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Abstract

Magnetic skyrmions are stable spin textures with quasi-particle behavior and attract significant
interest in fundamental and applied physics. The meta-stability of magnetic skyrmions at zero
magnetic field is particularly important to enable, for instance, a skyrmion racetrack memory.
Here, the results of the nucleation of stable skyrmions and formation of ordered skyrmion lattices
by magnetic force microscopy in (Pt/CoFeSiB/W), multilayers, exploiting the additive effect of
the interfacial Dzyaloshinskii—Moriya interaction, are presented. The appropriate conditions under
which confined skyrmion lattices with a dense two-dimensional liquid phase are identified. A
crucial parameter to control the skyrmion lattice characteristics and the number of scans resulting
in the complete formation of a skyrmion lattice is the distance between two adjacent scanning lines
of a magnetic force microscopy probe. The creation of skyrmion patterns with complex geometry
is demonstrated, and the physical mechanism of direct magnetic writing of skyrmions is
comprehended by micromagnetic simulations. This study shows a potential of a direct-write
(maskless) skyrmion (topological) nanolithography with sub-100 nm resolution, where each

skyrmion acts as a pixel in the final topological image.
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Despite the explosive interest in nontrivial spin textures,X> numerous challenges in skyrmion
stabilization* remain unresolved. Particularly, skyrmion lattices® are promising for racetrack
memory,®’ non-conventional logic,® and neuromorphic computing.®® As exhibited earlier for an
ultrathin ferromagnetic film (FM) with perpendicular magnetic anisotropy (PMA), placed between
two 4d or 5d heavy metals (HM: and HM> with opposite signs of the interfacial Dzyaloshinskii—
Moriya interaction (IDMI)),! isolated skyrmions are observed only in an applied magnetic field,
which compensates the lack of the IDMI energy competing with PMA and direct exchange.'?4
In particular cases, skyrmions can be generated by the application of a certain sequence of tilted
external fields; however, in a zero field, the size and spatial distribution of skyrmions are strongly
inhomogeneous.™ The external magnetic field can be replaced by interlayer exchange coupling,
which is an effective magnetic field oriented normal to the film plane, thereby stabilizing the
skyrmion lattice in zero field.!®¥” To reduce the effect of the magnetic anisotropy energy,
multilayer structures of (HM1/FM/HM3), type can be used, where n is the number of repetitions
of a three-layer stack. In such a system, the magneto-static interactions between the layers assist
in stabilizing both skyrmions'®*® and skyrmion lattices,?%2! primarily in ferrimagnetic multilayers
with numerous repetitions of stacks.?>?% Recently, it has been proposed to use local stray fields of
a magnetic force microscopy (MFM) probe,4?® an electric field,?® radiofrequency (RF)
excitations,'® femtosecond laser pulses,* a focused electron beam®! and heating by current pulses®
for the nucleation of isolated skyrmions and skyrmion lattices.

Zhang et al.?* presented a general concept of skyrmion nucleation by the stray field of a MFM
tip and demonstrated a reliable approach for the skyrmion lattice formation based on the tip
multipassing over a sample surface. The authors showed the importance of the tip’s lift height and

an external magnetic field for a skyrmion generation, but the scanning step (a distance between



two adjacent scanning lines), being a crucial parameter to control skyrmion lattice characteristics
(size, density, ordering phase), was kept constant. Based on numerical calculations and using an
analytical model, Garanin et al.?® exhibited a similar approach of a direct skyrmion writing with a
tiny magnetic dipole. At the same time, the formation of a labyrinth structure and individual
skyrmions by a magnetic probe was demonstrated.?® Further development of the field enabled the

manipulation of individual skyrmions through the MFM-probe-induced local field gradient.?’

In this study, the MFM tip-assisted transformation of a labyrinth domain structure into ordered
skyrmion lattices with a certain skyrmion size and packing density is demonstrated. In addition to
the tip’s lift height and an external magnetic field, we consider operating the scanning step to
manipulate the size and packing density of skyrmions, which are essential parameters for practical
applications. Our approach allows decreasing the number of scans resulting in the complete
formation of a skyrmion lattice after one tip pass only. Furthermore, the effect of IDMI on the
MFM-tip-assisted nucleation of highly dense skyrmion lattices with the controllable lattice
constant, size and chirality of skyrmions is studied experimentally and numerically. The
micromagnetic simulations are used to confirm the importance of the scanning step and to
demonstrate the relation between the local magnetic field spot size and the domain wall width. To
assess the nature of the skyrmion lattice formation, the parameter space is ascertained to quantify
the lattice ordering with help of the one-dimensional pair correlation function g(r) and the local

orientational order parameter .

Our approach is tested on multilayer structures with a Pt/CoFeSiB/W stack and repetitions (n)
up to 21, which have PMA and the additive effect of the IDMI from the bottom HM1/FM and top
FM/HM; interfaces.! The inter-stack magnetostatic interaction in the structures with n > 4, along

with the enhanced IDMI, results in zero net magnetization in the absence of an external field,



achieved by multidomain state formation with oppositely magnetized domains. However, even in
such structures, the spontaneous nucleation of a skyrmion lattice does not occur; instead, a
labyrinth domain structure with a period of approximately 150-200 nm is formed under ambient
conditions.®

For the emergence of skyrmions, the required additional trigger can be provided by an external
magnetic field if a skyrmion lattice is in the ground state with the lowest energy. We demonstrate
that using a local stray field gradient of an MFM probe, the magnitude of which at the point of
contact with a magnetic film can reach a few kOe, it is possible to not only nucleate Néel-type
isolated skyrmions of 100-150 nm size but also to realize a hexagonally ordered skyrmion lattice
with a period of 150-250 nm, which is not necessarily the lowest energy ground state. We find
that the value of the scanning step and the number of passes along the X and Y axes in the tapping
mode prior to the magnetic imaging define the number of skyrmions, including the skyrmion areal
density.

The micromagnetic simulations reveal that skyrmion creation occurs owing to the slicing of the
labyrinth or stripe domain structures by the local magnetic field induced by the tip apex. The
simulations exhibit that the IDMI magnitude determines not only the skyrmion lattice constant but
also the chirality of coupled skyrmions composing a skyrmion tube through the multilayers. Thus,
the development of our approach for slicing skyrmions and their lattices allows us to establish an
advanced method of direct-write skyrmion nanolithography. It can fabricate geometrical patterns
based on the transformation of the surface magnetic topology, with a sub-100 nm resolution, for

reservoir computing,® mobile atom traps,® and reconfigurable magnonic crystals.3® 7



Results and discussion
Samples characterization

A series of samples based on a Ta(3)/Pt(7)/[Pt(1)/CoFeSiB(1.5)/W(1)]n/Ta(5) structure with
number of stacks n = 1, 3, 5, 11, 21 was prepared by magnetron sputtering in ultrahigh vacuum
with base pressure below 5 x 10 Torr. In this series, the Pt and W layers are the PMA and IDMI
drivers on the bottom and top interfaces of the Co7osFessSiisBio layer (the content is in at.%),
respectively. It is known that the Pt/FM interface has a negative sign of the IDMI,*? whereas W/FM
has a positive one.'® In the Pt/FM/W structure, the additive effect of the IDMI is expected, which
leads to an enhancement in the chiral properties.!! Using Brillouin light scattering (BLS)
spectroscopy, the magnitude of the effective IDMI (Deff) for the multilayer Pt/CoFeSiB/W
structure was found to be Det = —1.09 erg/cm?, which is almost independent of the number of stack
repetitions. With an increase in n, the magneto-static interaction between the magnetic layers is
enhanced, which can be observed in the shape of magnetic hysteresis loops obtained in the out-of-
plane (OOP) measurement geometry, as shown in Fig. S1(a) in the Supplementary file. In the case
of a single Pt/CoFeSiB/W stack, the loop is rectangular, whereas, for the in-plane (IP) geometry,
the loop is inclined and hysteresis-free (Fig. S1(b) in the Supplementary file), indicating the
presence of PMA. The introduction of additional stacks strongly transforms the loop taken in the
OOP geometry: the critical domain nucleation field Hy, seen as the onset of the decline in the net
magnetization on the field decreasing from positive Hsat (negative Hs) saturation, is shifted from
negative (positive) H; field ranges for samples with n = 1 to the same field sign as that of the
saturation field for samples with n > 2. Specifically, an increasing magneto-static coupling between

the magnetic layers sandwiched between the layers of two 5d metals with increasing n shifts Hn



towards the initial saturation field Hsat. The detailed description of sample fabrication and

characterization is given in the Methods section.

Magnetic domain structure

Images of the domain structure, depending on the external magnetic field (H;) applied normally
to the sample plane, were obtained by full-field magnetic transmission soft X-ray microscopy
(MTXM), as shown in Fig. 1. At the initial state (the sample was not exposed to external magnetic
fields after deposition), a labyrinth structure with domains of 150-200 nm width is observed, as
shown in Fig. 1(a). The application of a small external magnetic field leads to the formation of
worm-like domains, as shown in Figs. 1(b, c). As can be seen, the spontaneous formation of
skyrmions does not occur, which may correspond to the case when the IDMI energy is less than
the critical energy of the skyrmion nucleation.'? '8 To generate skyrmions and, in particular, the
desired skyrmion ensembles, it is required to locally “write” the skyrmions. This can be achieved
by a local magnetic field that can transform the worm-like domains into more compact chiral

textures.

Figure 1. MTXM images of the domain structure of the (Pt/CoFeSiB/W)1, sample captured at zero field

(@), H;= 230 Oe (b), and H, = 340 Oe (c). The diameter of the viewing area is 10 um.



The MFM-assisted study confirmed that in the absence of an external field, samples with n > 5
have a multidomain state with zero remanence, as displayed in Fig. S2(b) in the Supplementary
file for the sample with n = 11. The domain structure is represented by alternating stripe domains
with a period of 150-230 nm. However, after the second pass scanning of the sample surface with
the higher resolution by the magnetic tip in the tapping and non-contact mode, the domain structure
is changed (see Fig. S3(c) in the Supplementary file). The stray fields originating from the
magnetic tip affect the domain structure, thus transforming the shape of the stripe domains and
reducing their length. The round-shaped domains are visible between the stripe domains, which
can be attributed to the skyrmions having a characteristic size of 80-100 nm. After this experiment,
a detailed study on the effect of an MFM tip on the domain structure, particularly on the

controllable skyrmion lattice generation, was conducted.

MFM-tip assisted skyrmion lattice nucleation

First, we checked the stability of skyrmions nucleated in the scanning process. A magnetic field
H; = —800 Oe, which is sufficient to saturate both the probe and sample, was applied before the
scanning. The demagnetized ground state with the labyrinth domain structure was formed after
switching off the external magnetic field. To enhance the effect of the negatively magnetized
probe, the tapping mode scan was performed at zero field. The number of magnetic tip passes (N)
in the X and Y directions was 5, whereas the scanning step, which is the distance between two
adjacent scanning lines, was s = 40 nm.

After scanning in the tapping mode with N =5, non-contact mode scanning was performed, and
skyrmions and the labyrinth domain structure were observed, as shown in Fig. 2(a). The skyrmions

can form a lattice with hexagonal ordering within the first coordination sphere (marked by a dashed



line in Fig. 2(a)). Subsequently, the magnetic structure was scanned only in the non-contact mode.
To test the stability of the skyrmion lattice, the external magnetic field was increased up to +400
Oe (Figs. 2 (b—d)). Consequently, the diameter of skyrmions (Dsk) with the positive polarity
increased from 150 to 190 nm, and a few skyrmions grew and merged with each other to acquire

an oblong shape.
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Figure 2. MFM images of the domain structure of the (Pt/CoFeSiB/W)1.1 film recorded after the five-pass
scanning in the tapping mode in the fields from 0 to +400 Oe (a—d), then from 0 to —400 Oe, and again in
zero field (h). The dashed line in (a) marks a hexagonal unit cell of the skyrmion lattice. The bright contrast
corresponds to the magnetization oriented along the positive external field and the dark one — along the

negative direction.

As the magnetic field is reduced to zero, Dsk decreases to 150 + 15 nm. If the negative field of
—300 Oe is applied, most of the skyrmions annihilate; in the field H, = —400 Oe, only the labyrinth
domain structure with the period Pps = 290+40 nm remains. After the application of a negative

saturation field Hsat = —700 Oe, again in zero field, the labyrinth domain structure is formed with



a smaller Pps = 225 + 40 nm, as shown in Fig. 2(h). This state is the ground state and is observed
in the cases of both remnant magnetization and demagnetization by an alternating field with a
decreasing amplitude. Thus, the skyrmions that are stable in a wide range of external magnetic
fields can be generated by magnetic tip scanning in the tapping mode.

Without local activation by the MFM tip, only a labyrinth structure is spontaneously formed. To
improve the ordering quality of the skyrmion lattice, the sample surface was scanned in the
presence of an external magnetic field H,. The following procedure was used: the field H; was
reduced from —800 to —300 Oe, and the selected area of 2.3 x 2.3 um? was scanned once in the
tapping mode with s = 40 nm. Then, H; was reduced to —200 Oe, the scan area was shifted, and
one-pass scan was run again in the tapping mode. The same procedure was repeated for H, = —100
and 0 Oe. Finally, all areas were scanned in the non-contact mode. The resulting images of the
magnetic structure are displayed in Fig. 3(a). With decreasing H,, the number of generated
skyrmions (Nsk) decreases: in the field H, = =300 Oe, 68 skyrmions were nucleated, whereas in
zero field, Nsk = 4. From the magnetic hysteresis loop of the (Pt/CoFeSiB/W)u1 structure (Fig. S1
in the Supplementary file), it follows that in the field H; below + 250 Oe, the magnetization drops
sharply, and domains are formed. It was assumed that if the direction of the external magnetic field
H; and the stray field created by the MFM tip coincide, the effect of the tip is enhanced, and the

probability of a localized skyrmion formation is increased, as experimentally observed in Fig. 3(a).
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Figure 3. (a) Domain structure of the (Pt/CoFeSiB/W)1; film with four areas (2.3 x 2.3 um?) scanned once
in the tapping mode in the presence of H, = —300, —200, —100, and 0 Oe. The MFM images of the domain
structure of the (Pt/CoFeSiB/W)1: film recorded after scanning with s = 20 and 50 nm (b), and 100, 200,
and 300 nm (c). The preliminary scanning was done in the tapping mode in H, = =300 Oe. Each scanning
areawas 4 x 2.5 um? The white dashed lines delimit the scanning area in the tapping mode. (d) Dependence

of Nsk on s in the tapping mode.

Furthermore, the effect of the scanning step in the tapping mode on the number of nucleated
skyrmions was investigated. During the scan, the tip was moved first along the X-direction and
then along Y-direction. The number of scans was 5 for each direction. The scanning step sizes
were s = 20, 50, 100, 200, and 300 nm. It means that the step was smaller, equal to, or larger than
the skyrmion lattice period Psk~ 200 nm. The scanning process in the tapping mode was performed
in H; = —300 Oe. After that, the magnetic field was turned off, and the scanning was performed in
the non-contact MFM mode. The results are presented in Figs. 3(b, c). It is seen that when the

scanning was performed with a small step (images for s = 20, 50, and 100 nm in Fig. 3(b)) the
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magnetic structures were similar. A skyrmion lattice was formed; however, the fragments of the
labyrinth structure are still presented in the form of short-length elongated domains. After scanning
with a larger step, Nsk increases (Fig. 3(d)). For s = 200 nm, which is close to Psk, Nsk and the
skyrmion lattice ordering degree are maximum. Subsequently, when s = 300 nm, i.e., larger than
Psk, Nsk decreases sharply, and elements of the labyrinth domain structure are observed, as shown

in Fig. 3(c).

Skyrmion (topological) nanolithography

To demonstrate the possibility of a controlled generation of a skyrmion lattice (topological
skyrmion nanolithography), a square area of 6 x 6 um? was filled with skyrmions using the optimal
scan parameters described above (five-pass scanning in the tapping mode, H, = =300 Oe, s = 200
nm). Inside this area, there was a non-scanned square area (2 x 2 pm?) with the labyrinth domain
structure remaining as displayed in Fig. 4(a). After scanning of the central square area as well, a
homogeneous area with skyrmions was obtained, as shown in Fig. 4(b). As shown in Fig. 4(c), the
skyrmion nanolithography can be used to create regions of complex shapes covered with
skyrmions. The desirable pattern is programmed using the MFM control software. The flexibility
and further development of this approach related to the topological modification of the
environment will make it possible to obtain regions with a minimum size corresponding to the
skyrmion lattice period, which is approximately 250 nm in our case. Future development of this
technique could include making material stacks, where one can write skyrmions and monodomain

areas instead of worm-like textures.

12



Figure 4. Zero-field MFM images of the domain structure of the (Pt/CoFeSiB/W)11 with the created area
filled by skyrmions and with non-scanned central region (a). The outer and inner borders indicated by white
dashed lines delimit the scanning region in the tapping mode. The same area after full filling by skyrmions
(b). Realization of S symbol by skyrmion nanolithography on the surface of the (Pt/CoFeSiB/W)1 film (c).

The MFM image size is 11 x 13 um?. The red line delimits the tapping mode scanned area.

To characterize the generated skyrmion lattices, the MFM images were converted to grey scale
to obtain the positions of the skyrmions with the Trackpy software package.® Based on these
positions, two parameters that characterize the ordering in the lattice are calculated:*® (i) the pair
correlation function and (ii) local orientational order parameters. The one-dimensional pair
correlation function g(r) shown in Fig. 5(a) gives the normalized skyrmion density distribution as
a function of the distance between skyrmions. The first and the second peak indicate the preferred
distances of the nearest and next-nearest neighbors, which are approximately 0.26 ym and 0.50
um, respectively.

To characterize the state of the skyrmion lattice displayed in Fig. 4(b), the local orientational
order parameter Y, has been computed. This complex number is a standard parameter to quantify

the emergence of local hexagonal order || = 1 for a perfect triangular lattice and decreases to 0
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with the increasing disorder. It can be used to describe the state and monitor possible phase
transitions of the system. For the snapshot presented in Fig. 5(b) the average value of |y, (taken
over all particles excluding the boundary region) is approximately 0.55. Fig. 5(b) displays the
spatial distribution of |p¢|, which indicates that the local hexagonal order is relatively
inhomogeneous. Fig. 5(c) displays the spatial distribution of 6 (the Euler angle of ¥, divided by
6), which visualizes clusters of skyrmions with similar local orientation. Our quantitative analysis

of the lattice state allows us to identify the phase as a dense two-dimensional liquid.*
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Figure 5. (a) One-dimensional pair correlation function g(r). (b) Spatial distribution of |i¢]|. (c) Spatial

distribution of orientation angle 6.

Micromagnetic simulations

To understand the MFM tip-assisted skyrmion lattice nucleation process, micromagnetic
simulations were performed, in which the multilayer structure (Pt/CoFeSiB/W)11 was replaced
with a single uniform ferromagnetic layer according to the effective medium approach.'®4! The
detailed description of the simulation procedure can be found in the Methods section. The magnetic
parameters of the real structure and the effective model used in simulations are presented in Table

1.
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TABLE 1. Parameters for micromagnetic simulations.

Saturation Exchange Uniaxial  Effective Gilbert
magnetization stiffness  anisotropy IDMI damping
constant
Ms Aex Ku Deff a
(emu/cm?) (107 (10° (erg/cm?)
erg/lcm)  erg/cm?®)
Real structure 950 12 7.27 —-1.09 0.1
Effective model 408 5.15 1.74 —-0.47 0.1

To confirm the adequacy of using the effective model, the simulated magnetization reversal
process was compared with the experimental hysteresis loop and domain structure, as shown in
Fig. 6. There are insignificant discrepancies at the saturation field: in simulations, the annihilation
of 360° domain walls and complete saturation of a defect-free film occur in larger magnetic fields,
in contrast to that in the experiment (Hsa: =1500 Oe in simulation). Periods of the labyrinth domain

structure from the MFM image and from the simulation are similar and equal to 250 nm, as shown

in Figs. 6 (b, ¢).
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Figure 6. (a) Experimental and simulated out-of-plane hysteresis loops for the (Pt/CoFeSiB/W)1; film.
Domain structure at remanence captured by MFM (b) and generated by simulations (c). Schemes of the tip
scanning trajectories in the micromagnetic simulations: (d) X direction, (e) Y direction, and (f) after the X

and Y scans.

Simulations of the MFM tip stray field effects on the domain structure were performed using a
magnetic field localized as a round spot with the step-like field profile (blue dots in Fig. 6(d)).
Inside the modeling area, the central region of 2 x 2 um? (red dashed lines limit the scanning region
in Figs. 6(d-f)) was scanned by these spots with a shift along the X and Y directions equal to the
spot size, i.e., the tip draws a continuous line. The trajectories of the tip movement are represented

by the green line in Fig. 6(d). The experimental scanning step of 200 nm corresponds to the
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distance between the adjacent lines. The probe passed the scanning area 5 times along the X (Fig.
6(d)) and Y (Fig. 6(e)) directions similar to that in the experiment.

In the experiment, during a scan in the tapping mode, a local field created by the magnetic tip
was fixed (Htip), and an additional external magnetic field (Hex;) was applied to assist the skyrmion
nucleation. Therefore, the local magnetic field in the simulations was taken as a sum: Hiocal = Htip
+ Hext. The simulated scanning results strongly depend on the tip spot size and Hiocal. As discussed
above, the labyrinth domains are converted into skyrmions by the magnetic tip when Hiocal ® Hsat.
To study the effect of the local field spot size on the efficiency of skyrmion nucleation, the probe
scanning was simulated with Hiocal > Hsat, and the dependence of the skyrmion density (p) was
plotted as a function of the spot size (Fig. S3(a) in the Supplementary file). The measured values

of p were normalized to the maximum skyrmion density with hexagonal packaging (pmaex =

2

7 as,, Where asiL is the skyrmion lattice constant).

The obtained results exhibit that even if Hiocai > Hsat, the spot size has to be sufficiently large (at
least 100 nm, as seen in Fig. S3(a) in the Supplementary file) for skyrmion nucleation. This spot
size is related to the width of a domain wall (DW). In our case, the calculated DW width is 40 nm
(Fig. S3(b) in the Supplementary file); therefore, the spot size has to be twice as large as the DW
width for effective skyrmion generation. Further simulations were conducted with the local field
spot size 100 nm.

The following simulations allow to explore the effect of the local field magnitude. The full
scanning process with Hiocal < 0.5Hsqt is displayed in Supplementary Movie 1, and the final domain
structure is presented in Fig. 7(a). Such a weak field is not sufficient for slicing the stripe domains
into skyrmions. Only the labyrinth alignment is observed along X and Y directions. The positive

local field becomes able to slice the stripe domains into separate skyrmions with negative polarity,
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when Hiqcal Is comparable with Hsat. Figure 7(b) displays the final domain structure after scanning
with Hiocal = 0.7Hsar. To create the skyrmion lattice with maximum density, Hiocal has to be higher
than Hsat. Supplementary Movie 2 shows the process of nucleation of the skyrmion lattice at a high
local field. The stabilized skyrmion lattice is displayed in Fig. 7(c). Figure 7(d) displays the
dependence of p/pyax= Hiocal/Hsat for the experimental and simulated data. The observed good
agreement between the experiment and simulation allows to conclude that for the efficient
nucleation of a skyrmion lattice, the local field size has to be twice higher than the DW width, and
Hiocal has to be equal or above Hsat. An estimation of ground states from the simulations revealed
that the formed skyrmion lattice does not have the lowest energy density (E« = —1.206x10°
erg/cm®); however, the energy density is compatible with the total energy of the labyrinth structure

(Esk = —1.203x10° erg/cm?).

ol T, . WL W L L PR
N S i
A SR | .
PR,
; .(.. .: g J: '. o‘o‘.’ | |
f'c i f,O.::(t.' .’::::'::.::: 00 05 10 15
(7 =1\ =0 NS Otap

Figure 7 (a—c) Simulated domain structure of the (Pt/CoFeSiB/W)1; film after the five-pass scanning with
different local field values (Hiocal) €xpressed in units of the saturation field (Hsa). (d) Dependence of the

normalized density of the skyrmions on the Hiecal/Hsat ratio.

Supplementary Movie 2 also displays that the number of nucleated skyrmions increases with the
number of passes. When the skyrmion lattice fills the entire area of the scanning region, the

skyrmions are expelled out of the exposed region. The formation of skyrmions behind the scanning
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area was also observed in the experiment. Therefore, for the optimal nucleation of a skyrmion
lattice inside a given region, it is necessary to not only regulate the magnitude of the local field but
also to select the required number of scanning passes. The sequential change of the domain
structure with the increasing number of passes is presented in Fig. S4 in the Supplementary file.
An optimization of the skyrmion lattice nucleation process is possible by a pre-ordering of the
domain structure. Since the effective slicing of labyrinth domains into skyrmions occurs during
the transverse motion of the MFM probe relative to the stripes, provided that the stripe domains
are ordered along the X axis, then it will be sufficient to make scanning only along the Y direction.
The ordered stripe domain structure could be quickly created after the in-plane saturation by an
external magnetic field. Supplementary Movie 3 presents the demagnetisation process after
saturation along the X direction. Then this relaxed stripe structure was scanned by a local magnetic
field immediately along the Y direction (Fig. S5(a-c) in the Supplementary file). Since the field of
the MFM probe was enough for the slicing of stripes (Hioca=1.4Hsar), €ach interaction of the probe
with an oppositely magnetized stripe domain led to the nucleation of a new skyrmion. Therefore,
only one pass along the Y direction is sufficient to form a highly dense skyrmion lattice in the

scanning region (Fig. S5(d) in the Supplementary file).

Figure 8(a) presents the dependence of the skyrmion lattice constant (ask.) as a function of IDMI
strength for experimentally measured magnetic parameters. The values of ask. were determined by
calculating the system energy density as a function of ask. (inset in Fig. 8(a)). The calculation
details can be found in Methods section. In the calculation of the lattice constant, 11 layers with
“real structure” parameters (Table 1) were considered. The magnetic layers were in contact, and
the direct exchange interaction between them was set to zero. Two Bloch skyrmions were placed

within the rectangular unit cell (Fig. 8(b)) as an initial condition, and the system was let to relax
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to non-uniform skyrmion state over the thickness. The lattice constant was obtained from the
calculation of the minimum energy density as a function of the computational unit cell size in x-
direction, ax. The minimum of this function corresponds to ask., see the inset in Fig. 8(a). The
lattice constant of 252 nm found for “real structure” parameters is close to that obtained in
experiment (the peak in g(r) function is approximately at 260 nm, Fig.5(a)). The skyrmion
diameter was about 186 nm. The small difference between the experimental and calculated values
might be owing to the sample non-uniformities that can influence the stability of skyrmions in

experimental samples.*?
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Figure 8 (a) Skyrmion lattice constant as a function of the IDMI strength. The vertical dashed line indicates
the value of Derr = —1.09 erg/cm? measured experimentally. The inset presents the method of calculation of

the lattice constant for Derr = —1.09 erg/cm?, i.e., minimization of the energy density as a function of the
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lattice constant. (b) The hexagonal skyrmion lattice simulated by a centered rectangular unit cell for Des =
—1.09 erg/cm?. (c) The XZ-plane at the Y center of the unit cell with a color scale proportional to m,

magnetization component.

The stable configuration calculated for the experimentally determined set of parameters is
presented in Figs. 8(b, c) consisting of eleven layers hosting skyrmions with different helicities.
The top two and seven bottom layers possess opposite Néel-type chirality, whereas the third layer
has Bloch-type chirality.*® The origin of opposite Néel-type chiralities is due to the strong stray
field arising near the bottom or top layers, between the two perpendicularly magnetizing domains,
as in dipolarly stabilized magnetic bubbles.** The ratio 2:8 of different types of skyrmions is
induced by the interplay of IDMI interaction and dipole interactions. One of Néel-type chiralities
is preferred by IDMI interaction, whereas the dipole interaction favors an equal distribution of

opposite chiralities.*>*#®

Conclusion

In this study, we technologically demonstrated the writing of arbitrary skyrmion ensembles and
provided concrete parameters to achieve this with controllable and localized skyrmion nucleation
by stray fields of MFM tips. By scanning the tip over certain areas, a technique of skyrmion
nanolithography that allows the creation of local ordered ensembles of skyrmions in multilayered
nanostructures or films with PMA and IDMI with the lateral resolution of 200 nm was developed.
Besides the tip’s lift height and an assisting external magnetic field, the scanning step (distance
between two adjacent scanning lines) is a crucial parameter to control skyrmion lattice
characteristics. Moreover, a variation of the scanning step allows one to decrease the number of

scans resulting in the complete formation of the skyrmion lattice. The advantage of our approach
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is that one can locally nucleate skyrmions that might be energetically metastable at an energy that
is higher than that of the worm-like domain state. This cannot be achieved by other techniques like
RF excitation and current-induced heating. Moreover, this technique is non-invasive for the
materials used, in contrast to FIB-, EBL- and laser-assisted methods. Using the one-dimensional
pair correlation function g(r) and the local orientational order parameter v, the fabricated
skyrmion lattices have been characterized as a dense two-dimensional liquid with short-range
correlations.

Our approach offers possibilities for developing basic elements of non-conventional logic and
neuromorphic spintronics, creating environments for the realization of skyrmion racetrack
memory, and studying the interface-induced phenomena such as topological Hall effect. The
alignment of skyrmions into ordered geometric regions will allow the fabrication of magnonic
crystals based on skyrmions and assign trajectories of complex shapes for the propagation of spin
waves in a skyrmion lattice. Another promising aspect of using skyrmion (topological)
nanolithography is the possibility of studying the interaction of skyrmions with a labyrinth domain

structure and the features of the dynamic properties of skyrmions and chiral domain walls.

Methods

The series of samples based on a Ta(3)/Pt(7)/[P(1)/CoFeSiB(1.5)/W(1)]+/Ta(5) structure with
the number of stacks n = 1, 3, 5, 11, 21 were sputter-deposited onto 1.25 x 1.25 cm? thermally
oxidized Si wafers under a base pressure below 5 x 107° Torr. The thickness of the SiO, oxide

layer was 300 nm.
To study the magnetic microstructure of the multilayer films, a (Pt/CoFeSiB/W)11 structure was

deposited onto an optically transparent 100-nm thick SisN4 membrane. The domain structure was
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imaged in a full-field magnetic transmission soft X-ray microscope (MTXM), XM-1, at the
beamline 6.1.2 at the Advanced Light Source (Center for X-Ray Optics, Lawrence Berkeley
National Laboratory, USA).

To study the magnetic structure by MFM (Ntegra Aura NT-MDT), a two-pass technique was
used. All scans were performed using magnetic probes. At the first pass, the surface topology was
probed using the “tapping mode.” In this mode, the distance between the sample surface and the
tip apex was less than 10 nm (in theory near 1 nm). At the second pass, when the magnetic probe
was raised to an approximate height of 50 nm, the domain structure was scanned by subtracting
the inclination of the sample plane (“non-contact” mode). In the case of the tapping mode, the
magneto-static interaction between the probe and the sample is much larger than in the non-contact
mode. Therefore, the change in the magnetic structure of the samples under the action of stray
fields is possible, which must be considered.?®?” As for the magnetic probes, standard ASYMFM-
R2 tips (Asylum Research) with the radius of 47 + 5 nm and a 50-nm-thick CoCr magnetic coating
were used.

To understand the MFM tip-assisted skyrmion lattice nucleation process, micromagnetic
simulations with the Mumax® software package*® were performed. The multilayer structure
(Pt/CoFeSiB/W)11 was replaced with a single uniform ferromagnetic layer according to the
effective medium approach.'®*! Effective modeling parameters for the film were calculated
correspondingly for the ratio k = /¢, = 2.33, where #- = 3.5 nm is the thickness of one stack, and
tn = 1.5 nm is the thickness of the magnetic layer. The magnetic parameters utilized in the
simulations are presented in Table 1. The total thickness of the single ferromagnetic layer was try
= 11¢,= 38.5 nm. The modeling area of the film was 3 x 3 um? with cell size 4 x 4 X tpyy nm>. The

periodic boundary conditions were set on edges of the modeling area. The thermal field effect was
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considered in all simulations with a room temperature of 300 K. Simulations of the hysteresis
processes were started from a monodomain state with two bubble domains. These point domains

with the size of 20 nm act as nucleation centers for the growing labyrinth domain structure.

To simulate the lattice constant ask., the “real structure” parameters (Table 1) were used. The
centered rectangular unit cell and periodic boundary conditions were employed to describe a

hexagonal skyrmion lattice, see Fig. 8(b). The hexagonal lattice can be viewed as a special case of

a centered rectangular lattice when L = /3, as it is in our calculations. The size of the unit cell

ax
was defined by the number of the computational cells, Nx, Ny=2Nx, N,= 73, and cell sizes, cx, ¢y, C..
N; and c; were fixed to N; = 73 and ¢; = 0.5 nm to simulate 11 magnetic layers of 1.5 nm thickness
separated by 2-nm-thick non-magnetic spacer. The cx and cy were fixed to: cx=2 nm, c¢,, = V3 nm.
Nx and Ny parameters were varied to impose different lattice constants of a skyrmion lattice and
calculate the energy density as a function of the computational unit cell size. The minimum of this
function corresponds to ask., see the inset in Fig. 8 (a). Two skyrmions with Bloch-type chirality
were placed within the rectangular unit cell as an initial state before relaxation of the system. This
initial state allows the relaxation algorithm to stabilize to the final state of a nonuniform skyrmion
(with opposite Néel-type chiralities near the top and bottom edges) for any value of IDMI (any

ratio of Néel-type chiralities in layers).
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