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Programmable Racetrack for Magnetic Domain Wall Motion
via Local Tuning of Exchange Biased Field

Hyun-Joong Kim, Kyoung-Woong Moon, Seongsoo Yoon, Kyongmo An, Changsoo Kim,
Seungmo Yang, Tae-Seong Ju, Jong Wan Son, Jung-1l Hong, and Chanyong Hwang*

To overcome memory bottleneck issues in memory-centric chip technologies,
in-memory computing has been considered an alternative route involving
simultaneous data storage and computing in a memory network. In the
context of spintronics, a memory-in-logic device based on spin-transfer-torque
or spin-orbit-torque magnetoresistive random-access memory, and a
magnetic domain wall (DW) racetrack has been studied. To expand the
functionalities of a conventional magnetic DW racetrack, the study devises a
reprogrammable exchange-biased DW racetrack with local engineering of the
exchange bias field (H) in continuous magnetic films without requiring a
lithography process for specific patterning of the films. Furthermore,
current-driven and field-driven DW motion along the exchange-biased
racetrack is demonstrated. Additionally, within the route of the locally different
exchange-biased racetrack, a gate function can be performed to guide or stop
DW motion by locally tuning Hg. The complex maze racetrack is rewritable,

and multiple input channels can be controlled.

1. Introduction

The magnetization state, as a collective manifestation of electron
spin, can represent ‘1’ and ‘0’ for data storage devices. Despite the
wide industrial use of magnets for data storage, fabricating a mi-
croprocessor using spin-based logic devices could pose a signif-
icant challenge. Recently, Jung et al.l'l demonstrated in-memory
computing architectures using a crossbar array. Allwood et al.[?]
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devised a proof of concept of an in-plane
field-driven domain wall (DW) logic for
implementing various logic functions.
Parkin et al.’] experimentally demon-
strated an electric current-driven DW
racetrack memory in a nanowire for in-
formation storage. Luo et al.* have re-
cently demonstrated electric logic op-
erations in DW racetracks. Therefore,
the use of logic operations as well as
data storage based on DW racetracks
has been drawing increased attention
and is an essential task in spintronics.

An exchange-coupled antiferromag-
net (AFM)/ferromagnet (FM) heteroge-
neous system has utilized the exchange
bias effect for versatile functionalities
in spintronic devices such as magnetic
random-access memory (MRAM).[5-10]
The exchange-biased spin valve,'12] in-
volving the pinning of FM magnetization
combined with AFM, has been suggested as a representa-
tive system for developing the giant magnetoresistance or tun-
neling magnetoresistance phenomena in information storage
devices.*1314] The exchange bias effect manifests as a phe-
nomenon in which the FM layer experiences an additional mag-
netic field due to the magnetization of the AFM layer, termed an
exchange bias field (Hg). In further studies, control of Hy has
been achieved via the application of diverse external stimuli, in-
cluding electric current,[’>"°! electric field?>?2) mediated with
piezoelectric strain,[*-26] or voltage-driven ion migration(?’->°],
and optical light with helicity.?*] Recent studies*3!-**] on FM
domain wall (DW) motion in AFM/FM systems have focused
solely on H, control, but manipulating DW motion through AFM
magnetization control has been rarely studied. In our previous
report,**) we demonstrated FM DW motions influenced by spin
current-induced AFM switching. This indicates that Hj is tun-
able and can influence DW motions.

In the present work, within an exchange-coupled bilayer sys-
tem, we achieved a locally different exchange-biased (LDEB)
DW racetrack and LDEB magnetic patterning in a contin-
uous film through local reconfigurable engineering of Hy,
without conventional processes such as lithography, milling,
and etching for permanent fabrication of wires, crossbars,
or complex-patterned films. The local engineering of Hy was
performed through localized field cooling (LFC) of the AFM
magnetization. In previous reports,[>>3%! local heating via laser
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Figure 1. a) Schematic view of the continuous multilayer. The exchange-coupled FM/AFM bilayers with a Cu space layer between the bilayers consisting
of Co (0.7 nm)/Cu (1 nm)/IrMn; (6 nm) were grown on Ti (3 nm)/Pt (3 nm) buffer layers on SiO, substrate with Pt (2 nm) capping layer and LFC
treatment using laser heating under H, bias. b) The as-deposited sample’s magnetic hysteresis loop and MOKE images of magnetic domain expansion,
the time interval of each image (ii—iv) is 30 ms, and the field-driven DW speed is ~0.8 mm/s. m represents a normalized magnetization vector of the FM
layer. c) Local engineering of Hg was achieved after LFC treatment at the red square (100 um X 100 um). d) ‘Albert Einstein’-exchange biased magnetic
patterning. In each image, Roman numerals indicate the sequence of state changes.

irradiation was shown to induce the AFM-FM transforma-
tion in FeRh film and enable control of the exchange-biased
AFM/FM system.

Magnetic DW racetracks have garnered tremendous interest
and are considered a new concept for memory and logic de-
vices due to their advantages of nonvolatility, fast data processing,
and high density.2*37~*] Our local H; engineering enables vari-
ous types of LDEB DW racetracks, replacing conventional wire-
patterned DW racetracks. Moreover, we achieved a function of the
LDEB gate for halting or controlling the field- or current-driven
DW motion in the LDEB racetrack. A multibranch or complex
maze type of racetrack was rewritable in a continuous magnetic
film, and multiple input channels could be created. Thus, our
LDEB magnetic patterning can be expected to diversify and ex-
pand the functions of conventional DW devices.
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2. Results and Discussion

2.1. Local Engineering of H; via LFC Treatment

Multilayers of Ti (3 nm)/Pt (3 nm)/Co (0.7 nm)/Cu (1 nm)/IrMn,
(6 nm)/Pt (2 nm) were deposited at room temperature on a SiO,
substrate by magnetron sputtering (Figure 1a). The depositions
were achieved under a z-axis-oriented external magnetic field
(H,) along the upward-perpendicular direction (+z) with respect
to the sample plane to establish a unidirectional and perpendicu-
lar Hy, over the entire film surface. Consequently, the perpendic-
ular magnetic hysteresis loop of the initial as-deposited sample
was shifted by —75 Oe (Figure 1b). The magnitude of this loop
shift can be obtained from the average value of the two coer-
cive fields (120 Oe and —270 Oe in Figure 1b). This shift can be
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interpreted as requiring H, of =75 Oe to offset Hy of +75 Oe due
to the +z direction of IrMn; AFM magnetic momentum at the
interface between FM Co and AFM IrMn; with the 1-nm-thick
Cu space layer. The role of the Cu space layer is to alleviate the
strong and direct exchange coupling of the FM/AFM bilayers. Ac-
cordingly, as the thickness of the Cu space layer increases, the
magnitude of Hy decreases (Figure S1, Supporting Information).

The magnetic images in Figure 1b observed by a magneto-
optical Kerr effect (MOKE) microscope show how the magneti-
zation reversal of the FM layer of the as-deposited sample oc-
curred (see Experimental Section). The MOKE microscope was
set up so that magnetization in the —z direction (down) appeared
dark gray, and magnetization in the +z direction (up) appeared
light gray. Initially, the entire magnetization of the FM layer was
maintained in down-magnetization by negative H, (Figure 1bi).
When the H, value was set to +120 Oe, circular up domains were
nucleated and expanded (Figure 1bii-iv). Through this process,
a down-up (from down to up) magnetization reversal of the FM
layer was completed. Since the shape of the observed circular do-
mains was point symmetrical, it can be seen that the magnetic
properties in the observation area were uniform.

Typically, a realignment of the AFM magnetic moment via the
field-cooling procedure is required for setting or resetting the H.
This involves heating the AFM above the Néel temperature (Ty)
to overcome the existing anisotropy, followed by cooling in a mag-
netic field. Thus, our LFC procedure irradiated a focused laser
light with a 35-mW power and 660-nm wavelength for 10 ms to
heat a selected area of the sample. In general, the T of the IrMn,
thick layer was reported to be ~550 K.[*] The blocking temper-
ature (Ty) of the IrMn film depends on the thickness,!*! with
reported values corresponding to 450 K for a 3.5-nm layer!*’] and
520 K for a 9.1-nm layer.**] Thus, the T; of the 6-nm-thick IrMn,
layer used in the present work was expected to be between 450
and 520 K. To investigate whether the temperature of the sur-
face area irradiated by the laser light increases above the Ty, the
temperature increase was simulated (see Figure S2, Supporting
Information). The calculation yielded a temperature increase of
over 550 K to realize the LFC procedure. Additionally, the calcu-
lation result showed that the temperature increase and decrease
converged within 1 ps, so it is assumed that all experiments after
LFC were performed under room temperature conditions (Figure
S2¢, Supporting Information).

Practically, switching the magnetic moment direction of IrMn,
from upward to downward at the interface between Co and IrMn,
requires applying a negative H, bias during LFC. Therefore, the
local area corresponding to the red square (100 um x 100 pm) was
heated by laser light under — H, (= —200 Oe) bias (Figure 1c) (see
Experimental Section for further details). As a result, at +120 Oe
of H, bias during the down-up reversal, the down magnetic do-
main (dark gray) is switched into an up domain (light gray) at the
outside area of the yellow solid-lined box, while it still retains its
down magnetization state at the inside area of the box (Figure 1c).
From the two coercive fields (150 Oe and —142 Oe) obtained from
the locally measured hysteresis loop, Hy, in the LFC-treated area
was estimated to be —4 Oe. However, obtaining H, from the two
coercive fields is not reliable when the sample uniformity is bro-
ken, and this will be discussed later.

The LFC via laser heating can change H; locally, demonstrat-
ing the feasibility of an exchange-biased magnetic pattern within

Adv. Electron. Mater. 2024, 10, 2400027 2400027 (3 of 9)

RIGHTS L1 N Hig

www.advelectronicmat.de

continuous films. After local engineering of H with a specific
pattern corresponding to the orange-color image of Albert Ein-
stein (Figure 1di), the pattern maintained down magnetization
even if other areas experienced the down-up magnetization re-
versal by +120 Oe of H, (Figure 1dii-iv). In addition, despite re-
peated up-down or down-up magnetization reversals by apply-
ing negative or positive H,, the ‘Albert Einstein image’ of the
exchange-biased magnetic pattern remained, indicating the pos-
sibility of use as a memory device.

Albisetti et al.*®] achieved local engineering of in-plane Hy
in directly exchange-coupled IrMn/in-plane magnetic anisotropy
CoFeB bilayers system via LFC using the hot tip of a scan-
ning probe microscope (SPM). Additionally, in the article, it was
demonstrated that spin-wave excitation and propagation were lo-
cally controlled in reconfigurable magnetic patterns via thermally
assisted magnetic scanning probe lithography (tam-SPL). Simi-
larly, our present work could locally control and reprogram a con-
figuration of Hy via LFC by laser heating. To implement this, the
local area as illustrated in Figure 1c was heated again by irradiat-
ing laser light under + H, (=+200 Oe) bias. Additionally, to in-
crease the accuracy of H; measurement, a method was devised
and used to find the H, value that stops all the DWs (see Experi-
mental Section). Then, the Hy. of the area was switched from —12
Oe to +16 Oe as shown in Figure 2a. Furthermore, successive Hy
switching was observed after LFC under positive and negative H,
bias (Figure 2b).

The imperfect Hy switching with a small magnitude might be
induced by a lack of experimental laser heating overcoming Ty
or T, of AFM. Since the local area by LFC treatment is the size
of the laser spot (%2 um?), we used the laser scanning method
for patterning a larger area. Consequently, there might be a dif-
ferent result of Hy switching between global and local field cool-
ing treatments because the intensity of laser light has a Gaussian
shape, which will cause uneven temperature distribution. To im-
prove this phenomenon, an experimental system or material of
the film needs to be optimized, including the irradiation of flat-
top laser light with high power under vacuum conditions or the
replacement of AFM with low Ty or Tj.

2.2. Writing—Erasing—Rewriting Function of LDEB Pattern

Using these successive Hj switching processes, the writing-
erasing-rewriting function of the LDEB pattern in an identical
area was investigated (see Figure 2c¢). First, for the as-deposited
sample, circular up-magnetic domains were nucleated and ex-
panded under positive H, (+120 Oe) bias. Then, the 1st process,
corresponding to laser heating on an orange-colored pattern —
the ‘cat in the box’ — under —H, bias, was carried out. The 1st pro-
cess left down-magnetic domains of the ‘cat in the box’ pattern
during down-up reversal. Sequentially, the 2nd process was per-
formed to remove only the cat from the ‘cat in the box’ pattern.
The 2nd process involved heating the area in the red square cov-
ering the cat pattern under + H, bias. As a result, during down-
up reversal under identical H, (+120 Oe) bias, the empty box-
patterned domains remained. Finally, the 3rd process, laser heat-
ing on the orange-colored pattern — ‘Albert Einstein’ — with nega-
tive H,, was done, and then he appeared in the empty box under
identical H, (+120 Oe) bias during down-up reversal. Therefore,
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Figure 2. a) Switching of Hg after LFC treatment using laser heating and +H, bias. b) The successive H switching. c) Writing-erasing-rewriting function
of exchange-biased magnetic patterning in an identical area. Green arrows indicate the order in which the experiments were performed.

the writing-erasing-rewriting capability via our LFC method was
demonstrated.

2.3. LDEB Racetrack

In addition to this, we devised an LDEB magnetic DW racetrack
in the continuous magnetic film. Figure 3a displays an expan-
sion of the circular up domain under +120 Oe of H, bias in the
as-deposited sample as well as LFC at the orange-colored pattern
for achieving the DW maze racetrack. As a result of the LDEB
patterning, the DW could move along the LDEB maze racetrack,
as shown in Figure 3b (the movie is available in the Supporting
Information). Note that when the track width is narrow, the speed
of the magnetic domain wall tends to slow down because it is rel-
atively more influenced by the track edges (see Figure S3, Sup-
porting Information).

2.4. Current-Driven DW Motion in the LDEB Racetrack

Our LDEB patterning process could be expected to develop func-
tionalities in DW motion-based memory or logic devices. Thus,
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we investigated the feasibility of the field- and current-driven DW
motion in the LDEB racetrack. To flow a charge current, a 100-
um-wide wire-patterned film was fabricated by conventional pho-
tolithography (Figure 4a). First, we investigated the field-driven
DW motion on the as-deposited multilayer with uniformly in-
herent positive Hy (~+75 Oe). Under the positive H, bias, an
up domain expanded along the wire in the process of down-up
reversal (Figure 4ai-ii); this was shown as natural behavior due
to the uniform Hj inherent within the overall film surface. Next,
LFC was performed on the orange-colored area under —H, bias
to pattern the Y-shaped racetrack (Figure 4b). After this process,
it can be expected that one area corresponding to the inside of
the Y shape indicated by the yellow dotted line has a uniformly
negative Hg, whereas other outer areas still retain the positive
H;. Thus, under +120 Oe of H, bias during down-up reversal,
the up magnetic domain expanded except for the patterned area
(Figure 4ci—v).

To investigate the feasibility of the current-driven DW motion
along the LDEB Y-shaped racetrack as well as the field-driven DW
motion (Figure 4c), a current was injected into an identical wire-
patterned sample. Typically, the spin-polarized current is gener-
ated because of the spin Hall effect (SHE), where the polarized
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Figure 3. a) MOKE images (i and ii) of up domain expansion of as-
deposited sample during down-up reversal, and the image (iii) shows local
engineering of Hg at the orange-colored pattern for the DW maze race-
track. b) After the process as shown in the image (iii), up expansion, and
DW motion along the LDEB maze racetrack, the time interval of each im-
age is 2-s, and the field-driven DW speed is ~0.07 mm s~

spin (Sp) is proportional to the cross product of the charge current
density (jc) and the spin current vector (js) in the Pt layer when
a charge current flows through the 100-um-width wire of a heavy
metal Pt layer (Figure 4d). Despite the SHE in IrMn;, the spin
current generated from the bottom Pt layer can be more domi-
nant due to ~20 times greater resistivity of IrMn (225.8 pQ-cm)
than that of Pt (10.6 uQ-cm). The spin-orbit torque (SOT), in-
duced by injecting S; into the magnetic layer, can generate an
effective magnetic field, Hqoy, given by: [467:1618.39]

(S, xm) M

where 7, 0y, e, M,, t, and m are the Planck constant, spin Hall
angle, electron charge, saturation magnetization, magnetic layer
thickness, and normalized magnetization direction. By applying
Equation (1) into the Néel-Left DW, the Hy, can be induced and
can act like a perpendicular external magnetic field along the
positive z-axis at the DW center (Figure 4d). Experimental evi-
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dence supporting the left-handed Néel DW in our sample struc-
ture was shown in Figure S4 (Supporting Information), and the
magnitude of Hyor could be obtained from the modulation of
the DW dynamics induced by the SOT as shown in Figures S5
and S6 (Supporting Information) (see Section 4; Section S5, Sup-
porting Information for further details). The current-driven DW
motion thus becomes possible, and the direction of the motion
is illustrated as the green arrow in Figure 4d. Based on the SHE-
SOT mechanism mentioned above, the current-driven DW mo-
tion along the wire-patterned racetrack was achieved (Figure 4e).
By applying several H, pulses with an amplitude of +100 Oe (0.1-
s duration), a DW paused at the entrance of the Y racetrack, and
then only a current of 40 mA without H, was injected to move the
DW. As a result, the successive images (i—v) of Figure 4e signif-
icantly indicate the current-driven DW motion along the Y race-
track. On the other hand, when a negative current of -40 mA was
injected along the —y direction, the DW could not move along the
opposite direction due to a lack of Hyyy to offset inherent Hy.
Thus, negative H, bias or higher negative current is needed to
move DW (see Figure S7, Supporting Information). Note that, the
DW motion can be explained by principles other than the SHE-
SOT mechanism, but the SHE-SOT mechanism is the principle
that properly explains the direction of DW motion (see Section
S7, Supporting Information for further details).

2.5. Control of Input Channels via LDEB Gate Function

In the present work, we demonstrated field-driven as well as
current-driven DW motion based on the LDEB racetrack within
continuous magnetic films without using the patterned films
shown in Figure 4. Furthermore, we investigated the feasibility of
controlling input channels based on selective gating of DW mo-
tions (Figure 5). After the procedure of the LDEB Y-shaped race-
track in an identical way as depicted in Figure 4, the gate in the left
branch of the Y racetrack was closed by laser heating on a green-
colored rectangular area under negative H, bias (see illustration,
Figure 5a). It can be expected that the closed left gate (illustrated
by the red-colored rectangular area) and the inside area of the
Y shape indicated by the yellow dotted line in Figure 5a have a
uniformly negative H, whereas other areas still retain a positive
Hg. Thus, for the field-driven (under +120 Oe of H, bias dur-
ing down-up reversal) and the current-driven (injection of +40
mA along the +y axis) DW motions, one DW stopped at the left
gate while the other DW moved to the end of the right branch
(Figure 5ai-iii). To open the left gate again, laser heating was per-
formed on the green-colored rectangular area under a positive H,
bias (see illustration in Figure 5b). After that, successive images
(i~iii) of Figure 5b show that the DWs, driven by the field or the
current, are well-moved to the ends of both branches. Therefore,
we experimentally demonstrated the functionality of the LDEB
gate to open or close to pass or stop the DW.

To achieve a logic input representing magnetization states at
the end of two branches of the LDEB Y racetrack (illustrated by
red squares in Figure 5c), where up-magnetization and down-
magnetization are represented as ‘1’ and ‘0’ for digital data, re-
spectively, the two LDEB gates (Gates 1 and 2, Figure 5c) were
used within each branch of the Y racetrack. Accordingly, vari-
ous logic inputs (1,1), (0,1), (1,0), and (0,0) could be realized by
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(i)
Figure 4. a) Field-driven DW motion in 100-um-width wire pattern of the as-deposited sample under +120 Oe of H, bias during down-up reversal. b)
After LFC treatment for the LDEB Y-shaped racetrack; c) field-driven DW motion along the Y-shaped racetrack and the time interval of each image is
500-ms, and the field-driven DW speed is ~0.03 mm s~'. d) Illustrations of the spin-polarized current by spin Hall effect (SHE) in the Pt layer and the
current-driven DW motion based on the mechanism of spin-orbit torque (SOT). e) Current-driven (40 mA) DW motion along the LDEB Y racetrack, the
time interval of each image is 1-s, and the current-driven DW speed is ~#0.02 mm s~'. In each image, Roman numerals indicate the sequence of state
changes.

opening or closing Gates 1 and 2 as magnetization states at the  nal. Setting the input magnetization state consumes energy each
ends of two branches (Figure 5c). These LDEB gates will work  time. However, the presented LDEB gate is expected to be useful
well with DW logic devices. The DW logic devices make a uni-  when initializing DW logic devices because no additional energy
form magnetization state with a strong magnetic field and go  is consumed unless the set input value is changed. Additionally,
through steps to set the magnetization state of each input termi- by LDEB patterning, multiple branch-shaped racetracks and the
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Figure 5. a) Successive images (iiii) of field- and current-driven DW motion in the LDEB Y racetrack for a closing gate by laser heating under —H, bias.
b) Opening the gate by laser heating under + H, bias. c) Performance of various inputs by closing or opening the gate using LDEB. In each image,

Roman numerals indicate the sequence of state changes.

gate can be expected to facilitate the realization of a demultiplexer
function defined as a circuit that can distribute or deliver multiple
outputs from a single input.

3. Conclusion

In summary, we have demonstrated in an exchange-coupled sys-
tem, comprising AFM IrMn, /FM Co with a Cu space layer, the re-
alization of a reprogrammable Hy via LEC using instantaneous ir-
radiation of a laser pulse with a magnetic field bias. This approach
allowed for the continuous writing-erasing-rewriting of various
exchange-biased magnetic patterns on the same area through lo-
cal tuning of Hp, thereby extending its utility as a storage de-
vice. Additionally, we showcased the exchange-biased FM DW
motion along the LDEB complex racetrack. Moreover, the incor-
poration of the LDEB gate function within a route of an LDEB
racetrack with multiple branches enables the utilization of mul-
tiple input channels in next-generation magnetic DW devices. In
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future endeavors, it may be plausible to move an exchange-biased
skyrmion or bubble along the LDEB racetrack. Furthermore, for
practical high DW speed operation in the LDEB racetrack, the in-
jected current density should exceed that of the present work (a
few 10® A m~2). An exploration of the optimal DW speed in the
heterogenetic system of AFM and FM will be imperative, involv-
ing the control of layer thickness and the substitution of other
AFM materials. Previous studies in heavy metal (HM) Pt/FM
Co/HM Pt structures have indicated that fine thickness control
of the up or down Pt layer can influence DW speed.*) In this
paper, we utilized an easily accessible visible light microscope
to verify the feasibility of LFC, with a resolution limited to ~1
um. To implement local engineering of Hy on a smaller scale
below a few hundred nm, smaller scale-local engineering of Hy
can be achieved through thermally assisted magnetic scanning
probe lithography (tam-SPL) using a hot tip of a scanning probe
microscope.[*®! Alternatively, localized field cooling using EUV
(Extreme Ultraviolet) light might be another viable method if the
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EUV light possesses high energy and generates significant heat.
Furthermore, since the magnetic domain wall width of the per-
pendicular magnetic thin film is 10 nm, this dimension repre-
sents the final limit of device size.

4. Experimental Section

Multilayers of Ti (3 nm)/Pt (3 nm)/Co (0.7 nm)/Cu (1 nm)/IrMn; (6
nm)/Pt (2 nm) were deposited on SiO, substrates at room temperature by
magnetron sputtering with a base pressure of ~1x107° torr. To establish
a unidirectional and perpendicular Hg, the deposition process was con-
ducted under a z-axis-external magnetic field (H,) oriented in the upward-
perpendicular direction with respect to the sample plane.

The magnetic domain, the DW motion, and the magnetic hysteresis
loops were observed by the MOKE microscope under an external H, us-
ing out-of-plane electromagnets. To obtain a magnetic image, the mag-
netization state of the FM layer was set as a background image with
uniform magnetization in the —z direction, and this background image
was subtracted from the observed image. In the magnetic image, the up-
magnetization (+z) state of the FM layer appears in light gray, and the
down-magnetization (—z) appears in dark gray. The Kerr signal was nor-
malized using the brightness of the up and down states.

To tune Hg by the LFC method in a local area, a pulsed laser with a
maximum power of 110 mW and wavelength of 660 nm under external
H, bias was used on the sample for a duration of 10 ms. However, the
actual irradiated laser power on the sample surface through the optical
components was 35 mW. This laser power was determined by finding con-
ditions to change the magnetization state without damaging the sample
surface (see Figure S8, Supporting Information). The numerical aperture
of the objective lens used was 0.6, enabling a spatial resolution of 0.67 um
according to the Rayleigh criterion. However, the measured radius of the
focused laser was 0.8 um (Figure S2b, Supporting Information). This dif-
ference was thought to be because the diameter of the parallel beam laser
was &3 mm and did not completely fill the aperture of the objective lens.

To find the value of H, that stops DWs, first H, was adjusted appropri-
ately so that DWs exist in the observation area. Then, an additional oscillat-
ing perpendicular magnetic field was added to the external perpendicular
field such as H,,;sin(2zft)+H,. Here, H,,, (~200 Oe in this paper) was
an amplitude, and f (20 Hz in this paper) was a frequency. H,,,sin(27ft)
caused the DWs to move back and forth. If H, and H do not cancel each
other out, the overall magnetization state will converge to either the up
or down state because the DWs travel different distances back and forth.
The up and down states were determined by the sign of H,+Hg. When H,
and Hg cancel each other out, many DWs can remain, which means that
the up domains and the down domains are well mixed. Figure 2a shows
the experimental result, and Hg was obtained from the point where the
Kerr signal becomes 0 (see Section S9, Supporting Information for further
details).

The increase in temperature within the sample was calculated using the
COMSOL finite element simulation software according to a laser power of
35 mW. To implement the LDEB magnetic pattering and the LDEB DW
racetrack, the laser pulse irradiation was scanned and moved along the
patterns by a translation stage (the moving distance along the x-axis or
y-axis with a minimum step of 1 pm). To realize the current-driven DW
motion by SHE-SOT, a current of 40 mA was injected into the 100-um-
width wire-patterned sample using a current source (KEYSIGHT B2901A).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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