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ABSTRACT

Magnetic skyrmions are candidates for information carriers in Brownian and stochastic computers. Developing a technique for fabricating a film
with a suitable potential landscape, wherein the information carrier may diffuse freely, is essential for these probabilistic computers. In this study,
to build the desired local potential into magnetic films, a 1.2 nm-thick Co-Fe-B film with a 5.2 nm-thick cap layer was irradiated by a focused ion
beam (FIB) using Gaþ as the ion source under a low acceleration voltage of 5 keV. The fluences ranged from 0 to 25� 1012 ions/cm2.
Consequently, the critical temperature at which skyrmions appear or disappear is shifted by several 1–10K depending on the ion fluence. The
origin of this effect is discussed by observing the ion implantation profile and the surface sputtering depth using time-of-flight secondary ion mass
spectrometry (TOF-SIMS) and atomic force microscopy (AFM). The results of TOF-SIMS measurements show that most of the Ga atoms exist in
the Co–Fe–B layer. If all Ga atoms exist in the Co–Fe–B layer, the Ga concentration is 7� 10�3 at. % after irradiation of 0.8� 1012 ions/cm2. The
AFM results show a sputtered pattern with 0.2 nm depth after irradiation of 16� 1012 ions/cm2. Finally, the effect of irradiation on the diffusion
coefficient was examined. It was determined that small fluences of 1.6� 1012 and 0.8� 1012 ions/cm2 can construct a potential barrier controlling
skyrmions while maintaining diffusion coefficients as high as 10 lm2/s. The FIB process can be used to draw a circuit of probabilistic computers
with skyrmions as information carriers.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0153768

A magnetic skyrmion is a particle-like spin texture characterized
by a topological number.1 The motion of the magnetic skyrmion can
be driven by an electric current,2–5 temperature gradient,6,7 stochastic
thermal torque,8–14 and magnetic energy gradients.15–18 Therefore,
magnetic skyrmions are considered good candidates for information
carriers in novel spintronics devices. In particular, the Brownian
motion of a two-dimensional magnetic skyrmion embedded in a mag-
netic ultrathin film is suitable for realizing stochastic computer,8

Brownian computer,10,19,20 and cellular automatons,13 which have
been proposed and demonstrated as ultra-low power computers. In
these unconventional computers, the confinement of skyrmions in
circuits with an arbitrary landscape in the potential energy of the

skyrmion is an essential technique. Several methods for fabricating cir-
cuits with local skyrmion potential energy differences have been dem-
onstrated through the employment of additional deposition of a
capping layer,10,12,13 application of a local electric field,9,15,21–23 and
ion beam irradiation.24–38

Jibiki et al.10 proposed the thickness of the SiO2 capping layer
(�0.2nm) as a damage-free method to confine skyrmions. Moreover,
this method ensures brisk Brownian motion of the skyrmion even
after microfabrication.10,12 However, it is unsuitable for creating a
potential slope. In the ion beam irradiation method, the skyrmion
energy can be continuously and locally controlled by locally changing
the irradiation fluence.30–38 Recently, using FIB irradiation, skyrmions
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have been confined to 1D track.33,35,38 The origin of the confinement
has been discussed based on the observations of surface topography32

and ion implantation.25 However, a quantitative evaluation of the
effect of ion irradiation on the diffusion coefficient has not yet been
reported.

In this study, we aim to control the skyrmion stabilization energy
locally to create and confine skyrmions via irradiating Gaþ ions using
the FIB machine. Subsequently, we investigate the effect of irradiation
by sputtering the film surface and ion implantation into the sample.
Furthermore, we discuss the degradation of the skyrmion diffusion in
the irradiated region.

Sample A: Si/SiO2 substrate j Ta(5.9) j Co–Fe–B(1.2) j Ta(0.22) j
MgO(2.2) j SiO2(2.9) (numbers in parentheses are the film thicknesses
described in nanometer) and sample B, Si/SiO2 substrate j Ta(5.9) j
Co–Fe–B (1.2) j Ta(0.19) jMgO(2.2) j SiO2(2.9), were deposited using
a magnetron sputtering system (CANON ANELVA, E-880S-M) at
20 �C.39 Each layer was sputtered using Co16Fe64B20 (numbers repre-
sent the atomic percentages of the elements), MgO, SiO2 composi-
tional targets, and a metallic Ta target in an Ar atmosphere. Sample A
was annealed at 200 �C for 1 h after the deposition of all layers, while
sample B was not annealed to enhance the diffusion coefficient of the
skyrmion.10,12 In the non-annealed sample, the Co–Fe–B layer is in an
amorphous state.40 The annealing at 200 �C results in partial crystalli-
zation of the Co–Fe–B layer40 and a reduction in the diffusion coeffi-
cient.10 Subsequently, the samples were irradiated with Gaþ-source
FIB using a scanning electron microscope (SEM) (FEI, Versa 3D Dual
Beam). An accelerating voltage of 5 keV and a beam current of 1.3 pA

(the lowest voltage and current of the machine) were employed to
avoid sputtering of the film and stop the Gaþ ions in the Co–Fe–B
layer. Thereafter, to evaluate the aging effect following the irradiation,
the samples with 8months of aging (samples A and B) and samples
without aging (7–11 days after irradiation) (samples A0 and B0) were
investigated. The skyrmions are observed using a polar-magneto-
optical Kerr effect (p-MOKE) microscope at various temperatures
under a perpendicular bias magnetic field. The observed sizes of the
skyrmions are ranged as 0.5–2lm. Because a skyrmion of this size is
stabilized by the magnetic dipole interaction energy, it is called a
“skyrmion bubble.”41 The surface morphology after ion irradiation
was observed using atomic force microscope (AFM) (Hitachi High-
Tech, AFM5300E). The implantation depth profile was observed using
a time-of-flight secondary ion mass spectrometer (TOF-SIMS) (ION-
TOF, TOF.SIMS5).

The p-MOKE images of sample B (without annealing/aging for
8months) at (a) 338 and (b) 345K under the application of external
magnetic field H¼�0.41mT around the region of the irradiation of
0.8� 1012 ions/cm2 are shown in Fig. 1 (see the supplementary mate-
rial Videos S1 and S2). In Fig. 1(a), skyrmions appear exclusively in
the non-irradiated region. In contrast, in Fig. 1(b), they appear in the
irradiated region, and those outside the irradiated region reduce in
size. The results clearly demonstrate the control of skyrmion stabiliza-
tion energy by ion irradiation. Figures 1(c) and 1(d) show the hystere-
sis curves obtained for the same sample. The hysteresis curves were
evaluated from the MOKE images at (c) 338 and (d) 345K. The black
and red points represent the ratio of the black to the white domain

FIG. 1. Magneto-optical Kerr effect
(MOKE) microscope observation of sam-
ple B (without annealing/aged for
8 months). (a) and (b) MOKE images cap-
tured under an external field of �0.41mT
at (a) 338 and (b) 345 K, respectively. The
rectangular region in the center of the
image is the area where the film is irradi-
ated by the FIB. The fluence is 0.8� 1012

ions/cm2. (c) and (d) Hysteresis curves
observed by MOKE microscope at (c) 338
and (d) 345 K, respectively. Black plots
and curves indicate the results measured
in the irradiated region for fluence of
0.8� 1012 ions/cm2 and the red plots and
curves indicate the results in the non-
irradiated region.
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areas in the irradiated and non-irradiated regions, respectively. The
hysteresis curves show the reductions in the Q-factors [relative size of
the perpendicular magnetic anisotropy (PMA) energy to the demag-
netizing energy] at higher temperatures. This is a typical tendency
because PMA decreases faster than the demagnetization energy with the
increase in the temperature. The hysteresis curves also show that the Q-
factor is enhanced by the ion irradiation of 0.8� 1012 ions/cm2.
Furthermore, the saturation magnetic field Hs increases by a factor of
approximately 1/2 with the irradiation, i.e., effective PMA increases
approximately twice with irradiation (see the supplementary material
S3). Therefore, a considerable increase in the effective PMA owing to a
small amount of irradiation (0.8� 1012 ions/cm2) contributes to the
enhancement in theQ-factor.

Figures 2(a) and 2(b) show the phase diagrams of the skyrmions
in sample A (with annealing/aging for 8months) and B (without
annealing/aging for 8months), respectively. The horizontal and verti-
cal axes represent the ion fluence and measurement temperature,
respectively. The observation was performed using a MOKE micro-
scope under a perpendicular external magnetic field of �0.41mT. The
black and red plots indicate the creation and annihilation temperatures
of the skyrmion, respectively. Furthermore, the solid curves show the
interpolation by spline fitting. The plots and solid curves show the
results of the aged samples, which were irradiated approximately eight
months prior to performing the measurement. Regions with different
colors represent different phases. In the sepia-colored region, magneti-
zation is preferentially in-plane (IP). The skyrmion phase (SK) is stable
in the yellow-colored region. In contrast, in the sky blue region, a uni-
form out-of-plane magnetization state (OOP) or maze domain (MD)
is stable. In both cases, the skyrmion phase appears only in a narrow
temperature range (approximately 5K) between the OOP/MD and IP
phases.

As shown in Fig. 1, theQ-factor is smaller at higher temperatures.
Therefore, the film exhibits OOP/MD and IP in the lower- and
higher-temperature regions, respectively. However, in between, a sky-
rmion phase appeared. The energy of the straight DMI domain wall is
expressed as E ¼ 4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AexKu; eff

p
� pEDMI � EDipole.

41,42 Here, Aex,

EDMI, and EDipole are the exchange stiffness constant, interfacial
Dzyaloshinskii–Moriya interaction (i-DMI) energy, and dipole energy,
respectively. Furthermore, Ku; eff ¼ Ku 1� Q�1ð Þ is the effective

perpendicular anisotropy energy. The skyrmion is stabilized by the
i-DMI and/or dipole energies when the DMI and demagnetization
energies are balanced (Q¼ 1). Therefore, the narrow temperature
range of the skyrmion phase in our experiment is because of the small
size of i-DMI and dipole energy in our system (i-DMI is smaller than
�0.046 0.03 mJ/m2 in pristine samples, see the supplementary
material S4). Moreover, in our experiments, the skyrmions in the
Ta j Co–Fe–B j Ta film exhibit (i) enhancement of the diffusion coeffi-
cient in the 1D system and (ii) gyro-diffusion.12,43 Therefore, the
observed magnetic bubbles are classified as skyrmions with a definite
skyrmion number. A larger i-DMI is expected to expand the tempera-
ture range of the skyrmion phase as the previous studies about altering
i-DMI by ion irradiation.26,28,29,33,36,37

In Fig. 2, the phase boundaries for samples A0 and B0 without
aging (11 days after ion irradiation) are indicated by dashed curves.
The aging effect appears with the increase in the critical temperature
and is significant for films with larger ion fluences. The 8month-aging
does not cause a change in the critical temperature of the samples
without irradiation (ion-fluence¼ 0); however, it does affect the films
with non-zero ion fluence. The effect of aging is considered to be
related to the relaxation of atom positions after ion irradiation. In real
applications, the sample should be annealed at an appropriate temper-
ature after ion implantation to avoid the aging effect.

Identifying the mechanism to change the critical temperature by
ion irradiation is difficult because the skyrmion phase is stabilized by a
delicate balance between the magnetic energies. Therefore, in the fol-
lowing, we only attempt to gather circumstantial evidence.

Figure 3 shows the Gaþ implantation profile measured by TOF-
SIMS. The primary and etching ion beam sources are Bi and O2,
respectively. The x axis represents the sputtering depth converted
from the sputtering time, assuming that the half-value width of the Fe
peak is 1.2 nm. It should be noted that because of the different sputter-
ing rates and knocking-on processes, the scale is not correct for differ-
ent elements. The y axis represents the count of the detected
secondary ions. The ion count is dependent on the matrix element
(matrix effect). Therefore, the ion counts in different matrices cannot
be directly compared. Figures 3(a) and 3(b) show the depth profiles of
sample A with and without the FIB irradiation, respectively (the pro-
files of each element are shown in the supplementary material S5).

FIG. 2. Phase diagrams of the skyrmion film under the external magnetic field of �0.41mT in (a) sample A (with annealing/aged for 8 months) and (b) sample B (without
annealing/aged for 8 months). x and y axes indicate the ion fluence and measurement temperature, respectively. Plots indicate the creation (black) and annihilation (red) tem-
perature of the skyrmions. The solid curves show the interpolation via the spline fitting. Red, yellow, and blue painted regions indicate the in-plane (IP) magnetization, skyrmion
phase (SK), and out-of-plane (OOP) magnetization or maze domain (MD) state, respectively. The dashed lines indicate the phase boundary in samples A0 (with annealing/
aged for 11 days) and B0 (without annealing/aged for 11 days).
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The ion fluence is 0.8� 1012 ions/cm2. The two profiles are almost
identical except for Ga, with a faint trace of the knock-on process. Gaþ

ions are detected only in the sample subjected to the FIB irradiation.
As indicated by the profile, most of the Gaþ ions are certainly doped
into the Co–Fe–B layer. In order to verify the reliability of the experi-
ment, an ion-doping simulation called stopping range in matter
(SRIM)44 is conducted (see the supplementary material S6 on the dis-
cussion of the effect of low ion acceleration voltage). The parameters
used are the same as those used in our experiment and there are no
adjustment parameters. The simulation shows that most of the Ga
ions (approximately 30%) stop in the Co–Fe–B layer. This result is in
agreement with our observation (an increase in Ga-ion count in the Si
layer should be a matrix effect). For the extreme case where all ions are
implanted into the Co–Fe–B layer, the relative concentration of Ga
ions to the Co–Fe–B host atoms reaches 7� 10�3 at% for an irradia-
tion fluence of 0.8� 1012 ions/cm2. Thus, the concentration seems to
be considered to modulate the skyrmion stabilization energy.

We also performed atomic force microscopy (AFM) measure-
ments to verify sputtering of atoms from the sample (see the supple-
mentary material S7 presents further detail). However, the milling
depth resulting from the ion irradiation of 16� 1012 ions/cm2 is
approximately 0.2 nm, i.e., 1 atomic layer. The effect of milling the sur-
face corresponds to a 0.2–1.0K change in the critical temperature.10

Therefore, sputtering exerts a minor effect throughout our experiment.
As aforedescribed, the main mechanism to change the skyrmion

stabilization energy is expected to be Ga implantation, which may result
in the reduction of the demagnetization, PMA, exchange, and i-DMI
energies. Based on the reduction of all energy scales, the reduction in the
critical temperature for a large fluence region can be explained.
However, in the small-fluence region, the critical temperature increases
with an increase in the ion fluence. This result is consistent with the
observation in Fig. 1, where a small amount of ion-irradiation
(0.8� 1012 ions/cm2) increases the PMA. Anisotropic lattice strain and
rearrangement of atoms that are introduced by the implantation seem
to be adequate causes for it (see the supplementary material S3).
Microscopic parameters, such as changes in the atomic distance, coordi-
nation number, and preferential bond direction, should be considered

to clarify how a small fluence can provide such different behavior.
Microscopic measurements, such as XAFS experiments, are required to
further investigate this aspect.

Finally, we investigate the effect of irradiation on the Brownian
motion of skyrmions, as shown in Fig. 4. Because the lifetime of the
skyrmions in sample A (annealing/aged for 8months) is exceedingly
short to obtain a reliable diffusion coefficient, sample B (without
annealing/aged for 8months), with fewer skyrmion trapping sites was
used in this experiment. Figure 4(a) presents the mean squared dis-
placement (MSD) in and outside the irradiated region at 338 and
345K, respectively (black triangles and red circles, respectively). The
irradiation fluence shown by the black triangle plots is 0.8� 1012 ions/
cm2. The fluence is relatively small but sufficiently large to confine the
skyrmion in the irradiated area, as shown in Fig. 1. The MSD is
described by the ensemble average of the square displacements of the
skyrmions, and the diffusion coefficient D is obtained from the MSD
as follows:

MSD ¼ lim
t!1

x t þ Dtð Þ � x tð Þ
� �

� x t þ Dtð Þ � x tð Þ
� �� �

¼ 4DDt;

(1)

where Dt is the elapsed time from time t. The time step is set to 6 ms.
The diffusion coefficients shown in Fig. 4(a) are 4.6 and 4.8 lm2/s for
the irradiated and non-irradiated samples. Even after ion irradiation, a
comparable diffusion coefficient is obtained, although the temperature
ranges are different. In Fig. 4(b), the temperature dependence of the
diffusion coefficients is shown. Blue-inverted- and black-triangle plots
are the diffusion coefficients of the irradiated sample, 1.6� 1012 and
0.8� 1012 ions/cm2, respectively, and red circles are those of the non-
irradiated sample. In the irradiated sample, skyrmions appear at higher
temperatures. The observed maximum diffusion coefficients are greater
than 10 lm2/s in both cases. The dashed lines in Fig. 4(b) are those fit-
ted to the experimental results. As for skyrmion diffusion, the hopping
diffusion between defects in the sample is dominant.8,9 Therefore, the
activation energies of hopping diffusion can be obtained from the
slopes of the fitted lines, which are 5.91 eV (1.6� 1012 ions/cm2) and
6.17 eV (0.8� 1012 ions/cm2) for the irradiated samples and 6.32 eV
for the non-irradiated samples. Surprisingly, ion irradiation does not

FIG. 3. Depth profile of the film measured by the time-of-flight secondary ion mass spectroscopy (TOF-SIMS). (a) Depth profile of sample B0 (with annealing/one week after
ion irradiation) after FIB irradiation of 0.8� 1012 ions/cm2. (b) Depth profile of the sample without FIB irradiation. The depth is scaled using the Fe milling rate.
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change the activation energy. Therefore, small irradiation fluences do
not affect diffusion. Here, we found a condition to confine the skyrmion
while maintaining a high diffusion coefficient. A larger amount of irra-
diation reduces the diffusion coefficient (approximately 1 lm2/s for a
sample with 25� 1012 ions/cm2 fluence). However, the optimum flu-
ence to obtain the highest diffusion coefficient could not be determined
because of the limitation in the camera frame speed (130 frame/s),
which limits the measurement of a large diffusion coefficient (larger
than 30 lm2/s).

In summary, we investigated the effects of Gaþ-source FIB irradi-
ation on skyrmion films. The film stacking is TajCo-Fe-BjTaj
MgOjSiO2. The low-energy (5 keV) FIB irradiation affects the magnetic
properties and facilitates precise control of the critical temperatures in
a wide range from a few kelvins to several tens of kelvins. Particularly,
small fluence irradiation (1.6� 1012 and 0.8� 1012 ions/cm2) on the
non-annealed sample made confinement of the skyrmion possible
while maintaining a high diffusion coefficient (as high as 10 lm2/s).
Furthermore, the FIB irradiation does not change the activation energy
of diffusion. The results of this work can be applied to construct an
arbitrarily shaped potential landscape necessary for realizing future sky-
rmion circuits.

See the supplementary material for (S1) video of the skyrmions
in the non-irradiated region; (S2) video of the skyrmions in the irradi-
ated region; (S3) temperature dependence of the saturated magnetic
field; (S4) Brillouin light scattering measurement to obtain the i-DMI
energy density; (S5) profiles of each element obtained via the TOF-
SIMS measurement; and (S6) SRIM simulation to discuss the effect of
the acceleration voltage; and (S7) AFMmeasurements.
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