameter has topolog-
ical charges of 0.995 and 0.005, but also larger switching
fields (Supplementary Fig. 7).
In conclusion, we demonstrated theoretically and ver-

ified experimentally the imprint of non-collinear spin
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ever, the aforementioned indication of a vortex structure
in Fe-containing layers is also apparent in the Co signal
and exhibits the same circularity [compare Figs. 2(c1)
and 2(c2)], as predicted by theory [Fig. 1(c)]. Please note
that the comparison between experimental data and sim-
ulations performed at T = 0K is valid due to the high
Curie temperatures of the layer stack (& 400K). The
same vortex formation of Co/Pd spins were observed in
inverted stacks in XPEEM measurements.

In case of 3 nm-thick spacer, both in-plane and out-
of-plane magnetization components were detected in the
Co/Pd film (Supplementary Fig. 5). The corresponding
spin texture circulates according to the Py vortex but
with a non-vanishing out-of-plane component.

Increasing the Pd spacer thickness towards 5 nm
(weakening J

i

) results in stronger out-of-plane contrast
and the formation of donut state type I (red) and type
II (cyan) as well as spirals/swirls (purple) at remanence
[Fig. 2(d)]. The multi-domain states are distinct from,
though related to, stripe-domain patterns as they are
created and manipulated under the complex and inho-
mogeneous influence of the vortex in the Py layer. Inter-
estingly, we find a significantly larger amount of donut
and spiral states compared to two-domain and multi-
domain states despite non-vanishing surface roughness
and finite temperatures, that had not been considered in
simulations. The line profiles of these states indicate a
laterally extended core in the range from 60 to 110 nm
[Fig. 2(e)], reliably measured using MXTM and XPEEM
with a spatial resolution of 25 nm. These values coincide
with those derived from micromagnetic simulations for
the expected interlayer exchange coupling, which show
a linear increase with decreasing coupling strength [Sup-
plementary Fig. 2(j)]. It has to be noted that donut state
type I exhibit a core larger than the vortex core imprinted
in Co/Pd by the Py vortex [Fig. 2(d3)]. The small asym-
metry in the XPEEM data apparent in each cap and
perpendicularly to the beam propagation direction refers
to the small in-plane magnetization component of the
donut state due to imprinting. The magnetic contrast
of the spiral shown in Fig. 2(e) coincides very well with
that obtained from simulations. Applying out-of-plane
magnetic fields to the sample allows for displacing the
magnetic spiral or enlarging the core of the donut state
that eventually switches [Fig. 2(d3), also Supplementary
Fig. 6]. With magnetic fields below the switching field
of the vortex core a reliable transformation from donut
state type I into type II, and vice versa is achieved.

The experimental evidence by direct observation and
magnetization reversal of the numerically predicted
states, including vortex, donut state type I and II,
provides the possibility to consider transitions between
them. We focus on systems with moderate interlayer
coupling (J

i

. 0.4mJ/m2). The larger switching field of
the vortex core (140 kA/m) compared to the switching
field of Co/Pd (⇠ 20 kA/m) allows for setting another
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FIG. 3. Theoretically predicted switching of topological
charge S via out-of-plane magnetic fields (Ji = 0.4mJ/m2).
Initially out-of-plane saturated samples (positive field) exhibit
donut state type II at remanence with a topological charge
close to zero (0.07). At negative fields, all Co/Pd spins ex-
cept the vortex core reverse, increasing the charge to one until
the core switches as well. Setting the field to zero before the
core switches results in donut state type I with a nonzero
topological charge (0.93). Insets depict the z magnetization
component.

type of donut state, namely type I with one domain wall
[Fig. 1(d)], by driving a minor hysteresis loop. This state
is topologically di↵erent from donut type II, since the
z magnetization undergoes an odd number of reversals
from edge to center and generates a topological charge
close to 1 (0.93) at remanence (Fig. 3). The correspond-
ing topological charge of donut type II is close to zero
(0.07). This possibility to switch reliably the topologi-
cal charge at remanence is the key advantage of our ap-
proach compared to previous works [23]. As our concept
does not rely on vortex polarity switching, much lower
static magnetic fields are needed to manipulate the topo-
logical charge of the material. The small deviation of
the topological charge from 0 and 1 for donut state type
II and type I, respectively, is due to the tilted Co/Pd
spins at the edge. This limitation can be overcome by
extending the lateral size of the Co/Pd layer and keeping
the dimensions of the Py disk unchanged. The modifi-
cation ensures almost out-of-plane Co/Pd magnetization
at the edge and an asymptotic approach of the net topo-
logical charge to integer values. For instance, the same
system with a 40 nm-larger Co/Pd diameter has topolog-
ical charges of 0.995 and 0.005, but also larger switching
fields (Supplementary Fig. 7).
In conclusion, we demonstrated theoretically and ver-

ified experimentally the imprint of non-collinear spin
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ever, the aforementioned indication of a vortex structure
in Fe-containing layers is also apparent in the Co signal
and exhibits the same circularity [compare Figs. 2(c1)
and 2(c2)], as predicted by theory [Fig. 1(c)]. Please note
that the comparison between experimental data and sim-
ulations performed at T = 0K is valid due to the high
Curie temperatures of the layer stack (& 400K). The
same vortex formation of Co/Pd spins were observed in
inverted stacks in XPEEM measurements.

In case of 3 nm-thick spacer, both in-plane and out-
of-plane magnetization components were detected in the
Co/Pd film (Supplementary Fig. 5). The corresponding
spin texture circulates according to the Py vortex but
with a non-vanishing out-of-plane component.

Increasing the Pd spacer thickness towards 5 nm
(weakening J

i

) results in stronger out-of-plane contrast
and the formation of donut state type I (red) and type
II (cyan) as well as spirals/swirls (purple) at remanence
[Fig. 2(d)]. The multi-domain states are distinct from,
though related to, stripe-domain patterns as they are
created and manipulated under the complex and inho-
mogeneous influence of the vortex in the Py layer. Inter-
estingly, we find a significantly larger amount of donut
and spiral states compared to two-domain and multi-
domain states despite non-vanishing surface roughness
and finite temperatures, that had not been considered in
simulations. The line profiles of these states indicate a
laterally extended core in the range from 60 to 110 nm
[Fig. 2(e)], reliably measured using MXTM and XPEEM
with a spatial resolution of 25 nm. These values coincide
with those derived from micromagnetic simulations for
the expected interlayer exchange coupling, which show
a linear increase with decreasing coupling strength [Sup-
plementary Fig. 2(j)]. It has to be noted that donut state
type I exhibit a core larger than the vortex core imprinted
in Co/Pd by the Py vortex [Fig. 2(d3)]. The small asym-
metry in the XPEEM data apparent in each cap and
perpendicularly to the beam propagation direction refers
to the small in-plane magnetization component of the
donut state due to imprinting. The magnetic contrast
of the spiral shown in Fig. 2(e) coincides very well with
that obtained from simulations. Applying out-of-plane
magnetic fields to the sample allows for displacing the
magnetic spiral or enlarging the core of the donut state
that eventually switches [Fig. 2(d3), also Supplementary
Fig. 6]. With magnetic fields below the switching field
of the vortex core a reliable transformation from donut
state type I into type II, and vice versa is achieved.

The experimental evidence by direct observation and
magnetization reversal of the numerically predicted
states, including vortex, donut state type I and II,
provides the possibility to consider transitions between
them. We focus on systems with moderate interlayer
coupling (J

i

. 0.4mJ/m2). The larger switching field of
the vortex core (140 kA/m) compared to the switching
field of Co/Pd (⇠ 20 kA/m) allows for setting another
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FIG. 3. Theoretically predicted switching of topological
charge S via out-of-plane magnetic fields (Ji = 0.4mJ/m2).
Initially out-of-plane saturated samples (positive field) exhibit
donut state type II at remanence with a topological charge
close to zero (0.07). At negative fields, all Co/Pd spins ex-
cept the vortex core reverse, increasing the charge to one until
the core switches as well. Setting the field to zero before the
core switches results in donut state type I with a nonzero
topological charge (0.93). Insets depict the z magnetization
component.

type of donut state, namely type I with one domain wall
[Fig. 1(d)], by driving a minor hysteresis loop. This state
is topologically di↵erent from donut type II, since the
z magnetization undergoes an odd number of reversals
from edge to center and generates a topological charge
close to 1 (0.93) at remanence (Fig. 3). The correspond-
ing topological charge of donut type II is close to zero
(0.07). This possibility to switch reliably the topologi-
cal charge at remanence is the key advantage of our ap-
proach compared to previous works [23]. As our concept
does not rely on vortex polarity switching, much lower
static magnetic fields are needed to manipulate the topo-
logical charge of the material. The small deviation of
the topological charge from 0 and 1 for donut state type
II and type I, respectively, is due to the tilted Co/Pd
spins at the edge. This limitation can be overcome by
extending the lateral size of the Co/Pd layer and keeping
the dimensions of the Py disk unchanged. The modifi-
cation ensures almost out-of-plane Co/Pd magnetization
at the edge and an asymptotic approach of the net topo-
logical charge to integer values. For instance, the same
system with a 40 nm-larger Co/Pd diameter has topolog-
ical charges of 0.995 and 0.005, but also larger switching
fields (Supplementary Fig. 7).
In conclusion, we demonstrated theoretically and ver-

ified experimentally the imprint of non-collinear spin

RS	et	al.,	Sci.	Rep.	5,	8787	(2015).
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ticle monolayers and posterior removal. Particle lithography
through monolayers of spheres with diameters of 3µm induces
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without the need of plasma pretreatment. The tilted edges of
lattice are darkened in the InLens detector. (b) The six-fold
symmetry of the structure is reflected by an angle-dependent
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netometry. The peculiar shape along 0� is due to mixing-in
of the transverse magnetization component.
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riodicity of 3µm. Vertices are thicker (dashed circles). Asym-
metry of the profiles along cuts (subpanel) demonstrate e↵ect
of o↵-centered deposition in �60�-direction. (b) Vortex nu-
cleation in an in-plane magnetic field shown on top of each
images. (c) XMCD contrast of staggered and homocircular
vortex states visualized in XPEEM. The homocircular state
holds an antivortex, marked by ⇥. Corresponding magnetiza-
tion configurations are illustrated for a pair of vertices below.
(d) MFM contrast of staggered and homocircular states. In
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riodicity of 3µm. Vertices are thicker (dashed circles). Asym-
metry of the profiles along cuts (subpanel) demonstrate e↵ect
of o↵-centered deposition in �60�-direction. (b) Vortex nu-
cleation in an in-plane magnetic field shown on top of each
images. (c) XMCD contrast of staggered and homocircular
vortex states visualized in XPEEM. The homocircular state
holds an antivortex, marked by ⇥. Corresponding magnetiza-
tion configurations are illustrated for a pair of vertices below.
(d) MFM contrast of staggered and homocircular states. In
the schematic sketches, vortices are marked by blue circles,
antivortices by red circles with cross. Triangles mark half-
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FIG. 3. Reconfigurability of vortex circulation patterns
throughout the entire structural domain; Red-blue shading
gives measured XPEEM data. (a) Field direction with respect
to the lattice orientation. (b) Staggered pattern obtained by
ac-demagnetization. (c)–(f) Remanent state after field appli-
cation along di↵erent directions, as indicated. The circulation
sense of vortices is indicated by circles (red solid for clockwise,
green dashed for counter-clockwise). Arrows show the orien-
tation of wall sections between pairs of Vs. In the staggered
states (b) and (e) the circulation of the magnetic flux forms
”macro-vortices” around the lattice vertices. In the homocir-
cular states (c) and (f) AVs are located in the interconnects,
marked by ⇥. For fields H k 15�, defects appear in the ho-
mocircular pattern, seen by an irregular arrangement of AVs.
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FIG. 4. Thermal demagnetization of homocircular patterns
by local heating above the Curie temperature using femtosec-
ond laser pulses (0.5mW/cm2, 200 fs pulse width) reveals
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Tuning Vortex Dynamics by Imprinting Non-collinear Spin Textures

Robert Streubel,1, a) Martin Kopte,1 Ingolf Mönch,1 Peter Fischer,2, 3 Oliver G. Schmidt,1, 4 and Denys
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1)Institute for Integrative Nanosciences, IFW Dresden, 01069 Dresden, Germany
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alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd
wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs
dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv
alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd
wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs
dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv
alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd
wermnwe r viuoxv xv also kinks in trajectory of donut

Chiral magnetic spin textures, such as magnetic spin
helices and skyrmions,1,2 stabilized by Dzyaloshinskii-
Moriya interaction (DMI)3–5 in single crystals6–9 or at
interfaces10–13 with inversion symmetry breaking are sub-
ject to intense fundamental research. The inertia of
skyrmion lattices under external perturbations14–16 com-
bined with ultra-low spin-current densities needed for co-
herent displacement make them very appealing for appli-
cation as low-energy green spintronic devices.17

In general, the spin-orbit interaction governing DMI
is weak compared to the Heisenberg exchange and favors
chiral spin textures only within a small pocket phase with
respect to temperature and magnetic bias field.6–9 There-
fore, much attention was devoted to realizing skyrmionic
textures in thin film heterostructures providing inter-
facial DMI10–13 or interlayer exchange interaction.18–21

The latter group referred to as artificial skyrmions19,20

due to absent DMI provides means to stabilize chiral spin
textures including skyrmionic core textures at room tem-
perature and remanence. typical stacks and main conclu-
sions Interestingly, topological charge/ skyrmion number
can be switched in a digital manner between 0 and 1,20,21

paving the way towards spintronics operating on topolog-
ical properties of magnetic nanoobjects. Whereas static
properties of those spin textures are well understood, dy-
namic properties are yet to be investigated.

Here, we probe the magnetization dynamics in chiral
spin textures formed via imprinting magnetic vortices
from Permalloy (Py, Ni80Fe20) disks into out-of-plane
magnetized Co/Pd multilayer stacks.21 For this purpose,
disks with submicrometer diameter are distributed on an
impedance-match planar waveguide [Fig. 1(a)] that pro-
vides magnetic field pulses of 1 ns with an amplitude up
to 8 kA/m. The relaxation processes upon field pulse ex-
citation are stroboscopically recorded with transmission

a)Electronic mail: r.streubel@ifw-dresden.de
b)Electronic mail: d.makarov@ifw-dresden.de

soft X-ray microscopy. Tuning the interlayer exchange
coupling between Py and Co/Pd subsystems by vary-
ing the Pd spacer thickness provides means to arrange
Co/Pd spins either in vortex or donut state [Fig. 1(b)].
The Co/Pd spins strongly a↵ect the magnetization dy-
namics of the entire system, which is explained in the
framework of the Thiele equation accounting for large
core sizes.
Coplanar waveguides (CPW) consisting of 100 nm-

thick and 10µm-wide Cu wires with an impedance Z ⇡
50⌦ were fabricated onto 200 nm-thin Si3N4 membranes
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FIG. 1. (a) Vertically stacked soft-magnetic (Ni80Fe20)
and hard-magnetic (Co/Pd) disks prepared onto a coplanar
waveguide are excited with current pulses and stroboscopi-
cally recorded in MTXM. (b) Predicted spin configuration in
Co/Pd multilayer stacks. (c) Visualization of in-plane magne-
tization component of the Py subsystem utilizing XMCD. (d)
Extracted oscillations of the magnetization component that
might be correlated to the vortex core displacement (e).

RS	et	al.,	APL	107,	112406	(2015).
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displacement driven by an in-plane field and in single Py disks.
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Tuning Vortex Dynamics by Imprinting Non-collinear Spin Textures
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alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd
wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs
dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv
alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd
wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs
dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv
alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd
wermnwe r viuoxv xv also kinks in trajectory of donut

Chiral magnetic spin textures, such as magnetic spin
helices and skyrmions,1,2 stabilized by Dzyaloshinskii-
Moriya interaction (DMI)3–5 in single crystals6–9 or at
interfaces10–13 with inversion symmetry breaking are sub-
ject to intense fundamental research. The inertia of
skyrmion lattices under external perturbations14–16 com-
bined with ultra-low spin-current densities needed for co-
herent displacement make them very appealing for appli-
cation as low-energy green spintronic devices.17

In general, the spin-orbit interaction governing DMI
is weak compared to the Heisenberg exchange and favors
chiral spin textures only within a small pocket phase with
respect to temperature and magnetic bias field.6–9 There-
fore, much attention was devoted to realizing skyrmionic
textures in thin film heterostructures providing inter-
facial DMI10–13 or interlayer exchange interaction.18–21

The latter group referred to as artificial skyrmions19,20

due to absent DMI provides means to stabilize chiral spin
textures including skyrmionic core textures at room tem-
perature and remanence. typical stacks and main conclu-
sions Interestingly, topological charge/ skyrmion number
can be switched in a digital manner between 0 and 1,20,21

paving the way towards spintronics operating on topolog-
ical properties of magnetic nanoobjects. Whereas static
properties of those spin textures are well understood, dy-
namic properties are yet to be investigated.

Here, we probe the magnetization dynamics in chiral
spin textures formed via imprinting magnetic vortices
from Permalloy (Py, Ni80Fe20) disks into out-of-plane
magnetized Co/Pd multilayer stacks.21 For this purpose,
disks with submicrometer diameter are distributed on an
impedance-match planar waveguide [Fig. 1(a)] that pro-
vides magnetic field pulses of 1 ns with an amplitude up
to 8 kA/m. The relaxation processes upon field pulse ex-
citation are stroboscopically recorded with transmission

a)Electronic mail: r.streubel@ifw-dresden.de
b)Electronic mail: d.makarov@ifw-dresden.de

soft X-ray microscopy. Tuning the interlayer exchange
coupling between Py and Co/Pd subsystems by vary-
ing the Pd spacer thickness provides means to arrange
Co/Pd spins either in vortex or donut state [Fig. 1(b)].
The Co/Pd spins strongly a↵ect the magnetization dy-
namics of the entire system, which is explained in the
framework of the Thiele equation accounting for large
core sizes.
Coplanar waveguides (CPW) consisting of 100 nm-

thick and 10µm-wide Cu wires with an impedance Z ⇡
50⌦ were fabricated onto 200 nm-thin Si3N4 membranes
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FIG. 1. (a) Vertically stacked soft-magnetic (Ni80Fe20)
and hard-magnetic (Co/Pd) disks prepared onto a coplanar
waveguide are excited with current pulses and stroboscopi-
cally recorded in MTXM. (b) Predicted spin configuration in
Co/Pd multilayer stacks. (c) Visualization of in-plane magne-
tization component of the Py subsystem utilizing XMCD. (d)
Extracted oscillations of the magnetization component that
might be correlated to the vortex core displacement (e).
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loy (Py, Ni80Fe20) film are recorded at the Fe L3 ab-
sorption edge, analyzed and correlated with micromag-
netic simulations due to the vanishing XMCD contrast
at the Co L3 edge originating from an overall Co thick-
ness of merely 2 nm and limited X-ray intensity of the
two-bunch mode. The in-plane oscillation of the mag-
netization component along the direction of the field ex-
citation is recorded [Fig. 1(d)] that might be correlated
to the displacement of the magnetic vortex core assum-
ing a harmonic oscillation in the isotropic disk [Fig. 1(d)].
However, the oscillation of one magnetization component
is su�cient to identify the magnetization dynamics of the
coupled system. Assuming a harmonic oscillation with
the gyro frequency !0, the dynamics are described by:

m
x

(", t) = sin [2⇡!0 (", t) t] · exp (�↵t) .

The exponential damping ↵ represents a measure of ra-
dial o↵set of the vortex core according to r =

p
x2 + y2 /q

m2
x

+m2
y

= exp (�↵t). The aspect ratio " is defined as

the quotient of Py film thickness h = 40nm and the disk
diameter ?. Using (1), the magnetization dynamics of
pure Py disks (without Co/Pd) can be nicely fitted with
!0(" = 0.02) ⇡ 0.09GHz and !0(" = 0.03) ⇡ 0.14GHz
[Fig. 1(d)].

Figure 2 plots the magnetization oscillations for cou-
pled systems with 1 nm- and 5 nm-thick Pd spacer and
di↵erent aspect ratios. The strongly coupled system with
d = 1nm reveals a harmonic oscillation with one gyro
frequency similar to pure Py [Fig. 2(b)]. On the con-
trary, systems in the donut state (d = 5nm) reveal a
three times larger frequency for the very same aspect ra-
tios [Fig. 2(c)]. Moreover, two di↵erent gyro frequencies
are required to describe the relaxation process [red and
black curves in Fig. 2(c)]. In our case, the initial fre-
quency (!1 ⇡ 0.20GHz) is approximately two third of
the final one (!0 ⇡ 0.30GHz).

The physical origin of these modifications are qualita-
tively explained using the Thiele equation for magnetic
domain motion2:

Ge
z

⇥ ṙ �Kr = Mr̈ ,

with the gyrotropic coe�cient G, the restoring force K
and the core mass M / ?

core

linear in the core size. The
spatial confinement of planar vortex cores (?

v

⇡ 6 nm)
lead to particle-like dynamics that can be described with-
out the mass term (M = 0,! = K/G). This simplifica-
tion is no longer valid for donut states with core sizes
?

core

⇡ 100 nm)1. In this case, the corresponding gy-
rofrequency reads:

!± = � G

2M
±

s✓
G

2M

◆2

+
K

M
.

Considering K / h2/? and G / h3,4 reveals the well-
known linear relation between ! and " = h/? for mass-
less vortices5,6, and a complex non-linear relation oth-
erwise. Interestingly, a linear relation can be obtained
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FIG. 2. Time dependence of the in-plane magnetization com-
ponent of Py along the field direction of the magnetic field
pulse measured with MTXM. (a) Strongly coupled systems
(d = 1nm) with two di↵erent aspect ratios " reveal gyro fre-
quencies !0 ⇡ 0.08GHz. (b) Moderately coupled systems
(d = 5nm) possess a time-dependent gyro frequency that in-
creases rapidly after about one period. The gyro frequency
is approximately three times larger than that of (a) for very
same aspect ratios. (c) Fourier spectra of magnetization oscil-
lations confirm the occurrence of a second peak for the donut
states.

by rescaling the aspect ratio and introducing a weighted
aspect ratio � = "?

core

?
v

that geometrically accounts for
the extended core [Fig. 3(a)]. The core values [?

core

(d =
5nm) = 100 nm; ?

core

(d = 1nm) = 35 nm] are taken
from 1.

Upon field excitation, the donut states are significantly
shifted to the edge, deformed and temporally destroyed
by transformation into the ”C” state. The corresponding
enlarged core mass lowers the gyrofrequency in the first
ns. The reliable observation of a second gyrofrequency
illustrates the stability of the donut state in samples with
d = 5nm. For d = 1nm, no obvious frequency shift is
apparent due to strong interlayer exchange coupling and
smaller core sizes.
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wermnwe r viuoxv xv also kinks in trajectory of donut

Chiral magnetic spin textures, such as magnetic spin
helices and skyrmions,1,2 stabilized by Dzyaloshinskii-
Moriya interaction (DMI)3–5 in single crystals6–9 or at
interfaces10–13 with inversion symmetry breaking are sub-
ject to intense fundamental research. The inertia of
skyrmion lattices under external perturbations14–16 com-
bined with ultra-low spin-current densities needed for co-
herent displacement make them very appealing for appli-
cation as low-energy green spintronic devices.17

In general, the spin-orbit interaction governing DMI
is weak compared to the Heisenberg exchange and favors
chiral spin textures only within a small pocket phase with
respect to temperature and magnetic bias field.6–9 There-
fore, much attention was devoted to realizing skyrmionic
textures in thin film heterostructures providing inter-
facial DMI10–13 or interlayer exchange interaction.18–21

The latter group referred to as artificial skyrmions19,20

due to absent DMI provides means to stabilize chiral spin
textures including skyrmionic core textures at room tem-
perature and remanence. typical stacks and main conclu-
sions Interestingly, topological charge/ skyrmion number
can be switched in a digital manner between 0 and 1,20,21

paving the way towards spintronics operating on topolog-
ical properties of magnetic nanoobjects. Whereas static
properties of those spin textures are well understood, dy-
namic properties are yet to be investigated.

Here, we probe the magnetization dynamics in chiral
spin textures formed via imprinting magnetic vortices
from Permalloy (Py, Ni80Fe20) disks into out-of-plane
magnetized Co/Pd multilayer stacks.21 For this purpose,
disks with submicrometer diameter are distributed on an
impedance-match planar waveguide [Fig. 1(a)] that pro-
vides magnetic field pulses of 1 ns with an amplitude up
to 8 kA/m. The relaxation processes upon field pulse ex-
citation are stroboscopically recorded with transmission

a)Electronic mail: r.streubel@ifw-dresden.de
b)Electronic mail: d.makarov@ifw-dresden.de

soft X-ray microscopy. Tuning the interlayer exchange
coupling between Py and Co/Pd subsystems by vary-
ing the Pd spacer thickness provides means to arrange
Co/Pd spins either in vortex or donut state [Fig. 1(b)].
The Co/Pd spins strongly a↵ect the magnetization dy-
namics of the entire system, which is explained in the
framework of the Thiele equation accounting for large
core sizes.
Coplanar waveguides (CPW) consisting of 100 nm-

thick and 10µm-wide Cu wires with an impedance Z ⇡
50⌦ were fabricated onto 200 nm-thin Si3N4 membranes
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FIG. 1. (a) Vertically stacked soft-magnetic (Ni80Fe20)
and hard-magnetic (Co/Pd) disks prepared onto a coplanar
waveguide are excited with current pulses and stroboscopi-
cally recorded in MTXM. (b) Predicted spin configuration in
Co/Pd multilayer stacks. (c) Visualization of in-plane magne-
tization component of the Py subsystem utilizing XMCD. (d)
Extracted oscillations of the magnetization component that
might be correlated to the vortex core displacement (e).
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loy (Py, Ni80Fe20) film are recorded at the Fe L3 ab-
sorption edge, analyzed and correlated with micromag-
netic simulations due to the vanishing XMCD contrast
at the Co L3 edge originating from an overall Co thick-
ness of merely 2 nm and limited X-ray intensity of the
two-bunch mode. The in-plane oscillation of the mag-
netization component along the direction of the field ex-
citation is recorded [Fig. 1(d)] that might be correlated
to the displacement of the magnetic vortex core assum-
ing a harmonic oscillation in the isotropic disk [Fig. 1(d)].
However, the oscillation of one magnetization component
is su�cient to identify the magnetization dynamics of the
coupled system. Assuming a harmonic oscillation with
the gyro frequency !0, the dynamics are described by:

m
x

(", t) = sin [2⇡!0 (", t) t] · exp (�↵t) .

The exponential damping ↵ represents a measure of ra-
dial o↵set of the vortex core according to r =

p
x2 + y2 /q

m2
x

+m2
y

= exp (�↵t). The aspect ratio " is defined as

the quotient of Py film thickness h = 40nm and the disk
diameter ?. Using (1), the magnetization dynamics of
pure Py disks (without Co/Pd) can be nicely fitted with
!0(" = 0.02) ⇡ 0.09GHz and !0(" = 0.03) ⇡ 0.14GHz
[Fig. 1(d)].

Figure 2 plots the magnetization oscillations for cou-
pled systems with 1 nm- and 5 nm-thick Pd spacer and
di↵erent aspect ratios. The strongly coupled system with
d = 1nm reveals a harmonic oscillation with one gyro
frequency similar to pure Py [Fig. 2(b)]. On the con-
trary, systems in the donut state (d = 5nm) reveal a
three times larger frequency for the very same aspect ra-
tios [Fig. 2(c)]. Moreover, two di↵erent gyro frequencies
are required to describe the relaxation process [red and
black curves in Fig. 2(c)]. In our case, the initial fre-
quency (!1 ⇡ 0.20GHz) is approximately two third of
the final one (!0 ⇡ 0.30GHz).

The physical origin of these modifications are qualita-
tively explained using the Thiele equation for magnetic
domain motion2:

Ge
z

⇥ ṙ �Kr = Mr̈ ,

with the gyrotropic coe�cient G, the restoring force K
and the core mass M / ?

core

linear in the core size. The
spatial confinement of planar vortex cores (?

v

⇡ 6 nm)
lead to particle-like dynamics that can be described with-
out the mass term (M = 0,! = K/G). This simplifica-
tion is no longer valid for donut states with core sizes
?

core

⇡ 100 nm)1. In this case, the corresponding gy-
rofrequency reads:

!± = � G
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M
.

Considering K / h2/? and G / h3,4 reveals the well-
known linear relation between ! and " = h/? for mass-
less vortices5,6, and a complex non-linear relation oth-
erwise. Interestingly, a linear relation can be obtained
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FIG. 2. Time dependence of the in-plane magnetization com-
ponent of Py along the field direction of the magnetic field
pulse measured with MTXM. (a) Strongly coupled systems
(d = 1nm) with two di↵erent aspect ratios " reveal gyro fre-
quencies !0 ⇡ 0.08GHz. (b) Moderately coupled systems
(d = 5nm) possess a time-dependent gyro frequency that in-
creases rapidly after about one period. The gyro frequency
is approximately three times larger than that of (a) for very
same aspect ratios. (c) Fourier spectra of magnetization oscil-
lations confirm the occurrence of a second peak for the donut
states.

by rescaling the aspect ratio and introducing a weighted
aspect ratio � = "?

core

?
v

that geometrically accounts for
the extended core [Fig. 3(a)]. The core values [?

core

(d =
5nm) = 100 nm; ?

core

(d = 1nm) = 35 nm] are taken
from 1.

Upon field excitation, the donut states are significantly
shifted to the edge, deformed and temporally destroyed
by transformation into the ”C” state. The corresponding
enlarged core mass lowers the gyrofrequency in the first
ns. The reliable observation of a second gyrofrequency
illustrates the stability of the donut state in samples with
d = 5nm. For d = 1nm, no obvious frequency shift is
apparent due to strong interlayer exchange coupling and
smaller core sizes.
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alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd
wermnwe r viuoxv xv also kinks in trajectory of donut

Chiral magnetic spin textures, such as magnetic spin
helices and skyrmions,1,2 stabilized by Dzyaloshinskii-
Moriya interaction (DMI)3–5 in single crystals6–9 or at
interfaces10–13 with inversion symmetry breaking are sub-
ject to intense fundamental research. The inertia of
skyrmion lattices under external perturbations14–16 com-
bined with ultra-low spin-current densities needed for co-
herent displacement make them very appealing for appli-
cation as low-energy green spintronic devices.17

In general, the spin-orbit interaction governing DMI
is weak compared to the Heisenberg exchange and favors
chiral spin textures only within a small pocket phase with
respect to temperature and magnetic bias field.6–9 There-
fore, much attention was devoted to realizing skyrmionic
textures in thin film heterostructures providing inter-
facial DMI10–13 or interlayer exchange interaction.18–21

The latter group referred to as artificial skyrmions19,20

due to absent DMI provides means to stabilize chiral spin
textures including skyrmionic core textures at room tem-
perature and remanence. typical stacks and main conclu-
sions Interestingly, topological charge/ skyrmion number
can be switched in a digital manner between 0 and 1,20,21

paving the way towards spintronics operating on topolog-
ical properties of magnetic nanoobjects. Whereas static
properties of those spin textures are well understood, dy-
namic properties are yet to be investigated.

Here, we probe the magnetization dynamics in chiral
spin textures formed via imprinting magnetic vortices
from Permalloy (Py, Ni80Fe20) disks into out-of-plane
magnetized Co/Pd multilayer stacks.21 For this purpose,
disks with submicrometer diameter are distributed on an
impedance-match planar waveguide [Fig. 1(a)] that pro-
vides magnetic field pulses of 1 ns with an amplitude up
to 8 kA/m. The relaxation processes upon field pulse ex-
citation are stroboscopically recorded with transmission

a)Electronic mail: r.streubel@ifw-dresden.de
b)Electronic mail: d.makarov@ifw-dresden.de

soft X-ray microscopy. Tuning the interlayer exchange
coupling between Py and Co/Pd subsystems by vary-
ing the Pd spacer thickness provides means to arrange
Co/Pd spins either in vortex or donut state [Fig. 1(b)].
The Co/Pd spins strongly a↵ect the magnetization dy-
namics of the entire system, which is explained in the
framework of the Thiele equation accounting for large
core sizes.
Coplanar waveguides (CPW) consisting of 100 nm-

thick and 10µm-wide Cu wires with an impedance Z ⇡
50⌦ were fabricated onto 200 nm-thin Si3N4 membranes
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FIG. 1. (a) Vertically stacked soft-magnetic (Ni80Fe20)
and hard-magnetic (Co/Pd) disks prepared onto a coplanar
waveguide are excited with current pulses and stroboscopi-
cally recorded in MTXM. (b) Predicted spin configuration in
Co/Pd multilayer stacks. (c) Visualization of in-plane magne-
tization component of the Py subsystem utilizing XMCD. (d)
Extracted oscillations of the magnetization component that
might be correlated to the vortex core displacement (e).

2

(Silson) using optical lithography and sputter deposition.
PMMA photoresist is spin-coated on top and patterned
via electron beam lithography leaving behind circular
holes with diameters of? = (650±20) nm and? = (800±
20) nm on the CPW. Afterwards, layer stacks consisting
of Pd(2)/[Co(0.4)/Pd(0.7)]5/Pd(d)/Ni80Fe20(40)/Pd(2)
with units in nm and a Pd spacer thickness d = 1nm,
d = 5nm were deposited via dc magnetron sputtering
at room temperature (base pressure: 7 ⇥ 10�8 mbar; Ar
pressure: 10�3 mbar, rate: 1 Å/s). The magnetic nanos-
tructures were obtained after lifting o↵ the PMMA resist.
Thicknesses of individual Co and Pd layers in the Co/Pd
stack were chosen to induce a large out-of-plane magnetic
anisotropy and full remanence.21 The Pd spacer thickness
separating Permalloy (Py, Ni80Fe20) and Co/Pd stack
is adjusted to provide strong (d = 1nm) and moder-
ate (d = 5nm) interlayer exchange coupling. Systems
with strong interaction reveal a magnetic vortex state
imprinted into the Co/Pd subsystem [Fig. 1(b), top]. In
contrast, moderate coupling stabilizes magnetic donut
states with either one [referred to as donut state type
I; Fig. 1(b), middle] or two [referred to as donut state
type II; Fig. 1(b), bottom] circular domain walls. In ad-
dition, reference samples of 40 nm-thick Py disks with a
diameter of ? = (1100±20) nm and (1750±20) nm were
prepared.

The contact pads are bonded to a printed circuit board,
which is fixed in a magnetic transmission soft X-ray mi-
croscope (MTXM) at the Advanced Light Source (ALS,
beamline 6.1.2). The study is carried out in two-bunch
mode at the ALS. The sample is tilted by 30� with re-
spect to the X-ray beam propagation direction along a
rotation axis coinciding with the CPW. Thus, the in-
plane magnetization can be accessed utilizing X-ray mag-
netic circular dichroism (XMCD) as element specific con-
trast mechanism. We observe the typical dipolar XMCD
contrast when imaging Py disks at the Fe L3 absorp-
tion edge, which refers to a magnetic vortex state in
the reference samples [Fig. 1(c)]. The magnetization
dynamics in these patterned nanostructures are strobo-
scopically recorded synchronizing electric current pulses
(I ⇡ 100mA, �t = 1ns) from a pulse generator with
the electron bunches orbiting in the synchrotron storage
ring. The current pulse exposes the magnetic object to
an in-plane magnetic Oersted field with an amplitude of
about 8 kA/m, which shifts the vortex core by ⇡ 35%?
towards the edge of the disk. The annihilation of the
Py vortex is observed at 12 kA/m when applying static
in-plane fields.

For the reference Py sample, the in-plane oscillation
of the magnetization component along the direction of
the field excitation is shown in Fig. 1(d). This data can
be represented as the displacement of the magnetic vor-
tex core assuming a harmonic oscillation with the gy-
rofrequency !0 [Fig. 1(e)]. The dynamics of the normal-
ized longitudinal magnetization component are accord-
ingly described by:

m
x

(", t) = sin [2⇡!0 (") t] · exp (�↵t) , (1)
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FIG. 2. Time dependence of the in-plane magnetization com-
ponent of Py along the field direction of the magnetic field
pulse measured with MTXM. (a) Stroboscopically recorded
XMCD contrast patterns. (b) Strongly coupled systems
(d = 1nm) with two di↵erent aspect ratios " reveal gyrofre-
quencies !0 ⇡ 0.08GHz. (c) Moderately coupled systems
(d = 5nm) possess a time-dependent gyrofrequency that in-
creases rapidly after about one period.

with Gilbert damping factor ↵ and aspect ratio " defined
as the quotient of Py film thickness h = 40nm and disk
diameter ?. Using (1), the magnetization dynamics are
fitted with !0(" = 0.02) ⇡ 0.09GHz and !0(" = 0.04) ⇡
0.14GHz [Fig. 1(d); only data for " = 0.02 is shown],
which is in agreement with previous observations.22,23

The total Co thickness of the Co/Pd subsystem of
merely 2 nm is insu�cient to record a detectable signal
at the Co L3 edge due to the limited X-ray intensity
of the two-bunch mode. In the following, we study the
impact of the imprinted magnetic state in the Co/Pd
subsystem on the magnetization dynamics of the Py
spins. All images are recorded at the Fe L3 absorption
edge. Figure 2 plots the magnetization oscillations ex-
tracted from stroboscopically recorded images [Fig. 2(a)]
for disks with di↵erent aspect ratios consisting of cou-
pled [Co/Pd]/Pd/Py stacks with 1 nm- and 5 nm-thick
Pd spacer. The strongly coupled system with d = 1nm
reveals a harmonic oscillation with one gyrofrequency
similar to pure Py [Fig. 2(b)]. Samples in the donut state
(d = 5nm) reveal a three times larger frequency than
those of strongly coupled stacks (d = 1nm) for the very

RS	et	al.,	APL	107,	112406	(2015).
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loy (Py, Ni80Fe20) film are recorded at the Fe L3 ab-
sorption edge, analyzed and correlated with micromag-
netic simulations due to the vanishing XMCD contrast
at the Co L3 edge originating from an overall Co thick-
ness of merely 2 nm and limited X-ray intensity of the
two-bunch mode. The in-plane oscillation of the mag-
netization component along the direction of the field ex-
citation is recorded [Fig. 1(d)] that might be correlated
to the displacement of the magnetic vortex core assum-
ing a harmonic oscillation in the isotropic disk [Fig. 1(d)].
However, the oscillation of one magnetization component
is su�cient to identify the magnetization dynamics of the
coupled system. Assuming a harmonic oscillation with
the gyro frequency !0, the dynamics are described by:

m
x

(", t) = sin [2⇡!0 (", t) t] · exp (�↵t) .

The exponential damping ↵ represents a measure of ra-
dial o↵set of the vortex core according to r =

p
x2 + y2 /q

m2
x

+m2
y

= exp (�↵t). The aspect ratio " is defined as

the quotient of Py film thickness h = 40nm and the disk
diameter ?. Using (1), the magnetization dynamics of
pure Py disks (without Co/Pd) can be nicely fitted with
!0(" = 0.02) ⇡ 0.09GHz and !0(" = 0.03) ⇡ 0.14GHz
[Fig. 1(d)].

Figure 2 plots the magnetization oscillations for cou-
pled systems with 1 nm- and 5 nm-thick Pd spacer and
di↵erent aspect ratios. The strongly coupled system with
d = 1nm reveals a harmonic oscillation with one gyro
frequency similar to pure Py [Fig. 2(b)]. On the con-
trary, systems in the donut state (d = 5nm) reveal a
three times larger frequency for the very same aspect ra-
tios [Fig. 2(c)]. Moreover, two di↵erent gyro frequencies
are required to describe the relaxation process [red and
black curves in Fig. 2(c)]. In our case, the initial fre-
quency (!1 ⇡ 0.20GHz) is approximately two third of
the final one (!0 ⇡ 0.30GHz).

The physical origin of these modifications are qualita-
tively explained using the Thiele equation for magnetic
domain motion2:

Ge
z

⇥ ṙ �Kr = Mr̈ ,

with the gyrotropic coe�cient G, the restoring force K
and the core mass M / ?

core

linear in the core size. The
spatial confinement of planar vortex cores (?

v

⇡ 6 nm)
lead to particle-like dynamics that can be described with-
out the mass term (M = 0,! = K/G). This simplifica-
tion is no longer valid for donut states with core sizes
?

core

⇡ 100 nm)1. In this case, the corresponding gy-
rofrequency reads:

!± = � G

2M
±

s✓
G

2M

◆2

+
K

M
.

Considering K / h2/? and G / h3,4 reveals the well-
known linear relation between ! and " = h/? for mass-
less vortices5,6, and a complex non-linear relation oth-
erwise. Interestingly, a linear relation can be obtained
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FIG. 2. Time dependence of the in-plane magnetization com-
ponent of Py along the field direction of the magnetic field
pulse measured with MTXM. (a) Strongly coupled systems
(d = 1nm) with two di↵erent aspect ratios " reveal gyro fre-
quencies !0 ⇡ 0.08GHz. (b) Moderately coupled systems
(d = 5nm) possess a time-dependent gyro frequency that in-
creases rapidly after about one period. The gyro frequency
is approximately three times larger than that of (a) for very
same aspect ratios. (c) Fourier spectra of magnetization oscil-
lations confirm the occurrence of a second peak for the donut
states.

by rescaling the aspect ratio and introducing a weighted
aspect ratio � = "?

core

?
v

that geometrically accounts for
the extended core [Fig. 3(a)]. The core values [?

core

(d =
5nm) = 100 nm; ?

core

(d = 1nm) = 35 nm] are taken
from 1.

Upon field excitation, the donut states are significantly
shifted to the edge, deformed and temporally destroyed
by transformation into the ”C” state. The corresponding
enlarged core mass lowers the gyrofrequency in the first
ns. The reliable observation of a second gyrofrequency
illustrates the stability of the donut state in samples with
d = 5nm. For d = 1nm, no obvious frequency shift is
apparent due to strong interlayer exchange coupling and
smaller core sizes.
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alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd
wermnwe r viuoxv xv also kinks in trajectory of donut

Chiral magnetic spin textures, such as magnetic spin
helices and skyrmions,1,2 stabilized by Dzyaloshinskii-
Moriya interaction (DMI)3–5 in single crystals6–9 or at
interfaces10–13 with inversion symmetry breaking are sub-
ject to intense fundamental research. The inertia of
skyrmion lattices under external perturbations14–16 com-
bined with ultra-low spin-current densities needed for co-
herent displacement make them very appealing for appli-
cation as low-energy green spintronic devices.17

In general, the spin-orbit interaction governing DMI
is weak compared to the Heisenberg exchange and favors
chiral spin textures only within a small pocket phase with
respect to temperature and magnetic bias field.6–9 There-
fore, much attention was devoted to realizing skyrmionic
textures in thin film heterostructures providing inter-
facial DMI10–13 or interlayer exchange interaction.18–21

The latter group referred to as artificial skyrmions19,20

due to absent DMI provides means to stabilize chiral spin
textures including skyrmionic core textures at room tem-
perature and remanence. typical stacks and main conclu-
sions Interestingly, topological charge/ skyrmion number
can be switched in a digital manner between 0 and 1,20,21

paving the way towards spintronics operating on topolog-
ical properties of magnetic nanoobjects. Whereas static
properties of those spin textures are well understood, dy-
namic properties are yet to be investigated.

Here, we probe the magnetization dynamics in chiral
spin textures formed via imprinting magnetic vortices
from Permalloy (Py, Ni80Fe20) disks into out-of-plane
magnetized Co/Pd multilayer stacks.21 For this purpose,
disks with submicrometer diameter are distributed on an
impedance-match planar waveguide [Fig. 1(a)] that pro-
vides magnetic field pulses of 1 ns with an amplitude up
to 8 kA/m. The relaxation processes upon field pulse ex-
citation are stroboscopically recorded with transmission

a)Electronic mail: r.streubel@ifw-dresden.de
b)Electronic mail: d.makarov@ifw-dresden.de

soft X-ray microscopy. Tuning the interlayer exchange
coupling between Py and Co/Pd subsystems by vary-
ing the Pd spacer thickness provides means to arrange
Co/Pd spins either in vortex or donut state [Fig. 1(b)].
The Co/Pd spins strongly a↵ect the magnetization dy-
namics of the entire system, which is explained in the
framework of the Thiele equation accounting for large
core sizes.
Coplanar waveguides (CPW) consisting of 100 nm-

thick and 10µm-wide Cu wires with an impedance Z ⇡
50⌦ were fabricated onto 200 nm-thin Si3N4 membranes

(a) (b) Co/Pd spins

vo
rt
ex

d
o
n
u
t
I

d
o
n
u
t
II

(c)

0 10 20

�1

0

1

Time t [ns]

m
x

[a
.u
.]

(d)

x [a.u.]

y
[a
.u
.]

0

10

20

t [ns]
(e)

FIG. 1. (a) Vertically stacked soft-magnetic (Ni80Fe20)
and hard-magnetic (Co/Pd) disks prepared onto a coplanar
waveguide are excited with current pulses and stroboscopi-
cally recorded in MTXM. (b) Predicted spin configuration in
Co/Pd multilayer stacks. (c) Visualization of in-plane magne-
tization component of the Py subsystem utilizing XMCD. (d)
Extracted oscillations of the magnetization component that
might be correlated to the vortex core displacement (e).
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(Silson) using optical lithography and sputter deposition.
PMMA photoresist is spin-coated on top and patterned
via electron beam lithography leaving behind circular
holes with diameters of? = (650±20) nm and? = (800±
20) nm on the CPW. Afterwards, layer stacks consisting
of Pd(2)/[Co(0.4)/Pd(0.7)]5/Pd(d)/Ni80Fe20(40)/Pd(2)
with units in nm and a Pd spacer thickness d = 1nm,
d = 5nm were deposited via dc magnetron sputtering
at room temperature (base pressure: 7 ⇥ 10�8 mbar; Ar
pressure: 10�3 mbar, rate: 1 Å/s). The magnetic nanos-
tructures were obtained after lifting o↵ the PMMA resist.
Thicknesses of individual Co and Pd layers in the Co/Pd
stack were chosen to induce a large out-of-plane magnetic
anisotropy and full remanence.21 The Pd spacer thickness
separating Permalloy (Py, Ni80Fe20) and Co/Pd stack
is adjusted to provide strong (d = 1nm) and moder-
ate (d = 5nm) interlayer exchange coupling. Systems
with strong interaction reveal a magnetic vortex state
imprinted into the Co/Pd subsystem [Fig. 1(b), top]. In
contrast, moderate coupling stabilizes magnetic donut
states with either one [referred to as donut state type
I; Fig. 1(b), middle] or two [referred to as donut state
type II; Fig. 1(b), bottom] circular domain walls. In ad-
dition, reference samples of 40 nm-thick Py disks with a
diameter of ? = (1100±20) nm and (1750±20) nm were
prepared.

The contact pads are bonded to a printed circuit board,
which is fixed in a magnetic transmission soft X-ray mi-
croscope (MTXM) at the Advanced Light Source (ALS,
beamline 6.1.2). The study is carried out in two-bunch
mode at the ALS. The sample is tilted by 30� with re-
spect to the X-ray beam propagation direction along a
rotation axis coinciding with the CPW. Thus, the in-
plane magnetization can be accessed utilizing X-ray mag-
netic circular dichroism (XMCD) as element specific con-
trast mechanism. We observe the typical dipolar XMCD
contrast when imaging Py disks at the Fe L3 absorp-
tion edge, which refers to a magnetic vortex state in
the reference samples [Fig. 1(c)]. The magnetization
dynamics in these patterned nanostructures are strobo-
scopically recorded synchronizing electric current pulses
(I ⇡ 100mA, �t = 1ns) from a pulse generator with
the electron bunches orbiting in the synchrotron storage
ring. The current pulse exposes the magnetic object to
an in-plane magnetic Oersted field with an amplitude of
about 8 kA/m, which shifts the vortex core by ⇡ 35%?
towards the edge of the disk. The annihilation of the
Py vortex is observed at 12 kA/m when applying static
in-plane fields.

For the reference Py sample, the in-plane oscillation
of the magnetization component along the direction of
the field excitation is shown in Fig. 1(d). This data can
be represented as the displacement of the magnetic vor-
tex core assuming a harmonic oscillation with the gy-
rofrequency !0 [Fig. 1(e)]. The dynamics of the normal-
ized longitudinal magnetization component are accord-
ingly described by:

m
x

(", t) = sin [2⇡!0 (") t] · exp (�↵t) , (1)
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FIG. 2. Time dependence of the in-plane magnetization com-
ponent of Py along the field direction of the magnetic field
pulse measured with MTXM. (a) Stroboscopically recorded
XMCD contrast patterns. (b) Strongly coupled systems
(d = 1nm) with two di↵erent aspect ratios " reveal gyrofre-
quencies !0 ⇡ 0.08GHz. (c) Moderately coupled systems
(d = 5nm) possess a time-dependent gyrofrequency that in-
creases rapidly after about one period.

with Gilbert damping factor ↵ and aspect ratio " defined
as the quotient of Py film thickness h = 40nm and disk
diameter ?. Using (1), the magnetization dynamics are
fitted with !0(" = 0.02) ⇡ 0.09GHz and !0(" = 0.04) ⇡
0.14GHz [Fig. 1(d); only data for " = 0.02 is shown],
which is in agreement with previous observations.22,23

The total Co thickness of the Co/Pd subsystem of
merely 2 nm is insu�cient to record a detectable signal
at the Co L3 edge due to the limited X-ray intensity
of the two-bunch mode. In the following, we study the
impact of the imprinted magnetic state in the Co/Pd
subsystem on the magnetization dynamics of the Py
spins. All images are recorded at the Fe L3 absorption
edge. Figure 2 plots the magnetization oscillations ex-
tracted from stroboscopically recorded images [Fig. 2(a)]
for disks with di↵erent aspect ratios consisting of cou-
pled [Co/Pd]/Pd/Py stacks with 1 nm- and 5 nm-thick
Pd spacer. The strongly coupled system with d = 1nm
reveals a harmonic oscillation with one gyrofrequency
similar to pure Py [Fig. 2(b)]. Samples in the donut state
(d = 5nm) reveal a three times larger frequency than
those of strongly coupled stacks (d = 1nm) for the very
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loy (Py, Ni80Fe20) film are recorded at the Fe L3 ab-
sorption edge, analyzed and correlated with micromag-
netic simulations due to the vanishing XMCD contrast
at the Co L3 edge originating from an overall Co thick-
ness of merely 2 nm and limited X-ray intensity of the
two-bunch mode. The in-plane oscillation of the mag-
netization component along the direction of the field ex-
citation is recorded [Fig. 1(d)] that might be correlated
to the displacement of the magnetic vortex core assum-
ing a harmonic oscillation in the isotropic disk [Fig. 1(d)].
However, the oscillation of one magnetization component
is su�cient to identify the magnetization dynamics of the
coupled system. Assuming a harmonic oscillation with
the gyro frequency !0, the dynamics are described by:

m
x

(", t) = sin [2⇡!0 (", t) t] · exp (�↵t) .

The exponential damping ↵ represents a measure of ra-
dial o↵set of the vortex core according to r =

p
x2 + y2 /q

m2
x

+m2
y

= exp (�↵t). The aspect ratio " is defined as

the quotient of Py film thickness h = 40nm and the disk
diameter ?. Using (1), the magnetization dynamics of
pure Py disks (without Co/Pd) can be nicely fitted with
!0(" = 0.02) ⇡ 0.09GHz and !0(" = 0.03) ⇡ 0.14GHz
[Fig. 1(d)].

Figure 2 plots the magnetization oscillations for cou-
pled systems with 1 nm- and 5 nm-thick Pd spacer and
di↵erent aspect ratios. The strongly coupled system with
d = 1nm reveals a harmonic oscillation with one gyro
frequency similar to pure Py [Fig. 2(b)]. On the con-
trary, systems in the donut state (d = 5nm) reveal a
three times larger frequency for the very same aspect ra-
tios [Fig. 2(c)]. Moreover, two di↵erent gyro frequencies
are required to describe the relaxation process [red and
black curves in Fig. 2(c)]. In our case, the initial fre-
quency (!1 ⇡ 0.20GHz) is approximately two third of
the final one (!0 ⇡ 0.30GHz).

The physical origin of these modifications are qualita-
tively explained using the Thiele equation for magnetic
domain motion2:

Ge
z

⇥ ṙ �Kr = Mr̈ ,

with the gyrotropic coe�cient G, the restoring force K
and the core mass M / ?

core

linear in the core size. The
spatial confinement of planar vortex cores (?

v

⇡ 6 nm)
lead to particle-like dynamics that can be described with-
out the mass term (M = 0,! = K/G). This simplifica-
tion is no longer valid for donut states with core sizes
?

core

⇡ 100 nm)1. In this case, the corresponding gy-
rofrequency reads:

!± = � G

2M
±

s✓
G

2M

◆2

+
K

M
.

Considering K / h2/? and G / h3,4 reveals the well-
known linear relation between ! and " = h/? for mass-
less vortices5,6, and a complex non-linear relation oth-
erwise. Interestingly, a linear relation can be obtained
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FIG. 2. Time dependence of the in-plane magnetization com-
ponent of Py along the field direction of the magnetic field
pulse measured with MTXM. (a) Strongly coupled systems
(d = 1nm) with two di↵erent aspect ratios " reveal gyro fre-
quencies !0 ⇡ 0.08GHz. (b) Moderately coupled systems
(d = 5nm) possess a time-dependent gyro frequency that in-
creases rapidly after about one period. The gyro frequency
is approximately three times larger than that of (a) for very
same aspect ratios. (c) Fourier spectra of magnetization oscil-
lations confirm the occurrence of a second peak for the donut
states.

by rescaling the aspect ratio and introducing a weighted
aspect ratio � = "?

core

?
v

that geometrically accounts for
the extended core [Fig. 3(a)]. The core values [?

core

(d =
5nm) = 100 nm; ?

core

(d = 1nm) = 35 nm] are taken
from 1.

Upon field excitation, the donut states are significantly
shifted to the edge, deformed and temporally destroyed
by transformation into the ”C” state. The corresponding
enlarged core mass lowers the gyrofrequency in the first
ns. The reliable observation of a second gyrofrequency
illustrates the stability of the donut state in samples with
d = 5nm. For d = 1nm, no obvious frequency shift is
apparent due to strong interlayer exchange coupling and
smaller core sizes.
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Tuning Vortex Dynamics by Imprinting Non-collinear Spin Textures
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alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd
wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs
dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv
alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd
wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs
dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv
alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd
wermnwe r viuoxv xv also kinks in trajectory of donut

Chiral magnetic spin textures, such as magnetic spin
helices and skyrmions,1,2 stabilized by Dzyaloshinskii-
Moriya interaction (DMI)3–5 in single crystals6–9 or at
interfaces10–13 with inversion symmetry breaking are sub-
ject to intense fundamental research. The inertia of
skyrmion lattices under external perturbations14–16 com-
bined with ultra-low spin-current densities needed for co-
herent displacement make them very appealing for appli-
cation as low-energy green spintronic devices.17

In general, the spin-orbit interaction governing DMI
is weak compared to the Heisenberg exchange and favors
chiral spin textures only within a small pocket phase with
respect to temperature and magnetic bias field.6–9 There-
fore, much attention was devoted to realizing skyrmionic
textures in thin film heterostructures providing inter-
facial DMI10–13 or interlayer exchange interaction.18–21

The latter group referred to as artificial skyrmions19,20

due to absent DMI provides means to stabilize chiral spin
textures including skyrmionic core textures at room tem-
perature and remanence. typical stacks and main conclu-
sions Interestingly, topological charge/ skyrmion number
can be switched in a digital manner between 0 and 1,20,21

paving the way towards spintronics operating on topolog-
ical properties of magnetic nanoobjects. Whereas static
properties of those spin textures are well understood, dy-
namic properties are yet to be investigated.

Here, we probe the magnetization dynamics in chiral
spin textures formed via imprinting magnetic vortices
from Permalloy (Py, Ni80Fe20) disks into out-of-plane
magnetized Co/Pd multilayer stacks.21 For this purpose,
disks with submicrometer diameter are distributed on an
impedance-match planar waveguide [Fig. 1(a)] that pro-
vides magnetic field pulses of 1 ns with an amplitude up
to 8 kA/m. The relaxation processes upon field pulse ex-
citation are stroboscopically recorded with transmission

a)Electronic mail: r.streubel@ifw-dresden.de
b)Electronic mail: d.makarov@ifw-dresden.de

soft X-ray microscopy. Tuning the interlayer exchange
coupling between Py and Co/Pd subsystems by vary-
ing the Pd spacer thickness provides means to arrange
Co/Pd spins either in vortex or donut state [Fig. 1(b)].
The Co/Pd spins strongly a↵ect the magnetization dy-
namics of the entire system, which is explained in the
framework of the Thiele equation accounting for large
core sizes.
Coplanar waveguides (CPW) consisting of 100 nm-

thick and 10µm-wide Cu wires with an impedance Z ⇡
50⌦ were fabricated onto 200 nm-thin Si3N4 membranes
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FIG. 1. (a) Vertically stacked soft-magnetic (Ni80Fe20)
and hard-magnetic (Co/Pd) disks prepared onto a coplanar
waveguide are excited with current pulses and stroboscopi-
cally recorded in MTXM. (b) Predicted spin configuration in
Co/Pd multilayer stacks. (c) Visualization of in-plane magne-
tization component of the Py subsystem utilizing XMCD. (d)
Extracted oscillations of the magnetization component that
might be correlated to the vortex core displacement (e).
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(Silson) using optical lithography and sputter deposition.
PMMA photoresist is spin-coated on top and patterned
via electron beam lithography leaving behind circular
holes with diameters of? = (650±20) nm and? = (800±
20) nm on the CPW. Afterwards, layer stacks consisting
of Pd(2)/[Co(0.4)/Pd(0.7)]5/Pd(d)/Ni80Fe20(40)/Pd(2)
with units in nm and a Pd spacer thickness d = 1nm,
d = 5nm were deposited via dc magnetron sputtering
at room temperature (base pressure: 7 ⇥ 10�8 mbar; Ar
pressure: 10�3 mbar, rate: 1 Å/s). The magnetic nanos-
tructures were obtained after lifting o↵ the PMMA resist.
Thicknesses of individual Co and Pd layers in the Co/Pd
stack were chosen to induce a large out-of-plane magnetic
anisotropy and full remanence.21 The Pd spacer thickness
separating Permalloy (Py, Ni80Fe20) and Co/Pd stack
is adjusted to provide strong (d = 1nm) and moder-
ate (d = 5nm) interlayer exchange coupling. Systems
with strong interaction reveal a magnetic vortex state
imprinted into the Co/Pd subsystem [Fig. 1(b), top]. In
contrast, moderate coupling stabilizes magnetic donut
states with either one [referred to as donut state type
I; Fig. 1(b), middle] or two [referred to as donut state
type II; Fig. 1(b), bottom] circular domain walls. In ad-
dition, reference samples of 40 nm-thick Py disks with a
diameter of ? = (1100±20) nm and (1750±20) nm were
prepared.

The contact pads are bonded to a printed circuit board,
which is fixed in a magnetic transmission soft X-ray mi-
croscope (MTXM) at the Advanced Light Source (ALS,
beamline 6.1.2). The study is carried out in two-bunch
mode at the ALS. The sample is tilted by 30� with re-
spect to the X-ray beam propagation direction along a
rotation axis coinciding with the CPW. Thus, the in-
plane magnetization can be accessed utilizing X-ray mag-
netic circular dichroism (XMCD) as element specific con-
trast mechanism. We observe the typical dipolar XMCD
contrast when imaging Py disks at the Fe L3 absorp-
tion edge, which refers to a magnetic vortex state in
the reference samples [Fig. 1(c)]. The magnetization
dynamics in these patterned nanostructures are strobo-
scopically recorded synchronizing electric current pulses
(I ⇡ 100mA, �t = 1ns) from a pulse generator with
the electron bunches orbiting in the synchrotron storage
ring. The current pulse exposes the magnetic object to
an in-plane magnetic Oersted field with an amplitude of
about 8 kA/m, which shifts the vortex core by ⇡ 35%?
towards the edge of the disk. The annihilation of the
Py vortex is observed at 12 kA/m when applying static
in-plane fields.

For the reference Py sample, the in-plane oscillation
of the magnetization component along the direction of
the field excitation is shown in Fig. 1(d). This data can
be represented as the displacement of the magnetic vor-
tex core assuming a harmonic oscillation with the gy-
rofrequency !0 [Fig. 1(e)]. The dynamics of the normal-
ized longitudinal magnetization component are accord-
ingly described by:

m
x

(", t) = sin [2⇡!0 (") t] · exp (�↵t) , (1)
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FIG. 2. Time dependence of the in-plane magnetization com-
ponent of Py along the field direction of the magnetic field
pulse measured with MTXM. (a) Stroboscopically recorded
XMCD contrast patterns. (b) Strongly coupled systems
(d = 1nm) with two di↵erent aspect ratios " reveal gyrofre-
quencies !0 ⇡ 0.08GHz. (c) Moderately coupled systems
(d = 5nm) possess a time-dependent gyrofrequency that in-
creases rapidly after about one period.

with Gilbert damping factor ↵ and aspect ratio " defined
as the quotient of Py film thickness h = 40nm and disk
diameter ?. Using (1), the magnetization dynamics are
fitted with !0(" = 0.02) ⇡ 0.09GHz and !0(" = 0.04) ⇡
0.14GHz [Fig. 1(d); only data for " = 0.02 is shown],
which is in agreement with previous observations.22,23

The total Co thickness of the Co/Pd subsystem of
merely 2 nm is insu�cient to record a detectable signal
at the Co L3 edge due to the limited X-ray intensity
of the two-bunch mode. In the following, we study the
impact of the imprinted magnetic state in the Co/Pd
subsystem on the magnetization dynamics of the Py
spins. All images are recorded at the Fe L3 absorption
edge. Figure 2 plots the magnetization oscillations ex-
tracted from stroboscopically recorded images [Fig. 2(a)]
for disks with di↵erent aspect ratios consisting of cou-
pled [Co/Pd]/Pd/Py stacks with 1 nm- and 5 nm-thick
Pd spacer. The strongly coupled system with d = 1nm
reveals a harmonic oscillation with one gyrofrequency
similar to pure Py [Fig. 2(b)]. Samples in the donut state
(d = 5nm) reveal a three times larger frequency than
those of strongly coupled stacks (d = 1nm) for the very
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loy (Py, Ni80Fe20) film are recorded at the Fe L3 ab-
sorption edge, analyzed and correlated with micromag-
netic simulations due to the vanishing XMCD contrast
at the Co L3 edge originating from an overall Co thick-
ness of merely 2 nm and limited X-ray intensity of the
two-bunch mode. The in-plane oscillation of the mag-
netization component along the direction of the field ex-
citation is recorded [Fig. 1(d)] that might be correlated
to the displacement of the magnetic vortex core assum-
ing a harmonic oscillation in the isotropic disk [Fig. 1(d)].
However, the oscillation of one magnetization component
is su�cient to identify the magnetization dynamics of the
coupled system. Assuming a harmonic oscillation with
the gyro frequency !0, the dynamics are described by:

m
x

(", t) = sin [2⇡!0 (", t) t] · exp (�↵t) .

The exponential damping ↵ represents a measure of ra-
dial o↵set of the vortex core according to r =

p
x2 + y2 /q

m2
x

+m2
y

= exp (�↵t). The aspect ratio " is defined as

the quotient of Py film thickness h = 40nm and the disk
diameter ?. Using (1), the magnetization dynamics of
pure Py disks (without Co/Pd) can be nicely fitted with
!0(" = 0.02) ⇡ 0.09GHz and !0(" = 0.03) ⇡ 0.14GHz
[Fig. 1(d)].

Figure 2 plots the magnetization oscillations for cou-
pled systems with 1 nm- and 5 nm-thick Pd spacer and
di↵erent aspect ratios. The strongly coupled system with
d = 1nm reveals a harmonic oscillation with one gyro
frequency similar to pure Py [Fig. 2(b)]. On the con-
trary, systems in the donut state (d = 5nm) reveal a
three times larger frequency for the very same aspect ra-
tios [Fig. 2(c)]. Moreover, two di↵erent gyro frequencies
are required to describe the relaxation process [red and
black curves in Fig. 2(c)]. In our case, the initial fre-
quency (!1 ⇡ 0.20GHz) is approximately two third of
the final one (!0 ⇡ 0.30GHz).

The physical origin of these modifications are qualita-
tively explained using the Thiele equation for magnetic
domain motion2:

Ge
z

⇥ ṙ �Kr = Mr̈ ,

with the gyrotropic coe�cient G, the restoring force K
and the core mass M / ?

core

linear in the core size. The
spatial confinement of planar vortex cores (?

v

⇡ 6 nm)
lead to particle-like dynamics that can be described with-
out the mass term (M = 0,! = K/G). This simplifica-
tion is no longer valid for donut states with core sizes
?

core

⇡ 100 nm)1. In this case, the corresponding gy-
rofrequency reads:

!± = � G

2M
±
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Considering K / h2/? and G / h3,4 reveals the well-
known linear relation between ! and " = h/? for mass-
less vortices5,6, and a complex non-linear relation oth-
erwise. Interestingly, a linear relation can be obtained
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FIG. 2. Time dependence of the in-plane magnetization com-
ponent of Py along the field direction of the magnetic field
pulse measured with MTXM. (a) Strongly coupled systems
(d = 1nm) with two di↵erent aspect ratios " reveal gyro fre-
quencies !0 ⇡ 0.08GHz. (b) Moderately coupled systems
(d = 5nm) possess a time-dependent gyro frequency that in-
creases rapidly after about one period. The gyro frequency
is approximately three times larger than that of (a) for very
same aspect ratios. (c) Fourier spectra of magnetization oscil-
lations confirm the occurrence of a second peak for the donut
states.

by rescaling the aspect ratio and introducing a weighted
aspect ratio � = "?

core

?
v

that geometrically accounts for
the extended core [Fig. 3(a)]. The core values [?

core

(d =
5nm) = 100 nm; ?

core

(d = 1nm) = 35 nm] are taken
from 1.

Upon field excitation, the donut states are significantly
shifted to the edge, deformed and temporally destroyed
by transformation into the ”C” state. The corresponding
enlarged core mass lowers the gyrofrequency in the first
ns. The reliable observation of a second gyrofrequency
illustrates the stability of the donut state in samples with
d = 5nm. For d = 1nm, no obvious frequency shift is
apparent due to strong interlayer exchange coupling and
smaller core sizes.
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3I. Makhfudz, B. Krüger, and O. Tchernyshyov, Phys. Rev. Lett.
109, 217201 (2012).

4K.-W. Moon, B. S. Chun, W. Kim, Z. Q. Qiu, and C. Hwang,
Phys. Rev. B 89, 064413 (2014).

5K. Y. Guslienko, X. F. Han, D. J. Keavney, R. Divan, and S. D.
Bader, Phys. Rev. Lett. 96, 067205 (2006).

Tuning Vortex Dynamics by Imprinting Non-collinear Spin Textures

Robert Streubel,1, a) Martin Kopte,1 Ingolf Mönch,1 Peter Fischer,2, 3 Oliver G. Schmidt,1, 4 and Denys
Makarov1, b)
1)Institute for Integrative Nanosciences, IFW Dresden, 01069 Dresden, Germany
2)Center for X-ray Optics, Lawrence Berkeley National Laboratory, Berkeley CA 94720,
USA
3)Physics Department, UC Santa Cruz, Santa Cruz CA 95064, USA
4)Material Systems for Nanoelectronics, Chemnitz University of Technology, 09107 Chemnitz,
Germany

alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd
wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs
dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv
alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd
wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs
dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv
alsdk aksdjha sdkajs dhaks woeru asd,a,sd wermnwe r viuoxv xv alsdk aksdjha sdkajs dhaks woeru asd,a,sd
wermnwe r viuoxv xv also kinks in trajectory of donut

Chiral magnetic spin textures, such as magnetic spin
helices and skyrmions,1,2 stabilized by Dzyaloshinskii-
Moriya interaction (DMI)3–5 in single crystals6–9 or at
interfaces10–13 with inversion symmetry breaking are sub-
ject to intense fundamental research. The inertia of
skyrmion lattices under external perturbations14–16 com-
bined with ultra-low spin-current densities needed for co-
herent displacement make them very appealing for appli-
cation as low-energy green spintronic devices.17

In general, the spin-orbit interaction governing DMI
is weak compared to the Heisenberg exchange and favors
chiral spin textures only within a small pocket phase with
respect to temperature and magnetic bias field.6–9 There-
fore, much attention was devoted to realizing skyrmionic
textures in thin film heterostructures providing inter-
facial DMI10–13 or interlayer exchange interaction.18–21

The latter group referred to as artificial skyrmions19,20

due to absent DMI provides means to stabilize chiral spin
textures including skyrmionic core textures at room tem-
perature and remanence. typical stacks and main conclu-
sions Interestingly, topological charge/ skyrmion number
can be switched in a digital manner between 0 and 1,20,21

paving the way towards spintronics operating on topolog-
ical properties of magnetic nanoobjects. Whereas static
properties of those spin textures are well understood, dy-
namic properties are yet to be investigated.

Here, we probe the magnetization dynamics in chiral
spin textures formed via imprinting magnetic vortices
from Permalloy (Py, Ni80Fe20) disks into out-of-plane
magnetized Co/Pd multilayer stacks.21 For this purpose,
disks with submicrometer diameter are distributed on an
impedance-match planar waveguide [Fig. 1(a)] that pro-
vides magnetic field pulses of 1 ns with an amplitude up
to 8 kA/m. The relaxation processes upon field pulse ex-
citation are stroboscopically recorded with transmission
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soft X-ray microscopy. Tuning the interlayer exchange
coupling between Py and Co/Pd subsystems by vary-
ing the Pd spacer thickness provides means to arrange
Co/Pd spins either in vortex or donut state [Fig. 1(b)].
The Co/Pd spins strongly a↵ect the magnetization dy-
namics of the entire system, which is explained in the
framework of the Thiele equation accounting for large
core sizes.
Coplanar waveguides (CPW) consisting of 100 nm-

thick and 10µm-wide Cu wires with an impedance Z ⇡
50⌦ were fabricated onto 200 nm-thin Si3N4 membranes
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FIG. 1. (a) Vertically stacked soft-magnetic (Ni80Fe20)
and hard-magnetic (Co/Pd) disks prepared onto a coplanar
waveguide are excited with current pulses and stroboscopi-
cally recorded in MTXM. (b) Predicted spin configuration in
Co/Pd multilayer stacks. (c) Visualization of in-plane magne-
tization component of the Py subsystem utilizing XMCD. (d)
Extracted oscillations of the magnetization component that
might be correlated to the vortex core displacement (e).
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(Silson) using optical lithography and sputter deposition.
PMMA photoresist is spin-coated on top and patterned
via electron beam lithography leaving behind circular
holes with diameters of? = (650±20) nm and? = (800±
20) nm on the CPW. Afterwards, layer stacks consisting
of Pd(2)/[Co(0.4)/Pd(0.7)]5/Pd(d)/Ni80Fe20(40)/Pd(2)
with units in nm and a Pd spacer thickness d = 1nm,
d = 5nm were deposited via dc magnetron sputtering
at room temperature (base pressure: 7 ⇥ 10�8 mbar; Ar
pressure: 10�3 mbar, rate: 1 Å/s). The magnetic nanos-
tructures were obtained after lifting o↵ the PMMA resist.
Thicknesses of individual Co and Pd layers in the Co/Pd
stack were chosen to induce a large out-of-plane magnetic
anisotropy and full remanence.21 The Pd spacer thickness
separating Permalloy (Py, Ni80Fe20) and Co/Pd stack
is adjusted to provide strong (d = 1nm) and moder-
ate (d = 5nm) interlayer exchange coupling. Systems
with strong interaction reveal a magnetic vortex state
imprinted into the Co/Pd subsystem [Fig. 1(b), top]. In
contrast, moderate coupling stabilizes magnetic donut
states with either one [referred to as donut state type
I; Fig. 1(b), middle] or two [referred to as donut state
type II; Fig. 1(b), bottom] circular domain walls. In ad-
dition, reference samples of 40 nm-thick Py disks with a
diameter of ? = (1100±20) nm and (1750±20) nm were
prepared.

The contact pads are bonded to a printed circuit board,
which is fixed in a magnetic transmission soft X-ray mi-
croscope (MTXM) at the Advanced Light Source (ALS,
beamline 6.1.2). The study is carried out in two-bunch
mode at the ALS. The sample is tilted by 30� with re-
spect to the X-ray beam propagation direction along a
rotation axis coinciding with the CPW. Thus, the in-
plane magnetization can be accessed utilizing X-ray mag-
netic circular dichroism (XMCD) as element specific con-
trast mechanism. We observe the typical dipolar XMCD
contrast when imaging Py disks at the Fe L3 absorp-
tion edge, which refers to a magnetic vortex state in
the reference samples [Fig. 1(c)]. The magnetization
dynamics in these patterned nanostructures are strobo-
scopically recorded synchronizing electric current pulses
(I ⇡ 100mA, �t = 1ns) from a pulse generator with
the electron bunches orbiting in the synchrotron storage
ring. The current pulse exposes the magnetic object to
an in-plane magnetic Oersted field with an amplitude of
about 8 kA/m, which shifts the vortex core by ⇡ 35%?
towards the edge of the disk. The annihilation of the
Py vortex is observed at 12 kA/m when applying static
in-plane fields.

For the reference Py sample, the in-plane oscillation
of the magnetization component along the direction of
the field excitation is shown in Fig. 1(d). This data can
be represented as the displacement of the magnetic vor-
tex core assuming a harmonic oscillation with the gy-
rofrequency !0 [Fig. 1(e)]. The dynamics of the normal-
ized longitudinal magnetization component are accord-
ingly described by:

m
x

(", t) = sin [2⇡!0 (") t] · exp (�↵t) , (1)
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FIG. 2. Time dependence of the in-plane magnetization com-
ponent of Py along the field direction of the magnetic field
pulse measured with MTXM. (a) Stroboscopically recorded
XMCD contrast patterns. (b) Strongly coupled systems
(d = 1nm) with two di↵erent aspect ratios " reveal gyrofre-
quencies !0 ⇡ 0.08GHz. (c) Moderately coupled systems
(d = 5nm) possess a time-dependent gyrofrequency that in-
creases rapidly after about one period.

with Gilbert damping factor ↵ and aspect ratio " defined
as the quotient of Py film thickness h = 40nm and disk
diameter ?. Using (1), the magnetization dynamics are
fitted with !0(" = 0.02) ⇡ 0.09GHz and !0(" = 0.04) ⇡
0.14GHz [Fig. 1(d); only data for " = 0.02 is shown],
which is in agreement with previous observations.22,23

The total Co thickness of the Co/Pd subsystem of
merely 2 nm is insu�cient to record a detectable signal
at the Co L3 edge due to the limited X-ray intensity
of the two-bunch mode. In the following, we study the
impact of the imprinted magnetic state in the Co/Pd
subsystem on the magnetization dynamics of the Py
spins. All images are recorded at the Fe L3 absorption
edge. Figure 2 plots the magnetization oscillations ex-
tracted from stroboscopically recorded images [Fig. 2(a)]
for disks with di↵erent aspect ratios consisting of cou-
pled [Co/Pd]/Pd/Py stacks with 1 nm- and 5 nm-thick
Pd spacer. The strongly coupled system with d = 1nm
reveals a harmonic oscillation with one gyrofrequency
similar to pure Py [Fig. 2(b)]. Samples in the donut state
(d = 5nm) reveal a three times larger frequency than
those of strongly coupled stacks (d = 1nm) for the very
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2

loy (Py, Ni80Fe20) film are recorded at the Fe L3 ab-
sorption edge, analyzed and correlated with micromag-
netic simulations due to the vanishing XMCD contrast
at the Co L3 edge originating from an overall Co thick-
ness of merely 2 nm and limited X-ray intensity of the
two-bunch mode. The in-plane oscillation of the mag-
netization component along the direction of the field ex-
citation is recorded [Fig. 1(d)] that might be correlated
to the displacement of the magnetic vortex core assum-
ing a harmonic oscillation in the isotropic disk [Fig. 1(d)].
However, the oscillation of one magnetization component
is su�cient to identify the magnetization dynamics of the
coupled system. Assuming a harmonic oscillation with
the gyro frequency !0, the dynamics are described by:

m
x

(", t) = sin [2⇡!0 (", t) t] · exp (�↵t) .

The exponential damping ↵ represents a measure of ra-
dial o↵set of the vortex core according to r =

p
x2 + y2 /q

m2
x

+m2
y

= exp (�↵t). The aspect ratio " is defined as

the quotient of Py film thickness h = 40nm and the disk
diameter ?. Using (1), the magnetization dynamics of
pure Py disks (without Co/Pd) can be nicely fitted with
!0(" = 0.02) ⇡ 0.09GHz and !0(" = 0.03) ⇡ 0.14GHz
[Fig. 1(d)].

Figure 2 plots the magnetization oscillations for cou-
pled systems with 1 nm- and 5 nm-thick Pd spacer and
di↵erent aspect ratios. The strongly coupled system with
d = 1nm reveals a harmonic oscillation with one gyro
frequency similar to pure Py [Fig. 2(b)]. On the con-
trary, systems in the donut state (d = 5nm) reveal a
three times larger frequency for the very same aspect ra-
tios [Fig. 2(c)]. Moreover, two di↵erent gyro frequencies
are required to describe the relaxation process [red and
black curves in Fig. 2(c)]. In our case, the initial fre-
quency (!1 ⇡ 0.20GHz) is approximately two third of
the final one (!0 ⇡ 0.30GHz).

The physical origin of these modifications are qualita-
tively explained using the Thiele equation for magnetic
domain motion2:

Ge
z

⇥ ṙ �Kr = Mr̈ ,

with the gyrotropic coe�cient G, the restoring force K
and the core mass M / ?

core

linear in the core size. The
spatial confinement of planar vortex cores (?

v

⇡ 6 nm)
lead to particle-like dynamics that can be described with-
out the mass term (M = 0,! = K/G). This simplifica-
tion is no longer valid for donut states with core sizes
?

core

⇡ 100 nm)1. In this case, the corresponding gy-
rofrequency reads:

!± = � G

2M
±

s✓
G

2M

◆2

+
K

M
.

Considering K / h2/? and G / h3,4 reveals the well-
known linear relation between ! and " = h/? for mass-
less vortices5,6, and a complex non-linear relation oth-
erwise. Interestingly, a linear relation can be obtained
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FIG. 2. Time dependence of the in-plane magnetization com-
ponent of Py along the field direction of the magnetic field
pulse measured with MTXM. (a) Strongly coupled systems
(d = 1nm) with two di↵erent aspect ratios " reveal gyro fre-
quencies !0 ⇡ 0.08GHz. (b) Moderately coupled systems
(d = 5nm) possess a time-dependent gyro frequency that in-
creases rapidly after about one period. The gyro frequency
is approximately three times larger than that of (a) for very
same aspect ratios. (c) Fourier spectra of magnetization oscil-
lations confirm the occurrence of a second peak for the donut
states.

by rescaling the aspect ratio and introducing a weighted
aspect ratio � = "?

core

?
v

that geometrically accounts for
the extended core [Fig. 3(a)]. The core values [?

core

(d =
5nm) = 100 nm; ?

core

(d = 1nm) = 35 nm] are taken
from 1.

Upon field excitation, the donut states are significantly
shifted to the edge, deformed and temporally destroyed
by transformation into the ”C” state. The corresponding
enlarged core mass lowers the gyrofrequency in the first
ns. The reliable observation of a second gyrofrequency
illustrates the stability of the donut state in samples with
d = 5nm. For d = 1nm, no obvious frequency shift is
apparent due to strong interlayer exchange coupling and
smaller core sizes.
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loy (Py, Ni80Fe20) film are recorded at the Fe L3 ab-
sorption edge, analyzed and correlated with micromag-
netic simulations due to the vanishing XMCD contrast
at the Co L3 edge originating from an overall Co thick-
ness of merely 2 nm and limited X-ray intensity of the
two-bunch mode. The in-plane oscillation of the mag-
netization component along the direction of the field ex-
citation is recorded [Fig. 1(d)] that might be correlated
to the displacement of the magnetic vortex core assum-
ing a harmonic oscillation in the isotropic disk [Fig. 1(d)].
However, the oscillation of one magnetization component
is su�cient to identify the magnetization dynamics of the
coupled system. Assuming a harmonic oscillation with
the gyro frequency !0, the dynamics are described by:

m
x

(", t) = sin [2⇡!0 (", t) t] · exp (�↵t) .

The exponential damping ↵ represents a measure of ra-
dial o↵set of the vortex core according to r =

p
x2 + y2 /q

m2
x

+m2
y

= exp (�↵t). The aspect ratio " is defined as

the quotient of Py film thickness h = 40nm and the disk
diameter ?. Using (1), the magnetization dynamics of
pure Py disks (without Co/Pd) can be nicely fitted with
!0(" = 0.02) ⇡ 0.09GHz and !0(" = 0.03) ⇡ 0.14GHz
[Fig. 1(d)].

Figure 2 plots the magnetization oscillations for cou-
pled systems with 1 nm- and 5 nm-thick Pd spacer and
di↵erent aspect ratios. The strongly coupled system with
d = 1nm reveals a harmonic oscillation with one gyro
frequency similar to pure Py [Fig. 2(b)]. On the con-
trary, systems in the donut state (d = 5nm) reveal a
three times larger frequency for the very same aspect ra-
tios [Fig. 2(c)]. Moreover, two di↵erent gyro frequencies
are required to describe the relaxation process [red and
black curves in Fig. 2(c)]. In our case, the initial fre-
quency (!1 ⇡ 0.20GHz) is approximately two third of
the final one (!0 ⇡ 0.30GHz).

The physical origin of these modifications are qualita-
tively explained using the Thiele equation for magnetic
domain motion2:

Ge
z

⇥ ṙ �Kr = Mr̈ ,

with the gyrotropic coe�cient G, the restoring force K
and the core mass M / ?

core

linear in the core size. The
spatial confinement of planar vortex cores (?

v

⇡ 6 nm)
lead to particle-like dynamics that can be described with-
out the mass term (M = 0,! = K/G). This simplifica-
tion is no longer valid for donut states with core sizes
?

core

⇡ 100 nm)1. In this case, the corresponding gy-
rofrequency reads:
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Considering K / h2/? and G / h3,4 reveals the well-
known linear relation between ! and " = h/? for mass-
less vortices5,6, and a complex non-linear relation oth-
erwise. Interestingly, a linear relation can be obtained
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FIG. 2. Time dependence of the in-plane magnetization com-
ponent of Py along the field direction of the magnetic field
pulse measured with MTXM. (a) Strongly coupled systems
(d = 1nm) with two di↵erent aspect ratios " reveal gyro fre-
quencies !0 ⇡ 0.08GHz. (b) Moderately coupled systems
(d = 5nm) possess a time-dependent gyro frequency that in-
creases rapidly after about one period. The gyro frequency
is approximately three times larger than that of (a) for very
same aspect ratios. (c) Fourier spectra of magnetization oscil-
lations confirm the occurrence of a second peak for the donut
states.

by rescaling the aspect ratio and introducing a weighted
aspect ratio � = "?

core
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v

that geometrically accounts for
the extended core [Fig. 3(a)]. The core values [?

core

(d =
5nm) = 100 nm; ?

core

(d = 1nm) = 35 nm] are taken
from 1.

Upon field excitation, the donut states are significantly
shifted to the edge, deformed and temporally destroyed
by transformation into the ”C” state. The corresponding
enlarged core mass lowers the gyrofrequency in the first
ns. The reliable observation of a second gyrofrequency
illustrates the stability of the donut state in samples with
d = 5nm. For d = 1nm, no obvious frequency shift is
apparent due to strong interlayer exchange coupling and
smaller core sizes.
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loy (Py, Ni80Fe20) film are recorded at the Fe L3 ab-
sorption edge, analyzed and correlated with micromag-
netic simulations due to the vanishing XMCD contrast
at the Co L3 edge originating from an overall Co thick-
ness of merely 2 nm and limited X-ray intensity of the
two-bunch mode. The in-plane oscillation of the mag-
netization component along the direction of the field ex-
citation is recorded [Fig. 1(d)] that might be correlated
to the displacement of the magnetic vortex core assum-
ing a harmonic oscillation in the isotropic disk [Fig. 1(d)].
However, the oscillation of one magnetization component
is su�cient to identify the magnetization dynamics of the
coupled system. Assuming a harmonic oscillation with
the gyro frequency !0, the dynamics are described by:

m
x

(", t) = sin [2⇡!0 (", t) t] · exp (�↵t) .

The exponential damping ↵ represents a measure of ra-
dial o↵set of the vortex core according to r =

p
x2 + y2 /q

m2
x

+m2
y

= exp (�↵t). The aspect ratio " is defined as

the quotient of Py film thickness h = 40nm and the disk
diameter ?. Using (1), the magnetization dynamics of
pure Py disks (without Co/Pd) can be nicely fitted with
!0(" = 0.02) ⇡ 0.09GHz and !0(" = 0.03) ⇡ 0.14GHz
[Fig. 1(d)].

Figure 2 plots the magnetization oscillations for cou-
pled systems with 1 nm- and 5 nm-thick Pd spacer and
di↵erent aspect ratios. The strongly coupled system with
d = 1nm reveals a harmonic oscillation with one gyro
frequency similar to pure Py [Fig. 2(b)]. On the con-
trary, systems in the donut state (d = 5nm) reveal a
three times larger frequency for the very same aspect ra-
tios [Fig. 2(c)]. Moreover, two di↵erent gyro frequencies
are required to describe the relaxation process [red and
black curves in Fig. 2(c)]. In our case, the initial fre-
quency (!1 ⇡ 0.20GHz) is approximately two third of
the final one (!0 ⇡ 0.30GHz).

The physical origin of these modifications are qualita-
tively explained using the Thiele equation for magnetic
domain motion2:

Ge
z

⇥ ṙ �Kr = Mr̈ ,

with the gyrotropic coe�cient G, the restoring force K
and the core mass M / ?

core

linear in the core size. The
spatial confinement of planar vortex cores (?

v

⇡ 6 nm)
lead to particle-like dynamics that can be described with-
out the mass term (M = 0,! = K/G). This simplifica-
tion is no longer valid for donut states with core sizes
?

core

⇡ 100 nm)1. In this case, the corresponding gy-
rofrequency reads:
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±
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+
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.

Considering K / h2/? and G / h3,4 reveals the well-
known linear relation between ! and " = h/? for mass-
less vortices5,6, and a complex non-linear relation oth-
erwise. Interestingly, a linear relation can be obtained
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FIG. 2. Time dependence of the in-plane magnetization com-
ponent of Py along the field direction of the magnetic field
pulse measured with MTXM. (a) Strongly coupled systems
(d = 1nm) with two di↵erent aspect ratios " reveal gyro fre-
quencies !0 ⇡ 0.08GHz. (b) Moderately coupled systems
(d = 5nm) possess a time-dependent gyro frequency that in-
creases rapidly after about one period. The gyro frequency
is approximately three times larger than that of (a) for very
same aspect ratios. (c) Fourier spectra of magnetization oscil-
lations confirm the occurrence of a second peak for the donut
states.

by rescaling the aspect ratio and introducing a weighted
aspect ratio � = "?

core

?
v

that geometrically accounts for
the extended core [Fig. 3(a)]. The core values [?

core

(d =
5nm) = 100 nm; ?

core

(d = 1nm) = 35 nm] are taken
from 1.

Upon field excitation, the donut states are significantly
shifted to the edge, deformed and temporally destroyed
by transformation into the ”C” state. The corresponding
enlarged core mass lowers the gyrofrequency in the first
ns. The reliable observation of a second gyrofrequency
illustrates the stability of the donut state in samples with
d = 5nm. For d = 1nm, no obvious frequency shift is
apparent due to strong interlayer exchange coupling and
smaller core sizes.
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3

typical vortex core dynamics in Py disks.
To understand the physical origin, we firstly perform

micromagnetic simulations at T = 0K using Nmag v0.227

and the HLib library.28,29 The modeled disks possess a
diameter of 400 nm and a mesh size of 2.5 nm and 6 nm
for Co/Pd (h = 5nm, M

s

= 500 kA/m, A = 10�11 J/m,
K = 200 kJ/m3) and Py (h = 40nm, M

s

= 860 kA/m,
A = 1.3 ⇥ 10�11 J/m), respectively. The interlayer ex-
change coupling strength is varied in the range J

i

=
(0.4÷ 1)mJ/m2. Landau–Lifschitz–Gilbert damping co-
e�cients of g

Py

= 0.05 and g

Co

= 0.1 are used mimicking
the experimentally observed values. Line profile of the
normal magnetization component and core sizes of donut
states imprinted into the Co/Pd subsystem are shown in
Figs. 3(a) and 3(b), respectively. Both features can be
continuously tuned by adjusting the interlayer coupling
through the non-magnetic Pd spacer. Comparing numer-
ical core size with experimentally determined values sug-
gests that a Pd spacer thickness of d = 5nm mediates
an interlayer exchange coupling of about 0.4mJ/m2.21

While the core size of the Co/Pd layers can be signifi-
cantly altered (up to 100 nm), the Py vortex core remains
almost una↵ected with a thickness-independent profile
[Fig. 3(c)]. This peculiarity suggests the key role of the
Co/Pd core on the magnetization dynamics of the entire
system.

In order to obtain further insight, the relaxation pro-
cess is analytically described using the Thiele equation
for magnetic domain motion24:

Ge
z

⇥ ṙ �Kr = Mr̈ ,

with r =
p

x

2 + y

2. Approximating the donut state as
an out-of-plane magnetized bubble domain, the coe�-
cients represent the gyrotropic coe�cient G / h, the
restoring force K / M

2

z

h

2

? exp (?
core

) and the core mass

M / G2?
core

.25,26 The size of vortex cores in Py of
about 6 nm lead to particle-like dynamics that can be
described without the mass term (M = 0) resulting in
the well-known relationship between aspect ratio and gy-
rofrequency !

0

= K/G / h

? .22,23 This simplification is
no longer valid for donut states with extended cores of
about 100 nm [Fig. 3(b)]. The corresponding gyrofre-
quency reads:

!

0

= � G
2M ±

s✓
G

2M

◆
2

+
K
M . (2)

The solution with negative sign in front of the square
root term refers to a modulation of the trajectory25,26

that is not observable in our experiment. The major con-
tributions of restoring force K and core mass M cause
an increase of the gyrofrequency with increasing core
size ?

core

or disk diameter ?. This trend is quanti-
tatively confirmed [Fig. 3(d)], using the exact expres-
sions for K, M and G given in Refs. 25 and 26 with
properly modified saturation magnetization and restor-
ing force. For direct comparison, experimentally deter-
mined gyrofrequencies and numerically derived core sizes
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FIG. 3. (a) Profile of the normal magnetization component
across the Co/Pd layer obtained from micromagnetic simula-
tions using J

i

= 0.4mJ/m2. (b) Numerically calculated core
size as a function of interlayer exchange coupling. (c) Cross-
section of the normal magnetization component through Py
vortex core and top view of Co/Pd core for various interlayer
coupling strengths. Normal magnetization components are
shaded in blue. (d) Analytical approximation of donut mag-
netization dynamics reproduces the significant dependence
on the core size. Experimentally determined gyrofrequen-
cies are indicated by horizontal lines. Core sizes for strong
and moderate coupling obtained by micromagnetic simula-
tions are shaded in gray.

are inserted into Fig. 3(d). The saturation magnetiza-
tion of the coupled systems is approximated as the mean
value of both subsystems weighted by their thicknesses
M =

�
8

9

· 860 + 1

9

· 500
�
kA/m (M

Py

= 860 kA/m; h
Py

=
40nm; M

Co/Pd

= 500 kA/m; h

Co/Pd

= 5nm). The
restoring force K originally calculated for out-of-plane
magnetized bubble domains is rescaled K ! 0.64K tak-
ing into account reduced magnetostatic surface charges
due to oblique magnetization vectors with normal magne-
tization components of about 0.8M

S

in the Co/Pd sub-
system with d = 5nm (J

i

= 0.4mJ/m2) [Fig. 3(b)].

The localization of the out-of-plane magnetization
components in vortex cores with sizes of about 6 nm im-
plies a solitary motion that can be described by one
gyrofrequency [Fig. 1(d)]. Similarly, this approxima-
tion holds for strongly coupled systems with core sizes
?

core

(d = 1nm) ⇡ 35 nm [Fig. 2(b)]. In contrast, donut
states with extended cores ?

core

(d = 5nm) ⇡ 100 nm
reveal two distinct gyrofrequencies, which originate from
a temporary deformation of the core in the first couple
of nanoseconds [Fig. 4]. This instability may be caused
by an interaction with the edge of the disk or by a dy-
namically excited vibration of the domain wall. The
accordingly a↵ected core dynamics reveal a trajectory
with kinks [Fig. 4(e)] similar to those reported for bub-
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Gez ⇥ ṙ �Kr = Mr̈

!0 = � G
2M +

q� G
2M

�2
+ K

M

A.	A.	Thiele,	Phys.	Rev.	Le=.	30,	230	(1973).

!0 = K/G / h
?K.	Y.	Guslienko	et	al.,	Phys.	Rev.	Le=.	96,	067205	(2006).

3

typical vortex core dynamics in Py disks.
To understand the physical origin, we firstly perform

micromagnetic simulations at T = 0K using Nmag v0.227

and the HLib library.28,29 The modeled disks possess a
diameter of 400 nm and a mesh size of 2.5 nm and 6 nm
for Co/Pd (h = 5nm, M

s

= 500 kA/m, A = 10�11 J/m,
K = 200 kJ/m3) and Py (h = 40nm, M

s

= 860 kA/m,
A = 1.3 ⇥ 10�11 J/m), respectively. The interlayer ex-
change coupling strength is varied in the range J

i

=
(0.4÷ 1)mJ/m2. Landau–Lifschitz–Gilbert damping co-
e�cients of g

Py

= 0.05 and g

Co

= 0.1 are used mimicking
the experimentally observed values. Line profile of the
normal magnetization component and core sizes of donut
states imprinted into the Co/Pd subsystem are shown in
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through the non-magnetic Pd spacer. Comparing numer-
ical core size with experimentally determined values sug-
gests that a Pd spacer thickness of d = 5nm mediates
an interlayer exchange coupling of about 0.4mJ/m2.21

While the core size of the Co/Pd layers can be signifi-
cantly altered (up to 100 nm), the Py vortex core remains
almost una↵ected with a thickness-independent profile
[Fig. 3(c)]. This peculiarity suggests the key role of the
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shaded in blue. (d) Analytical approximation of donut mag-
netization dynamics reproduces the significant dependence
on the core size. Experimentally determined gyrofrequen-
cies are indicated by horizontal lines. Core sizes for strong
and moderate coupling obtained by micromagnetic simula-
tions are shaded in gray.
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The localization of the out-of-plane magnetization
components in vortex cores with sizes of about 6 nm im-
plies a solitary motion that can be described by one
gyrofrequency [Fig. 1(d)]. Similarly, this approxima-
tion holds for strongly coupled systems with core sizes
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states with extended cores ?
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reveal two distinct gyrofrequencies, which originate from
a temporary deformation of the core in the first couple
of nanoseconds [Fig. 4]. This instability may be caused
by an interaction with the edge of the disk or by a dy-
namically excited vibration of the domain wall. The
accordingly a↵ected core dynamics reveal a trajectory
with kinks [Fig. 4(e)] similar to those reported for bub-

3

with one gyrofrequency similar to pure Py [Fig. 2(b)].
Samples in the donut state (d = 5nm) reveal a three
times larger frequency than those of strongly coupled
stacks (d = 1nm) [Fig. 2(c)]. Moreover, the relax-
ation process cannot be described with one single fre-
quency using (1). For instance, samples with an as-
pect ratio " = 0.05 reveal in the first ⇡ 7 ns a gy-
rofrequency !

1

⇡ (0.20± 0.02)GHz and a gyrofrequency
!

0

⇡ (0.30 ± 0.02)GHz afterwards. Furthermore, the
damping is lowest for pure Py with in-plane magneti-
zation and increases with decreasing interlayer exchange
coupling [Fig. 2(d)]. These dynamics are distinct from
typical vortex core dynamics in Py disks.

To understand the physical origin, we firstly perform
micromagnetic simulations at T = 0K using Nmag
v.0.224 and the HLib library.25 The modeled disks possess
a diameter of 400 nm and a mesh size of 2.5 nm and 6 nm
for Co/Pd (h = 5nm, M

S

= 500 kA/m, A = 10�11 J/m,
K = 200 kJ/m3) and Py (h = 40nm, M

S

= 860 kA/m,
A = 1.3 ⇥ 10�11 J/m), respectively. The interlayer ex-
change coupling strength is varied in the range J

i

=
(0.4÷ 1)mJ/m2. Landau–Lifschitz–Gilbert damping co-
e�cients of ↵

Py

= 0.05 and ↵

Co

= 0.1 are used for e�-
cient computation. Line profile of the normal magnetiza-
tion component and core sizes of donut states imprinted
into the Co/Pd subsystem are shown in Figs. 3(a) and
3(b), respectively. For comparison, the normal magne-
tization component of ordinary out-of-plane magnetized
bubble domains in plotted as blue curve in Fig. 3(a). In
both cases, the circular domain wall is located at 1

2

p
2

?
providing a balanced contributions of negative and pos-
itive magnetostatic surface charges. Both core sizes and
normal magnetization components can be continuously
tuned by adjusting the interlayer coupling through the
non-magnetic Pd spacer. Comparing numerical core size
with experimentally determined values suggests that a
Pd spacer thickness of d = 5nm mediates an interlayer
exchange coupling of about 0.4mJ/m2.20 While the core
size of the Co/Pd layers can be as large as 100 nm for
weak coupling, the Py vortex core remains una↵ected
with an almost thickness-independent profile [Fig. 3(c)].
This is because the vortex core dimension is determined
by the unmodified exchange, while the core size of the
donut state is adjusted according to the dipole interac-
tion and thus the normal magnetization component that
is tailored by the interlayer exchange coupling. This pe-
culiarity suggests the key role of the Co/Pd core on the
magnetization dynamics of the entire system.

In order to obtain further insight, the relaxation pro-
cess is analytically described using the Thiele equation
for magnetic domain motion21:

Ge
z

⇥ ṙ �Kr = Mr̈ ,

with r =
p

x

2 + y

2. Approximating the donut state as
an out-of-plane magnetized bubble domain, the coe�-
cients represent the gyrotropic coe�cient G / h, the
restoring force K / M
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FIG. 3. (a) Profiles of the normal magnetization component
across the Co/Pd layer obtained from micromagnetic simu-
lations using J

i

= 0.4mJ/m2 (red curve) and J
i

= 0mJ/m2

(blue curve). (b) Numerically calculated core size as a func-
tion of interlayer exchange coupling. (c) Cross-section of the
normal magnetization component through Py vortex core and
top view of Co/Pd magnetization for various interlayer cou-
pling strengths. (d) Analytical calculation of the relation be-
tween gyrofrequency and core size of the Co/Pd stack. Exper-
imentally determined gyrofrequencies are indicated by hori-
zontally shaded areas. Core sizes for strong and moderate
coupling obtained by micromagnetic simulations are indicated
by vertical gray shaded areas.

M / G2?
core

.26,27 The size of vortex cores in Py of
about 6 nm lead to particle-like dynamics that can be
described without the mass term (M = 0) resulting in
the well-known relationship between aspect ratio and gy-
rofrequency !

0

= K/G / h

? .22,23 This simplification is
no longer valid for donut states with extended cores of
about 100 nm [Fig. 3(b)]. The corresponding gyrofre-
quency reads:

!

0

= � G
2M ±

s✓
G

2M

◆
2

+
K
M . (2)

The solution with negative sign in front of the square root
term refers to a modulation of the trajectory26,27 that is
not observable in our experiment. The major contribu-
tions of restoring force K and core mass M cause an
increase of the gyrofrequency with increasing core size
?

core

or disk diameter ?. This trend is quantitatively
confirmed [Fig. 3(d)], using the exact expressions for K,
M and G given in Refs. 26 and 27 with properly modified
saturation magnetization and restoring force. The satu-
ration magnetization of the coupled systems is approxi-
mated as the mean value of both subsystems weighted by
their thicknesses M =

�
8

9

· 860 + 1

9

· 500
�
kA/m (M

Py

=
860 kA/m; h

Py

= 40nm; M
Co/Pd

= 500 kA/m; h
Co/Pd

=
5nm). The restoring force K originally calculated for
out-of-plane magnetized bubble domains is rescaled K !

Relaxa5on	of	Massive	Cores

RS	et	al.,	APL	107,	112406	(2015).
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Fig. 5.5.: Imprint of non-collinear magnetic spin textures into out-of-plane magnetized films
via interlayer exchange coupling to a vortex state (a). Figures (b)–(e) show four topologic-
ally distinct states in Co/Pd films with decreasing interlayer coupling J

i

(left to right) after
applying an out-of-plane magnetic field revealed by micromagnetic simulations. Colors cor-
respond to the normalized out-of-plane magnetization component. The skyrmion number S of
each state is estimated based on the sketched magnetization configuration in the cross-section.
(Taken from [114])

for Co/Pd (5 nm thick) and Py (40 nm thick), respectively. The large asymmetry between
Co/Pd and Py thickness preserves the topology of the Py vortex. The e�ect of the Pd
spacer thickness on the coupling between the layers is mimicked by varying the interlayer
exchange coupling strength in the range J

i

= (0.1 ÷ 2) mJ/m2, as expected for RKKY-like
coupling [14–16] through Pd [239, 240]. The magnetic coupling through thick Pd spacers
(d & 3 nm) is mediated by spin di�usion mechanisms involving unfilled 4d and 5s ≠ p Pd
bands [239], which can numerically described in the same way. Magnetostatic coupling
alone does not stabilize the reported configurations [114]. The topologically non-trivial
states are characterized by the skyrmion number [17]:

S = 1
4fi

⁄
mmm (ˆ

x

mmm ◊ ˆ
y

mmm) dx dy , (5.3)
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(d & 3 nm) is mediated by spin di�usion mechanisms involving unfilled 4d and 5s ≠ p Pd
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