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Tailoring optical excitation to control magnetic skyrmion nucleation
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In ferromagnetic multilayers, a single laser pulse with a fluence above an optical nucleation threshold can
create magnetic skyrmions, which are randomly distributed over the area of the laser spot. However, in order to
study the dynamics of skyrmions and for their application in future data technology, a controllable localization
of the skyrmion nucleation sites is crucial. Here, it is demonstrated that patterned reflective masks behind a thin
magnetic film can be designed to locally tailor the optical excitation amplitudes reached, leading to spatially
controlled skyrmion nucleation on the nanometer scale. Using x-ray microscopy, the influence of nanopatterned
backside aluminum masks on the optical excitation is studied in two sample geometries with varying layer
sequence of substrate and magnetic Co/Pt multilayer. Surprisingly, the masks’ effect on suppressing or en-
hancing skyrmion nucleation reverses when changing this sequence. Moreover, optical near-field enhancements
additionally affect the spatial arrangement of the nucleated skyrmions. Simulations of the spatial modulation
of the laser excitation and the following heat transfer across the interfaces in the two sample geometries are
employed to explain these observations. The results demonstrate a reliable approach to add nanometer-scale
spatial control to optically induced magnetization processes on ultrafast timescales.

DOI: 10.1103/PhysRevB.106.054435

I. INTRODUCTION

In ferromagnetic thin films with perpendicular magnetic
anisotropy (PMA), magnetic skyrmions appear as two-
dimensionally localized, solitonic spin textures with spherical
topology [1,2]. Skyrmions are quasiparticles of small size
and high stability which are of interest in basic science
and potentially for applications due to their emerging topo-
logical charge. Femtosecond laser pulses offer an effective
way to manipulate magnetization [3–6], including magnetic
skyrmions [7–11], in a faster and, potentially, more energy
efficient fashion than the more established current-induced
nucleation mechanism [12–18]. Previous work has already
demonstrated that nanometer-scale, room-temperature-stable
skyrmions can be nucleated by a single femtosecond laser
pulse in Co-based ferromagnetic multilayers [7,10,11]. To
optically nucleate skyrmions, a material-dependent nucleation
threshold [10,11] needs to be overcome first. In a laser fluence
regime above this nucleation threshold, the available thermal
energy allows the magnetization to reorder after excitation
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from a high-temperature phase characterized by topological
fluctuations into a pure skyrmion state that is typically inac-
cessible through adiabatic field cycling alone [10].

However, the laser-induced nucleation leads to skyrmions
that are spatially distributed in random arrangements within
the whole laser-illuminated area where the fluence threshold
is exceeded [10,11]. However, in view of applied skyrmion
research, it is important to be able to reproducibly nucleate
skyrmions in predefined regions of the sample. In addition,
also fundamental studies on skyrmion dynamics based on
repetitive pump-probe schemes require deterministic nucle-
ation of skyrmions precisely localized at a specific site. One
approach to achieve spatial control over a laser-induced pro-
cess is to spatially tailor the optical excitation. This has been
demonstrated in the past via tight focusing [19], the use of
near-field effects [20,21], and the use of nanopatterned reflec-
tive masks on the surface of the sample, facing the incident
laser beam [22,23]. These approaches have in common that
they rely on a structural modification of the sample sur-
face, partially inhibiting direct access to the magnetic film.
Alternatively, helium ions were used to modify the mag-
netic anisotropy landscape to predefine nucleation sites for
the skyrmions [24]. Nonetheless, this method is restricted to
materials that can be beneficially modified in this way and
the permanent changes in the material may also disturb its
dynamical properties.

Here, we demonstrate a new route to spatially control the
optical excitation of a thin-film magnetic system with the goal
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FIG. 1. Scheme of the direct and indirect coupling geometry. (a) Direct coupling geometry with direct contact of the magnetic film with the
backside reflective mask; and (b) corresponding SEM images of circular apertures, Al lines, and a schematic of hole apertures in Al. (c) Indirect
coupling geometry with the substrate sandwiched between the magnetic film and the backside reflective mask; and (d) corresponding SEM
images of circular and elliptic apertures and a schematic of Al dots. Scale bars correspond to 1 μm.

to localize magnetic skyrmion nucleation sites: micrometer
to nanometer patterned infrared-reflective masks which are
generated on the back side of the thin-film system, i.e., on
the side not facing the infrared (IR) laser beam. Note that this
approach allows retaining a flat, undisturbed surface of the
magnetic thin-film system, allowing for free front side access
for analytical techniques and in particular for approaches to
read out the local magnetization state.

As we will show below, the mechanism for the emergence
of a local temperature distribution is based on the infrared
reflectivity of the structured aluminum layers, while the ther-
mal conductivity is irrelevant on the subnanosecond timescale
on which the skyrmion nucleation occurs. We study the nu-
cleation behavior and spatial arrangement of skyrmions as a
function of the geometry of the IR-reflective mask structures
by x-ray imaging of the sample magnetization in transmission,
enabled by the high transparency of the aluminum structures
for soft x rays. The experimental findings are compared with
finite-element simulations allowing us to understand the ex-
citation amplitude in the magnetic layer as a function of the
sample layout, in particular including the stacking order of
magnetic layer, substrate, and reflective mask.

II. EXPERIMENTAL DETAILS

A. Direct and indirect coupling geometry

Magnetic multilayers with a nominal composition
of Ta(3 nm)/[Co(0.6 nm)/Pt(0.8 nm)]12/Ta(2 nm) and
Ta(3 nm)/Pt(4 nm)/[Pt(2.5 nm)/Co60Fe25B15(0.72 nm)/
MgO(1.4 nm)]15/Pt(2 nm) were deposited on 150 nm
thick, silicon-nitride membranes via DC and RF magnetron
sputtering. Throughout the paper the multilayers are denoted
as Co/Pt and Pt/CoFeB/MgO, respectively.

Both materials provide an out-of-plane magnetization re-
quired for stable skyrmion nucleation [10,11]. Micro- to
nanostructured reflective masks were generated on the back-

side of our multilayer samples. We arranged the stacking order
of the substrate, magnetic layer, and mask in two different
geometries as presented in Fig. 1, providing different coupling
of the magnetic layer to the backside reflective mask. While
the geometry sketched in Fig. 1(a) provides a direct coupling
between both layers, the two layers have an indirect coupling
in the second geometry as presented in Fig. 1(c), because the
interface is mediated by the dielectric substrate. In our experi-
ment, we image the samples with scanning transmission x-ray
microscopy (STXM) exploiting the x-ray magnetic circular
dichroism (XMCD) providing contrast to the out-of-plane
magnetization component. To retain soft-x-ray transparency,
the masks are produced from Al films.

In the direct coupling geometry (labeled as Type D in the
figures), the mask layer was directly prepared on the mag-
netic film by electron-beam lithography. The mask consists
of a 3 nm chromium adhesion layer, followed by 200 nm
aluminum, deposited via electron-beam evaporation. The
structures include holes of 2.9 μm diameter, laminar gratings
of 500 nm width, separated by 100 nm or 500 nm spaces and
arrays of holes with 150 nm diameter and a pitch of 500 nm,
as presented in Fig. 1(b). Note that the sample was exposed
to air between the deposition of the magnetic material and the
aluminum mask layer, most likely leading to a thin oxide layer
at the interface to the Ta cap layer. In this geometry, the pump
laser pulse is incident on the IR-transparent silicon-nitride
substrate, prior to reaching the magnetic film.

In the indirect coupling geometry (labeled as Type ID in
the figures), the mask layer, here a 3 nm chromium adhesion
layer, followed by 300 nm aluminum, was deposited on the
silicon-nitride substrate, opposite of the magnetic film. The
mask layer was processed with a focused ion beam (FIB) to
shape single apertures of 3 μm diameter and arrays of dots
with 150 nm diameter, separated by 500 nm spacing. In the
experiments, the laser pulse impinges directly on the magnetic
film, as illustrated in Fig. 1(c).
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Experiments using holographic imaging [25] were carried
out with additional samples in indirect coupling geometry.
The mask composition is [Cr(5 nm)/Au(50 nm)]20, and this
layer serves the double purpose as holographic optics mask
and reflector structure for the IR pulses. The holography
mask contains a circular aperture with a diameter of 3.5 μm
or elliptic aperture with a long axis of 2.5 μm. Additional
apertures as through-holes (diameter ∼40 nm) act as sources
for providing the reference waves. Note that this mask is
opaque to soft x-rays and our field of view is limited to the
defining aperture (see next section for detailed information
on magnetization imaging). The IR pulses used to nucleate
skyrmions are always incident on the unpatterned magnetic
layer; i.e., the backside reflective mask faces away from the
incident IR beam.

B. Magnetization imaging

We detected the magnetic textures created via high-
resolution x-ray microscopy and x-ray holography. Scanning
transmission x-ray microscopy (STXM) was carried out at
the MAXYMUS end station [26] at the BESSY II electron
storage ring, operated by the Helmholtz Zentrum Berlin für
Materialien und Energie. Images were recorded in transmis-
sion geometry with circularly polarized x rays, tuned to the Co
L3 absorption resonance at a photon energy of 778 eV to em-
ploy the x-ray magnetic circular dichroism (XMCD) effect for
magnetic contrast. The resulting magnetization maps reflect
the out-of-plane component of the sample magnetization. We
show all STXM images as recorded within a single scan with
one particular x-ray helicity. The images, thus, contain both
topographic and magnetic contrast, where the topographic
contrast is exclusively due to the shape of the mask structures.
At a photon energy of 778 eV, the masks have a nominal
transmission [23,27] of 88% (83%) for the direct (indirect)
geometry, keeping the magnetic textures in the Co/Pt multi-
layers detectable for soft x rays.

X-ray-holography-based imaging was carried out at the
undulator beamline P04 of the synchrotron-radiation facility
PETRA III (Hamburg, Germany) in transmission, relying on
the same magnetic contrast [25]. Details on the setup can
be found in Ref. [10]. In contrast to the STXM images, x-
ray holography images are reconstructed from a difference
of holograms recorded with opposite helicity. Therefore, the
images only contain magnetic contrast.

III. RESULTS

The general procedure in the experiments was the follow-
ing: The sample was positioned in an external magnetic field
along the z direction, parallel to the magnetization’s easy axis
and perpendicular to the magnetic film plane. First, we fully
saturated the sample in a magnetic field of 200 mT. We then
decreased the applied magnetic field to a value for which
the sample remains saturated, but optically induced skyrmion
nucleation becomes possible [10,11]. We imaged the magnetic
state of our sample before and after laser excitation and we
detect the magnetic skyrmion textures created as a function of
the applied laser fluence and the external magnetic field. The
range of eligible field values depends on the magnetic material

FIG. 2. Geometry-dependent skyrmion configurations in Co/Pt
nucleated by a exposure with a single laser pulse. (a), (b) Direct cou-
pling geometry with (a) phase diagram, and (b) representative STXM
images for the different regimes identified in (a). (c), (d) Indirect
coupling geometry with (c) phase diagram, and (d) representative
STXM images for the different regimes identified in (c). Scale bars
correspond to 1 μm.

investigated [9–11] and will be presented in further detail in
the following for our Co/Pt multilayers. We optically induced
skyrmion formation in the magnetic film at the STXM exper-
iment using single IR (1039 nm wavelength) laser pulses of 8
ps duration and a focal spot size of 6.5 μm (full width at half
maximum, FWHM) and at the x-ray holography experiment
using single IR (1030 nm wavelength) laser pulses of 250 fs
duration and a focal spot size of 60 μm (FWHM).

A. Direct coupling geometry

After laser exposure, magnetic textures (black) appear
with a net magnetization orientation opposed to that of the
previously saturated film (white) [as seen in Fig. 2(b)]. In
particular, we find small circular domains with sub-100 nm
diameter. Previous Lorentz transmission electron microscopy
analysis of a very similar material proved that these domains
are skyrmions [10]. The backside reflective mask present
in the field of view appears as a region with dark-gray
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background (higher absorption). In contrast, the mask-free
aperture results in a light-gray background (lower absorption).

We observe different skyrmion patterns in distinct regimes
of the applied laser fluence and applied field. Figure 2(a)
summarizes these experimental findings in a phase diagram
of magnetic textures observed. Exemplary STXM images il-
lustrating the individual phases are presented in Fig. 2(b) as
indicated by color coding.

Tuning the incident laser fluence allows us to affect
whether and where skyrmions nucleate [Figs. 2(a) and 2(b)].
We observe the existence of a sharp fluence threshold around
9.5 mJ/cm2, below which skyrmion nucleation is impossible
in any of the field regimes (saturated images not shown).
This threshold behavior is known from previous experiments
without any reflective mask [10,11]. In a narrow laser flu-
ence window from 9.5 to 12 mJ/cm2, pearl-on-a-chain-like
skyrmion patterns appear in the aperture region, illustrated
in Fig. 2(b), panels v and vi. Skyrmion formation in the
masked region is still inhibited. As depicted in panels iii and
iv, skyrmions exclusively nucleate in the region without mask
in a fluence regime from 12 to 15 mJ/cm2, homogeneously
covering the entire area of the aperture. Further increasing
the fluence leads to the nucleation of skyrmions also in the
masked region, shown in panels i and ii.

Varying the external magnetic field reveals three regimes:
from 5 to 28 mT, we observe a mix of stripe domains
and skyrmions. Between 28 and 50 mT, we nucleate only
skyrmions. A field above 50 mT prevents the stable genera-
tion of laser-induced skyrmions at a fluence of 13.5 mJ/cm2,
and the magnetic film remains saturated. We did not explore
whether skyrmions can be formed at higher fluence. We note
that the magnitude of the applied field does influence the
skyrmion density, investigated in detail in Ref. [11].

To summarize our main observation for the direct coupling
geometry, we find that for a particular laser fluence range
the Al backside reflective mask inhibits skyrmion nucleation,
while at the same time skyrmion nucleation remains possible
in the area without mask.

B. Indirect coupling geometry

In Fig. 2(c), we present the phase diagram for the indirect
coupling geometry. The individual fluence and field regimes
that support skyrmion nucleation are shown in the STXM
images in Fig. 2(d).

We again find the general fluence threshold for skyrmion
nucleation, below which skyrmions do not nucleate, irre-
spective of the applied field (saturated images not shown).
However, this threshold of around 17 mJ/cm2 is now higher
than in the direct coupling geometry. In the fluence range
from 17 to 25 mJ/cm2, skyrmions only nucleate in the area
covered by the reflective mask on the back and mainly not
inside the open aperture region, shown in Fig. 2(e), panels v
and vi. Increasing the laser fluence into the window from 25
to 38 mJ/cm2 leads to skyrmion nucleation in the mask region
and, in addition, to the formation of prominent skyrmion ring
patterns inside the open aperture, presented in panels iii and
iv. The ring patterns will be discussed in more detail below.
Above this fluence window, skyrmion nucleation is allowed

in both, masked and unmasked, regions, as shown in panels i
and ii.

The kind of magnetic textures nucleated depends on the
applied magnetic field in a similar way to that for the direct
coupling geometry: up to 25 mJ/cm2, we obtain a mix of
stripe domains and skyrmions. Increasing the magnetic field
leads to the regime where only skyrmions nucleate (25 to
45 mT). For magnetic field values above 45 mT, the sample
remains saturated after laser irradiation. Again, we did not aim
to determine the field threshold precisely; we only show that
for high enough fields, the sample remains in saturation.

To summarize our main observations for the indirect cou-
pling geometry, we identify that for a particular fluence range
skyrmion nucleation is only allowed in the area with back-
side reflective mask, while it is inhibited in open regions
without mask. This behavior is inverse to our observations
for the direct coupling geometry. Note that via the two dif-
ferent coupling geometries, it is possible to laser-generate
skyrmions either almost exclusively inside the aperture region
[Fig. 2(b), iv] or almost exclusively outside the aperture region
[Fig. 2(d), vi].

C. Nanometer-scale localization

So far, the backside reflective mask layer and the resulting
skyrmion localization were structured on a micrometer scale.
In the following, we present results for localization on the
nanometer scale in order to obtain a position control approach-
ing the size of individual skyrmions.

First, we investigate mask patterns arranged in a line grat-
ing [Figs. 3(a) and 3(b)] which were fabricated in the direct
coupling geometry. The measurement in Fig. 3(a) was per-
formed in the Co/Pt multilayer, the measurement in Fig. 3(b)
in the Pt/CoFeB/MgO multilayer. The Al bars again appear
as dark areas. Tuning the laser fluence to the appropriate
regime between 15 mJ/cm2 [Fig. 3(a), 40 mT] and 25 mJ/cm2

[Fig. 3(b), 35 mT], we find that skyrmions almost exclusively
nucleate in the gap between the bars, i.e., in a region confined
to a gap of 500 nm (a) or 100 nm (b), respectively. For the
100 nm gap, this results in a single line arrangement of the
skyrmions within each gap region. Here, skyrmions appear as
white dots.

As an example of localization in two dimensions, we
present a hole array of 150 nm holes, separated by 500 nm, in
the direct coupling geometry [Fig. 3(c), fluence: 25 mJ/cm2,
30 mT] and a dot array of 150 nm dots, separated by 500 nm,
in the indirect coupling geometry [Fig. 3(d), fluence: 17
mJ/cm2, 45 mT]. In both cases, we achieve localization of sin-
gle skyrmions at the nanometer scale. Moreover, note that we
can optimize for skyrmion nucleation either in the masked or
unmasked regions such that we can employ opposite layouts
(holes vs dots) to control skyrmion nucleation, demonstrating
the versatility of the structured backside reflective-mask ap-
proach.

In Sec. III B, we reported on prominent ring-shaped for-
mations of skyrmions inside the mask-free circular aperture
appearing in a narrow regime of the laser fluence. To investi-
gate the nature of these features in more detail, magnetization
images, presented in Figs. 3(e) and 3(f), were recorded with
x-ray holography on a Co/Pt multilayer sample in the indirect
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FIG. 3. Localized optical skyrmion nucleation at the nanometer
scale. (a)–(c) Direct coupling: Optical nucleation in laminar grat-
ings with variable spaces [(a) 500 nm, (b) 100 nm], and (c) array
of holes with 150 nm diameter. Skyrmions (white dots) form in
regions without Al mask (array of gray holes). (d)–(f) Indirect cou-
pling: (d) Optical nucleation in array of dots with 150 nm diameter.
Skyrmions (white dots) form in regions with Al mask (array of black
dots). Additional near-field effects cause (e) circular or (f) ellip-
tic skyrmion rings in regions without mask. Scale bars correspond
to 1 μm.

coupling geometry using the same procedure as before. At
a fluence of 13 mJ/cm2 and an applied field of 62 mT, we
observe that the skyrmions arrange in prominent ring shapes.
At lower fluences (12 mJ/cm2) the FOV remains empty af-
ter excitation; at higher fluences (16 mJ/cm2) the FOV is
homogenously filled with skyrmions (images not shown).
Comparing circular and elliptical backside reflective mask
apertures, we observe that the shape of the rings closely fol-
lows the aperture shape. Data on differently sized apertures
(not shown) suggest that the distance between the staggered
rings is approximately constant and independent of the aper-
ture’s size and shape. With ∼500 nm distance these rings

suggest near-field effects dependent on the IR wavelength,
which is about twice the separation between skyrmion rings.

Here, we have realized localized nucleation on the nanome-
ter scale via an optical excitation of the magnetic film in two
different geometries varying the layer sequence of substrate
and magnetic film to either generate skyrmions in a line (di-
rect coupling), in holes (direct coupling), or on dots (indirect
coupling) of our reflective mask. In addition, we find evidence
for the presence of near-field effects in a particular fluence
range, which could be further exploited in the future. In the
following, we complement our experimental findings with
simulations of the time- and space-dependent temperature
distribution in the sample upon laser excitation, in order to
understand the mechanisms at work in the different coupling
geometries.

IV. SIMULATION OF THE LASER-INDUCED
ABSORPTION AND HEAT TRANSFER

A. Implementation

We carried out simulations of the electric-field distribution
in the frequency domain to model our optical IR excitation
and the resulting absorption in the magnetic film. The laser
pulse excitation is normally incident on the sample surface
and represented by a plane wave with a Gaussian pulse dis-
tribution in the time domain, centered around 0 ps, with a
wavelength of 1030 nm, a pulse duration of 250 fs FWHM,
and an incident fluence of 15 mJ/cm2. The initial temperature
is set to 293.15 K. The simulation area is terminated by a
perfect electric conductor boundary condition in the lateral
dimension and by a perfectly matched layer (i.e., approxi-
mating an extended vacuum) in the z direction, suppressing
reflections of the laser at the boundaries of the simulation area.

We combined the simulation of the electromagnetic wave
with a subsequent heat transfer across the interfaces, based on
the time-dependent, two-dimensional, two-temperature model
described by a simplified system of partial differential equa-
tions for the electronic and lattice heat-bath temperatures, as
presented in [23]. The simulation area is thermally insulated,
except for the aluminum film that is coupled to a heat bath at
room temperature.

The equations are numerically solved using the finite-
element method (FEM) and a commercial-grade backward
differentiation formula solver (COMSOL multiphysics pack-
age, COMSOL AB, Stockholm). We implemented a two-
dimensional model, representing a cross section of our sample
in Cartesian coordinates x and z. The sample simulated com-
prises a 150 nm thick silicon-nitride substrate, the magnetic
layer, and a 350 nm thick aluminum backside mask layer.
Additional simulations confirmed that the simulations of the
heat transfer result in temperature deviations of only less than
5% for an aluminum layer thickness variation between 25 and
500 nm. The full magnetic material stack is approximated in
an effective-medium approach with averaged material param-
eters according to the composition of the magnetic film. All
material parameters used are listed in Table I.

The simulated sample has a total width of 20 μm, with
an aperture in the Al mask of 3 μm diameter located in the
center, approximately matching our experimental geometry of
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TABLE I. Element-specific parameters used in the FEM simulations of the sample temperature evolution after laser excitation.

n k ce (J m−3 K−1) cl (J m−3 K−1) dl (W m−1 K−1) gel (W m−3 K−1)

Al 1.07 [28] 8.87 [28] ce
a [29] 2.42 × 106 [30] 237 [30] gel

a [29]
Al2O3 1.75 [31] 0 [31] 0 3.52 × 106 [32] 25.08 [33] 0
Au 0.16 [34] 6.85 [34] ce

a [29] 1.74 × 106 [35] 318 [35] gel
a [29]

Cob 2.82 [36] 5.67 [36] 704Te [35] 3.73 × 106 [35] 100 [35] 9.3 × 1017 [37]
Pt 3.53[38] 5.84 [38] 740Te [35] 2.78 × 106 [35] 72 [35] 2.5 × 1017 [37]
Si3N4 2.01 [39] 0 [39] 0 2.54 × 106 [40] 30 [40] 0
Tac 0.97 [41] 5.09 [41] 740Te [35] 2.78 × 106 [35] 72 [35] 2.5 × 1017 [37]

aWe use tabulated temperature-dependent values for aluminum and gold.
bFor the simulation of the effective magnetic film, the thermal and coupling parameters ce, cl , dl , and gel are averaged according to the
composition of the magnetic multilayer.
cThe thin Ta layer is simulated using the parameters of Pt.

the results presented in Fig. 2. However, note that the total
width of 20 μm is a generic choice assuring the computational
feasibility as well as a dimension substantially large enough to
simulate an electric field distribution in the lateral dimension
as well as in-plane heat dissipation on the length scale of
the aperture. The equations are solved on mesh nodes with
edge lengths ranging from 1 to 70 nm depending on the local
structure size.

B. Geometry-dependent absorption and
temperature depth profiles

We performed complementary simulations of the laser-
induced excitation, by modeling the electric field amplitude,

the absorption, and the resulting heat transfer across the inter-
faces in both geometries (see Sec. II for detailed information).
In Fig. 4, the absorption of the laser pulse is shown as a func-
tion of the position in the material along the depth direction (z
axis) for both geometries.

We make two important observations: First, for the same
laser fluence, the absorbed power in the multilayer is gener-
ally higher for the direct coupling geometry. Due to its high
transparency, the substrate acts as an index-matching layer.
This distributes the refractive index change for the incident
IR radiation over two interfaces and consequently reduces the
overall reflectivity (to ∼74% in regions with Al mask and
to ∼61% in regions without mask). In contrast, the laser is
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FIG. 4. Simulated depth dependence of IR absorption and lattice temperature profiles. Solid curves reflect a central position in the magnetic
film without mask, i.e., above the open aperture within the backside reflective mask, while dashed curves denote a central position in the
magnetic film under the mask. (a) Depth profile of absorption and (b) maximum lattice temperature for direct coupling at t = 3.9 ps. Note that
an additional 4 nm oxide layer between magnetic film and aluminum mask is added in the case of the direct coupling geometry to account for
exposing the sample to air during the transfer between DC magnetron sputtering and electron-beam evaporation in the sample’s fabrication
process. (c) Depth profile of absorption and (d) maximum lattice temperature for indirect coupling at t = 3.2 ps. Note that the maximum lattice
temperatures are reached at the opposite interfaces of the magnetic film for the two situations with and without Al mask.
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immediately incident on the magnetic layer in the indirect
coupling geometry and ∼85% are reflected off the surface
in regions with Al mask, and ∼95% are reflected in regions
without mask. Second, the presence of the backside reflective
masks affects the absorbed power in regions with and without
mask differently in the two geometries.

In the direct coupling geometry, shown in Fig. 4(a), more
energy is absorbed in regions of the magnetic film without
reflective mask as compared to the regions with reflective
mask. In the regions with Al mask, we observe almost no
backside reflection at the metal/metal interface due to the
similar refractive indices, and thus an instant decrease of the
absorption profile in the magnetic film. In regions without
mask, the absorbed energy in the magnetic film increases due
to back reflections from the metal/vacuum interface at the
sample’s backside.

In the indirect coupling geometry, shown in Fig. 4(c), more
energy is absorbed in regions of the magnetic film with back-
side reflective mask as compared to the unmasked regions.
The incoming beam is reflected at every interface in the ma-
terial stack, and the back reflection at the substrate/aluminum
interface (not shown in the plot) is heating up the magnetic
layer again. At positions without Al mask, however, the sub-
strate serves as an index matching layer at the exit of the
sample to the vacuum reducing reflections. The regions with-
out backside reflective mask therefore absorb less energy.

In both cases, we present the corresponding depth profiles
for the resulting lattice temperature in Figs. 4(b) and 4(d). The
maximum lattice temperature is reached at slightly different
times after the laser excitation in both layouts and in regions
with or without mask: direct coupling: 3.9 ps for regions
without mask, 2.8 ps for regions with mask; indirect coupling:
3.2 ps for regions without mask, 4 ps for regions with mask.
Consistent with our observations on the IR absorption, the re-
gion without backside reflective mask reaches a higher lattice
temperature in the direct coupling geometry, whereas the re-
gion with mask takes higher temperature values in the indirect
coupling geometry. The calculated profiles are in good agree-
ment with our experimental observations in Fig. 2, revealing
an inverted excitation behavior when comparing both sample
geometries.

C. Lateral temperature profile

We now take a closer look at the spatial temperature dis-
tribution in the magnetic film plane. In Figs. 5(a) and 5(b),
we present the simulated lattice temperature profile in the film
plane (along the x axis) at 3.9 ps (direct coupling geometry)
and 3.2 ps (indirect coupling geometry) after laser excitation,
normalized to the maximum temperature. At these times, the
region without mask reaches its maximum lattice temperature
in the respective coupling geometry. The normalized tempera-
ture profile is almost independent of the laser fluence at these
early times after excitation and the absolute temperatures
reached scale linearly with the laser fluence. Displaying the
normalized temperatures allows us to draw horizontal lines,
qualitatively indicating the relative position of the nucleation
threshold temperature to the sample temperature for the dif-
ferent nucleation regimes presented in Figs. 2(a) and 2(c) at
different laser fluences. In particular, note that for illustration
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FIG. 5. Simulated lateral temperature profile. Lateral tempera-
ture profile in the center of the magnetic film for (a) direct coupling
and (b) indirect coupling geometry. The orange-shaded horizontal
lines in (a) and (b) represent relative, qualitative estimates of the
material-dependent nucleation threshold that has been overcome in
the corresponding regimes in the phase diagram in Figs. 2(a) and
2(c), respectively, and which is supported by experimental observa-
tions as indicated. Scale bars correspond to 1 μm. If the magnetic
film remains saturated after laser excitation, the nucleation threshold
has not been overcome, denoted as the regime “no nucleation.”

purposes we have shifted the position of the threshold tem-
perature rather than the sample’s temperature for the different
regimes. By selecting a particular threshold line for one of
the regimes, one can directly read off the sample’s nucleation
behavior: If the sample temperature is above the threshold,
skyrmions will nucleate while nucleation is suppressed be-
low the threshold line. This dependence directly leads to the
skyrmion nucleation patterns observed in Figs. 2(b) and 2(d).

On top of the temperature variation caused by the reflective
mask patterning, we observe spatial temperature oscillations
of approximately ±20 K at early times until 100 ps, resulting
from near-field interference effects of the laser beam inside
the aperture in both geometries. We directly associate the
ringlike structures in the skyrmion formation observed in
Figs. 2(b) and 2(d) and Figs. 3(e) and 3(f) with these tem-
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perature modulations as indicated by the respective threshold
line in Fig. 5 crossing the temperature modulations.

V. DISCUSSION

With our approach of tailored optical excitation, we
demonstrated the optical generation of magnetic skyrmions in
a thin magnetic film with a position control of about 100 nm
in one or both lateral dimensions. This is achieved via the
use of Al masks below the magnetic film, i.e., on the side
opposite to the incident laser pulse. We compare two geome-
tries with different interface coupling of the Al layer to the
magnetic multilayer: with and without 150 nm silicon-nitride
spacer. Interestingly, we find that for a suitable choice of laser
excitation and magnetic field, these two geometries lead to
an “inverted” skyrmion nucleation behavior, allowing us to
selectively generate skyrmions either inside or outside the
masked region.

While one may initially expect that the Al layer acts as a
local heat sink via direct or indirect thermal coupling of the
magnetic film to the Al, we find that this is not the relevant
mechanism. Simulations of the depth-dependent absorption
of the IR laser pulse for the different geometries allow us to
predict the IR absorption and the resulting lattice temperature
evolution in the magnetic film, based on a two-temperature
model. We clearly see that it is the modification of the ini-
tial IR absorption and reflection which lead to significantly
different temperature profiles for the two coupling situations.
The mechanism is the same in both geometries: At inter-
mediate laser fluences, skyrmion nucleation only occurs in
regions where the temperature directly after excitation is high
enough to overcome the single-pulse nucleation threshold
which was shown to be very sharp [10,11]. In the direct cou-
pling geometry, this leads to skyrmion nucleation in regions
without backside reflective mask at lower fluences compared
to masked regions. In the indirect geometry, on the other hand,
nucleation in masked areas is promoted. We demonstrated that
our approach can be employed to localize nanometer-scale
skyrmions inside 2D reservoir-like areas [42], 1D chains of
skyrmions, and bit patterns of single skyrmions.

Based on this mechanism, the simulations also predict the
fringe-like arrangements of the skyrmions which we find in
the experiments in a narrow fluence window. In the indirect
geometry in Fig. 2(d), regimes iii and iv, these formations
emerge inside the unmasked aperture while the region un-
der the mask already shows randomly distributed skyrmions
throughout the magnetic film. In Figs. 3(e) and 3(f) we show
high-resolution images of these fringes. A comparison of the
experimental results with the simulated spatial distributions
of the temperature strongly suggests that the fringes originate
from the fine structure in the temperature in particular within
the aperture in the Al mask. In turn, these short-range modula-
tions are due to wavelength-dependent, near-field interference
effects shaping the lateral laser intensity distribution in the
magnetic layer [20]. Our results show that transient modula-
tions in temperature distribution occurring only picoseconds
after the excitation and on nanometer length scale in the
magnetic film are decisive in determining skyrmion nucle-
ation sites when they only locally lead to a crossing of the

nucleation threshold. We note that such fringes are unexpected
if the Al layer’s function as a heat sink would predominately
affect the localization, because the nanometer-scale modula-
tions vanish within tens of picoseconds after excitation due
to lateral heat diffusion before the magnetic layer cools down
via the Al layer. Beyond the localization of skyrmion positions
provided by the micro- and nanopatterning of the Al reflector
layer, the existence of these near-field effects provides an
additional handle to further tailor the localized optical gen-
eration of skyrmions via suitable reflector mask designs.

VI. CONCLUSION

Via nanometer-resolution magnetization imaging, we have
investigated how the photoinduced nucleation of magnetic
textures with reverse magnetization—skyrmions in our sam-
ple systems—can be localized with regard to their lateral
position in a thin magnetic film. We demonstrated an approach
based on Al masks on the backside of the sample, acting
as IR reflectors of the incident laser beam. By changing the
sequence in the layer structure, we could determine whether
the Al layer acts as a “positive” or “negative” mask in the
sense that it either increases or decreases the transient peak
temperature in the magnetic layer. We achieved a precise
localization of skyrmion nucleation of about 100 nm in 1D
and 2D, corresponding to about one skyrmion diameter in our
materials. Furthermore, we observed the influence of near-
field interference effects, allowing for an additional means of
lateral spatial control which can be exploited by an optimized
mask design in the future. We note that the detectable presence
of near-field effects implies that it may be possible to take
advantage of plasmonic effects as well. Simulations of the
laser absorption and temperature evolution in the different
layers for both geometries are in good agreement with our
experimental observations. These simulations substantiate a
mechanism where the Al mask spatially structures the opti-
cal excitation, rather than acting as a heat sink. Finally, we
would like to stress that the optical localization approach
demonstrated here does not require any modifications at the
surface of the sample, enabling mechanically and optically
unobstructed access to the magnetic thin-film surface for,
e.g., local magnetic reading. Our backside mask approach can
directly be applied also for the localization of other types of
photoinduced switching or modification processes governed
by a threshold behavior, such as all-optical switching of ferri-
magnetic materials [43,44].
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