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ABSTRACT: Due to its topological protection, the magnetic
skyrmion has been intensively studied for both fundamental
aspects and spintronics applications. However, despite recent
advancements in skyrmion research, the deterministic creation of
isolated skyrmions in a generic perpendicularly magnetized film is
still one of the most essential and challenging techniques. Here, we
present a method to create magnetic skyrmions in typical
perpendicular magnetic anisotropy (PMA) films by applying a
magnetic field pulse and a method to determine the magnitude of
the required external magnetic fields. Furthermore, to demonstrate
the usefulness of this result for future skyrmion research, we also
experimentally study the PMA dependence on the minimum size
of skyrmions. Although field-driven skyrmion generation is
unsuitable for device application, this result can provide an easier
based research more accessible.
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magnetic skyrmion is a particle-like topological spin

texture with the +1 skyrmion charge, defined by
i /f m-(dm X dm) dx dy, where m(x, y) is a unit magnet-
ization vector." It has been extensively studied in the
magnetism research field due to its unique physical properties,
such as topologically protected stability,”” nanoscale size,"°
and extremely low current for electrical manipulation.” ™" As a
result of the topological features, several novel physical
phenomena, such as the skyrmion Hall effect'”™'* and
topological Hall effect,"*™"” have also been experimentally
observed. Starting from the experimental observation of room-
temperature isolated skyrmions, various skyrmion-based
spintronic devices, such as memory devices,”"** logic
devices,”>™*® and neuromorphic devices,” ™ have also been
proposed.'”** As such, for fundamental research and
spintronics application, it is essential to obtain a stable
skyrmion.

However, it has been a significant practical issue in skyrmion
research to stabilize isolated magnetic skyrmions at room
temperature. The isolated skyrmion in a perpendicularly
magnetized system is stabilized only when several material
parameters, such as the perpendicular magnetic anisotropy
(PMA), the magnetic dipole interaction (poMg’), and the
Dzyaloshinskii—Moriya interaction (DMI), meet a particular
ratio.”>*® In some studies, a complex multilayer structure with
more than ten repeated numbers was adopted to enhance
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UoM?, or extremely fine interface engineering was used

to adjust PMA.>**® Moreover, even if an optimized material to
stabilize a Neel-type skyrmion is obtained, deterministic
skyrmion generation is also tricky. Previous works reported
the generation of isolated skyrmions using an external
magnetic field,****™*° spin-polarized electric current,”** or
thermal energy.”'~* However, the reported approaches are
accompanied by a complicated patterning process to induce
nonuniform spin-torque’ or a specific device %eometry, laser,
or heating holder to inject localized heat.*"** For example,
while Woo et al.** reported reliable current-induced generation
or annihilation of an isolated magnetic skyrmion, the
underlying mechanism is based on unintended defects. As
another example, Finizio et al.** presented a creative device
structure that can nucleate and delete an isolated magnetic
skyrmion using an electrical signal, but the device geometry is
quite complicated. In this sense, to promote extensive
skyrmion research, a universal method for generating sky-
rmions in a general PMA sample is required.
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Recent work demonstrated deterministic isolated skyrmion
creation in a typical PMA sample at zero magnetic field after
applying a magnetic field pulse at a particular angle.*® Here, a
method to quantitatively determine the magnitude of the
required external magnetic fields for skyrmion creation is
investigated. The external magnetic field pulse amplitudes for
skyrmion generation in various PMA samples are derived
theoretically and demonstrated experimentally. It is expected
that the proposed technique for generating skyrmions in a
generic PMA film will make future skyrmion-related studies
relatively easier to conduct than before. To prove the
usefulness of our method for skyrmion research, we present
the PMA dependence on skyrmion size variation by the z-axis
external magnetic field and its minimum size, which has never
been experimentally investigated because of the difficulty to
obtain stabilized skyrmions in various PMA samples.

Domain States at Zero Magnetic Field after Applying
a Magnetic Field Pulse. We studied sample stacks of Si/
Si0,/W (50 A)/Co,oFeqB,o (13 A)/Ta (1.072 A)/MgO (10
A)/Ta (30 A) with PMA, where an ultrathin Ta layer was
inserted to control the strength of the PMA because PMA
originates from the interface between the CoFeB and MgO
layers.***” Considering the effective PMA field (H,), defined

HoMH, . .
OS5 * where K, is the effective PMA

2
energy per volume and My is the saturation magnetization,
UoHy was determined as 70.4 mT (see Supporting Information
1). It was recently reported that diverse stripe and bubble
domain patterns were formed after simultaneously applying
pulses of x- and z-axis magnetic fields,*® where the z-axis is the
film’s normal direction and the x-axis is an arbitrary direction
on the film plane. Therefore, to provide the quantitative
condition of the applied external magnetic field for skyrmion
domain (SkD) formation, we investigated the domain pattern
change after various combinations of simultaneous x- and z-
axis magnetic field pulses (Figure la). All magnetic domain
images were taken using a polar magneto-optical Kerr effect
(MOKE) microscope system, where the light gray (dark gray)
color represents the +z (—z) magnetization. The initial state
was set as a half-filled stripe domain pattern with rotational
symmetry about the z-axis (Figure 1b). The initial state can be
formed by applying only a z-axis magnetic field (H,) pulse of
sufficient magnitude (the red arrow in Figure la) because the
z-axis magnetic field cannot break symmetry in the film plane.
The stripe domain in Figure 1b is denoted as a disordered
stripe (DS) domain. The corresponding fast Fourier trans-
formation (FFT) image (Figure le) has a circular shape,
indicating a rotational symmetry of the stripe domain in the
film plane. By contrast, after the simultaneous application of x-
and z-axis magnetic field pulses (the blue arrow in Figure la),
SkDs were created (Figure 1c). The close-packed skyrmion
state in Figure lc is denoted as a SkD. We also observed that
the generated magnetic bubbles are well shifted by spin orbit
torque (SOT) as presented in Figure 1j—k. Here, we
controlled the skyrmion density to obtain isolated skyrmions
by applying a perpendicular magnetic field (see Supporting
Information 2). In the static MOKE image (Figure lc), it
cannot be distinguished whether the circular-shaped domains
are skyrmions or not. One helpful approach to determine if the
generated circular domain is a skyrmion is to observe the
skyrmion Hall effect.””'*** The skyrmion texture of the
circular domains in Figure lc has been verified by observing
the skyrmion Hall angle of 9° with the current direction as

by the equation K 4
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Figure 1. Various magnetic domain structures formed by external
magnetic fields. (a) Schematic illustration for applications of external
magnetic field pulses to form magnetic domain patterns. (b, c, d)
Representative magnetic domain images after magnetic field pulse
application along (b) red, (c) blue, and (d) green arrows in panel a.
(e, £ g) Corresponding Fourier transformation (FT) images of the
magnetic domain for (e) disordered stripe, (f) skyrmion domain, and
(g) ordered stripe. (h) Experimental mapping of the normalized
number (Npo™) of isolated domains after applying x- and z-axis
external magnetic field pulses of varying magnitude. (i) Experimental
mapping result of the orientational order parameter (Oy,). (j, k)
Sequential MOKE images demonstrating the spin—orbit torque
(SOT)-driven motion of isolated skyrmions after applying electric
current pulses of 100 ms with an amplitude J = 7.5 X 107 A/m?
under the z-axis external magnetic field (uoH, = 1.1 mT). (1)
Measurement of the skyrmion Hall angle.

shown in Figure 1 (see Supporting Information 3 for a more
detailed explanation for analysis). The corresponding FFT
image of the SkD in Figure 1f is also circular. Lastly, an aligned
stripe domain pattern along the x-axis was obtained by
applying only the x-axis magnetic field (H,) pulse (Figure 1d),
where the rotational symmetry is broken about the z-axis
because the application of H, breaks the symmetry by lowering
the energy of the x-component magnetization. Likewise, the
aligned stripe domain pattern along the x-axis of Figure 1d is
denoted as an ordered stripe (OS) domain. Significantly, the
corresponding FFT image of the OS in Figure 1g shows two
clear spots along the transverse direction of the aligned
domain, which means constant repetition of stripe domains
along the transverse direction.

To further investigate the magnetic field pulse dependence
on the consequent domain patterns, we mapped the
normalized number of isolated domains (N'S™) in a defined
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region. All isolated domains were counted regardless of
polarity (the domains attached to the image boundary of the
defined region were excluded). For example, the number of
isolated domains (Nj,) for the DS in Figure 1b is zero because
all of the domains are attached to the boundary. For the SkD
of Figure I¢, N, is very large because there are many isolated
dark gray domains. Ny, of the OS is small because there are a
few isolated domains regardless of the domain polarity (Figure
1d). The values of Ny, are normalized by the maximum N, in
the SkD. The mapping is presented in Figure 1h. This mapping
clearly distinguishes between the two stripe domains (DS +
OS) and SkD as blue and red regions, respectively. However, it
is not able to separate between DS and OS. To also classify the

DS and the OS, we introduced an orientational order
parameter as™
n, —n
Ohv = : >
n, +n, (1)

where n;, (n,) is the number of horizontal (vertical) pairs of
nearest neighbor spins with antiparallel perpendicular
components. For example, in DS and SkD, n, and n, are
almost equal, due to the rotational symmetry, leading to a
small value of Oy,. However, in OS, n, is much larger than ny,
because of the horizontally aligned shape of domains, resulting
in the larger value of Oy,. It allows us to classify the two
rotationally symmetric DS/SkD and the asymmetric OS
(Figure 1i). Therefore, we can distinguish three types of
domain patterns by comparing the two parameters of Nio™
and Oy,. Here, we can observe a high O, region at the
boundary between DS and SkD. This is the aligned stripe
domain state due to a slightly small amplitude of the in-plane
field to reach a critical stripe domain width (see Supporting
Information 4). The domain pattern is highly dependent on
the magnitude of the pulses of the x- and z-axis magnetic fields
(Figure 1h,i). To form a SkD, the particular magnitudes of the
magnetic field pulses of the x- and z-axes must be selected.
This work aims to provide a helpful approach for selecting the
particular magnetic field magnitudes to generate the SkD in
generic PMA films.

Perpendicular Magnetic Anisotropy Dependence on
Domain Pattern Formation. First, we investigated the
dependence of the PMA on domain pattern formation. To
obtain various PMA samples with other material parameters
fixed, we changed the thickness of the Ta insertion layer
(Figure 2a). Even a slight change in the Ta layer thickness
from 1.067 t01.076 A significantly affected the stripe domain
width (4,) (Figure 2b—e) (see Supporting Information S for a
detailed explanation for the ultrathin thickness control). The
values of yyH and 4, as a function of the Ta layer thickness are
presented in Figure 2f. The stripe domain width as a function
of PMA is written as”’

lo = mA, (1o (M) (2)
where A, is a typical domain wall width, p, is the magnetic
permeability, d is the thickness of the ferromagnetic layer, and
0, is the domain wall energy density per area, which is mainly

proportional to /Hj . Figure 2g shows a linear relation between
JHy and In A, verifying the validity of eq 2.

Next, the same mapping analysis as in Figure 1h,i was
performed on various PMA samples using a magnetic field
pulse of 1000 ms. Figure 3 presents representative mapping
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Figure 2. Magnetic properties and corresponding stripe domain
patterns. (a) Schematic of the sample structure where the Ta layer is
inserted between the CoFeB and MgO layers. (b—e) Magnetic stripe
domain images obtained with MOKE microscope at zero magnetic
field. t is the inserted Ta nominal thickness. (f) Magnetic anisotropy
field and the stripe domain width according to the Ta insertion layer
thickness. Error bars were determined from 10 measurements in a 20
X 70 um? region. (g) Stripe domain width as a function of PMA. The
solid gray line is a linear fitting line of the measured data, where the
error bar is the standard deviation from panel f.
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Figure 3. Dependence of PMA on magnetic domain pattern changes.
Representative experimental mapping data of (left) Nio™ and (right)
Oy, obtained by modulating the magnitude of x- and z-axis external
magnetic field pulses for the samples having y,H, values of 70.4 mT,

85.3 mT, and 98.2 mT.
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results for the samples having y,H, = 70.4 mT, 85.3 mT, and
98.2 mT samples. The overall shapes of the region for the SkD
are similar to each other for diverse H) samples, but two main
things are changed: the region for the SkD expands with an
increase in H, and the minimum H, to form a SkD also
increases with an increase in Hy. Because the particular x- and
z-axis magnetic fields to form the SkD depend on PMA (H,), a
universal approach to determine the magnetic fields is required
regardless of PMA.

A recent study on the transition between uniform, stripe and
SkDs demonstrated that the SkD can always be the global
minimum energy state by applying an appropriate perpendic-
ular magnetic field regardless of PMA or stripe width.*’
However, when the stripe width is larger than a specific critical
value, the stripe-to-SkD transition does not occur at room
temperature even though the SkD is the global minimum
energy state.’’ This is because the stripe-to-SkD transition
occurs by thermal fluctuation. Because of the thermal energy,
the domain walls randomly fluctuate back and forth from their
equilibrium position. Then, when two adjacent domain walls
collide, a stripe domain could be cut into a bubble domain.
Therefore, the collision probability is inversely proportional to
the distance between two domain walls, which corresponds to
the stripe width. Hence, the stripe-to-SkD transition at room
temperature occurs when the stripe width is smaller than a
certain critical value. Application of H, reduces the stripe
width, which means that there exists a specific H, to stabilize
the critical stripe domain width (4.), where the stripe domains
start to be cut.”’ To determine the critical stripe domain width
in our system, we investigated Nj,o™ after applying H, pulses of
various magnitudes, starting from the initial DS state (Njo™ =
0). Ni2™ presents a sharp increase at a particular H,, marked
with black arrows in Figure 4a, and the magnitude of H, is
dependent on the PMA (the numbers in Figure 4a,b are values
of uoH,). To explain the detailed dependence, the stripe
domain width change was observed under applied H, as a
function of the magnitude (Figure 4b). The black circles in
Figure 4b indicate the values of the sharply increasing points in
Figure 4a. All the black circles indicate almost the same value
of the stripe domain width, about 1.5 um. That is, for all
different PMA samples, Nio™ starts to increase (or stripe
domains start to be cut) when the stripe domain width
becomes smaller than the A, of 1.5 ym. Therefore, the results
allow us to infer that the minimum pyH, to form a SkD in
Figure 3 is the value of y,H, required to stabilize the critical
stripe domain width of 1.5 ym. Furthermore, recent work’"
reported that the stripe domain width change for various PMA
samples could be scaled by H,/H,. Then, because the critical
stripe domain width is almost identical regardless of PMA
(Figure 4b), the minimum H, to form a SkD is a function of
H. Therefore, we normalized the x-axis of the Nio ™ mapping
graphs by H,/H, as shown in Figure 4c, where the curves were
obtained from the Nig™ = 0.85 lines from the normalized
mapping graphs of various PMA samples. All the lines of Nijo™
= 0.85 are collapsed regardless of PMA, indicating that the
stripe domain width scaled by H,/Hj is the main parameter for
generating a SKD, irrespective of PMA.

To derive the quantitative model to determine the minimum
H, to form a SkD, we used eq 2 and a simple linear Zeeman
energy by H, as follows:

orm
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Figure 4. Effect of ji,H, on magnetic domain patterns and variation in
the critical magnetic field for skyrmion generation. (a) Value of Nio™
after applying x-axis magnetic field (u4H,) pulse. The numbers above
the curves indicate the yioH,. Black arrows are marked at the sharply
increasing point for each curve. (b) Stripe domain width under yoH,.
Black circles represent the yi,H, value indicated by the black arrows in
respective data in panel a. A black dashed line shows the 1 value of 1.5
um. (c) Curves of the Njo™ value of 0.85 for various yoH) samples.
The inset presents an enlarged image of the boundaries. The left-most
edges of curves are chosen as the critical magnetic field (poHy) for
creating skyrmions. (d) Change of H,;/H, as a function of poHi.
Black squares indicate measured data, and the red line is a fitting line

of eq 4. The black dashed line indicates the value of 2/7.

1+70,/ (M, d
A, =zA, L0,/ (oM, ));

o, = 4 AKeff - ”Aw:quSHc (3)

rit
where A is the exchange stiffness and H_y, is the minimum H,
to induce A.. The 7A puoMH_,;, term indicates the domain wall
energy generated by the Zeeman energy. It is also assumed that
H._, is larger than the DMI field so that the magnetizations in
the domain walls are aligned to the H; direction. Here, we are
also dealing with the ordered stripe domain along the in-plane
direction due to a sufficiently large in-plane magnetic field.
Considering that the change in the stripe domain width can be
scaled by H,/H,, we can rearrange eq 3 for H.;/H, as

Iicm 2 1 Isd :uob{s/z 1 /1C 1
—_— == = n
A meA, )| Hy

Hk

where we already know that A_ is about 1.5 ym. Equation 4
indicates that with a sufficiently large Hj, the value of H,/H
converges to 2/m. The values of H,/H for various PMAs
obtained from Figure 4c are presented in Figure 4d as black
squares, and the points are well-fitted by eq 4 (described as a
solid red line). In this approach, the role of DMI is described
in more detail in Supporting Information 6. Therefore, the
minimum x-axis magnetic field (H.,) to form a SkD can be
obtained from eq 4 provided that all material parameters for
general PMA samples are known.

(4)
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Using eq 4, we can calculate the specific critical value of
HoH, to cut the stripe domain for each PMA sample with
several material parameters. The calculated values of poH. for
the uoH, = 40.5 mT, 52.9 mT, 68.0 mT, 83.0 mT, and 98.2
mT samples were 14.7 mT, 21.0 mT, 29.0 mT, 37.0 mT, and
45.3 mT, respectively. Here, we used M of 900 emu/ cm?, A of
1.0 X 107" J/m, and A, of S0 nm. When the magnetic field
pulse magnitude of uoH, is larger than yyH_; and the z-axis
pulse is appropriately adjusted, the SkD is stabilized (Figure
5a). The poH,; values calculated above are marked as the
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Figure S. Skyrmion size change under z-axis external magnetic fields.
(a) Deterministic generation of skyrmions for the samples with
diverse PMA energy. Inset, MOKE images of SkDs created by the
magnetic pulses of the specific points (solid stars), where the numbers
indicate the respective uoH, value. The calculated critical magnetic
fields are marked as empty stars. (b) MOKE images under the z-axis
external magnetic field (uoH,) for the poH; = 52.9 mT sample, where
the numbers in the images indicate the magnitude of poH,. (c)
Variation in skyrmion diameter by the u,H, for diverse yi,H, samples,
where the colored solid lines are fitted by 1/(A X poH, + B). The X
marks indicate the magnitude of yoH, for skyrmion dissipation. (d)
Range of skyrmion diameter as a function of PMA.

empty stars in Figure Sa. To verify these critical values
experimentally, we arbitrarily selected specific points inside the
SkD region as marked with the solid stars. The representative
SkD images are provided in the insets of Figure Sa, where the
numbers in the boxes indicate the PMA strengths (uoHy).
Furthermore, it was confirmed that the SkD is also generated
by the magnetic field pulses of other points inside the curve in
Figure Sa, where the specific form of the SkD is identical (see
Supporting Information 7). This result demonstrated an
effective method for determining the x- and z-axis magnetic
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field pulse magnitudes for obtaining a SkD in an arbitrary PMA
sample.

Determining the required magnetic field magnitude for
skyrmion generation can provide a platform for investigating
skyrmion properties in diverse material parameters. For
example, we investigated the skyrmion size variation as a
function of the z-axis external magnetic field. First, the size of
the skyrmions at zero magnetic field increases as poH)
increases (Figure 5a), consistent with previous works.*®
Furthermore, the skyrmion size was reduced by applying a z-
axis external magnetic field pointing in the opposite direction
of the skyrmion core polarity. This is because the z-axis
external magnetic field favors a wider magnetization domain
parallel to the field direction. Figure Sb shows the z-axis
external magnetic field dependence of the skyrmion size for the
UoHy = 52.9 mT sample (see Supporting Information 8 for a
detailed method to precisely determine skyrmion size). The
diameter of the skyrmions decreases from about 1.2 ym to 0.8
pum with increasing yi,H,. Additionally, when the z-axis external
magnetic field was larger than the critical perpendicular
magnetic field, the skyrmions completely dissipated instead
of becoming much smaller. To investigate the correlation
between size, dissipation, and pyH;, we plotted the z-axis
external magnetic field dependent size of the skyrmions in the
different PMA samples as summarized in Figure Sc. First, the
size of the skyrmions was inversely proportional to the z-axis
external magnetic field, and the decrease in size was well
fitted®® by 1/(A X uoH, + B) (solid color lines in Figure Sc).
Second, the critical perpendicular magnetic field to dissipate
skyrmions decreased when the PMA energy increased (solid X
marks in Figure Sc). The decrease in the critical field for
dissipation is because the critical field is inversely proportional
to the stripe width at zero magnetic field.*”** From the above
result, we can acquire the stable skyrmion size range between
the minimum and maximum size for all samples (Figure 5d).
This result can provide a guideline for designing the material
parameters for skyrmion-based device applications or studies,
verifying the usefulness of the proposed skyrmion generation
method.

In conclusion, we presented a method for determining the
required x- and z-axis magnetic field magnitudes to generate
skyrmions for arbitrary PMA films. The equation was derived
by clearly understanding the phase transition between the
stripe domain states and SkD states. Thus, we successfully
proved that the SkD could be generated by H, of
approximately 64% (2/7z) of Hy in general PMA films. Using
this method, we could easily investigate skyrmion behavior
with various material parameters without adopting complicated
techniques such as a complex multilayer or extremely fine
thickness control.
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