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1. Introduction

Skyrmions have attracted a great attention in spintronics because of their

potential use as robust information carriers with distinctive protection.
Though the realization of skyrmion-based devices requires flexible control of a
skyrmion motion, achieving such a skyrmion motion has been hampered by
the skyrmion Hall effect (SkHE), which refers to the presence of a finite angle
between a current and the skyrmion trajectory. Here, new insight for the
precise control of half-skyrmion motion is presented, including complete
suppression of the SKHE by deforming the internal structure of skyrmions,
which is experimentally achieved by external magnetic field to steer
current-driven half-skyrmions in the desired direction. Furthermore, based on
the unique advantages in half-skyrmions, the potential of half-skyrmions
application beyond skyrmion-based electronics is also demonstrated by
presenting simple half-skyrmion-based addition/subtraction operation. The
findings of controllability of 2D half-skyrmion motion will provide new
perspectives on utilization of topological solitons for device applications.
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Since the first observation of magnetic
skyrmion,l!l a variety of works on the
skyrmion show diverse novel topo-
logical phenomena including emer-
gent electromagnetism,/>?]  topological
Hall effect* and skyrmion Hall effect
(SKHE).56] In particular, their topologically
protected particle-like behavior, along with
outstanding efficiency of current-driven
motions enable magnetic skyrmions to
become one of the most promising alterna-
tives serving as robust information carriers
in the next-generation spintronic devices.!”]
In this regard, attaining a firm under-
standing of the current-driven skyrmion
dynamics remains a key step towards ex-
tending their use in spintronic applications
such as skyrmion-based memories,®’!
skyrmion neuromorphic devices,!'” and
skyrmion logic devices.['!) Considering magnetic skyrmions as
a rigid body, the current-driven skyrmion dynamics are well de-
scribed by the Thiele’s approach under the current as follows 3121

Gxv—aD -v+F=0 (1)
where the skyrmion motions are in the xy-plane, G = —47Q2 is
the gyromagnetic coupling vector with the topological num-
ber Q, which measures how many times the normalized
magnetization vector m wraps the unit sphere, defined as
Q= i Jm-(0,mxdm)dxdy; v is the drift velocity of

skyrmions, a is the damping constant, D is the dissipation
tensor and F is the driving force provided by the current. The
first term of Equation (1) implies the inherent presence of
transverse components in drift velocity with respect to the F
direction, thereby causing the deflected motion of the current-
driven skyrmions (called as “SKHE”). As a result, the skyrmion
meets the edges of patterned devices!™! due to the SKHE. If
the repulsive force generated at the edge is large enough, the
skyrmion will move stably along the edge. However, if current is
too high to push the skyrmion towards the edge, the skyrmion
can annihilate. Thus, the widespread use of skyrmions in spin-
tronic applications significantly needs precise manipulation of
SkHE, along with unlocking their underlying physics. For this
issue, there have been several suggestions to eliminate the SkKHE
by using antiferromagnets or synthetic antiferromagnets,*14
where the net topological number of two coupled skyrmions
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Figure 1. Chiral stripe domain elongation with different core magnetization configurations. a) Schematic diagram of the W/CoFeB/MgO/Ta multilayer
stack (left) and optical micrograph of the fabricated microwire. The red boxed area is observed. b) Initial domain formation after nucleation with the
nucleation current Iy = +0.11 A. Dark (light) grey corresponds to +z (—z) magnetization domains. c) Up-stripe domain elongation effect by the x-
axis current injection with the current density, j = +6.38 X 106 Acm~2, which has an angle of —22° with respect to the x-axis (current direction). d)
Initial domain formation with the reversed magnetization configuration through the opposite nucleation current Iy = —0.11 A. ) Down-stripe domain
elongation by the same current (j = +6.38 x 106 Acm~2) with the opposite angle, +22°. All scale bars are 10 pm.

with opposite charges is zero. However, these approaches can
only serve the zero topological number so that fine manipulation
of the SKkHE cannot be achieved. One possible approach to
control the SKHE accurately has very recently been suggested, ]
that is, controlling of the angular momentum in ferrimagnets
with variations of the temperature. However, a suitable way to
suppress and even exactly control the SKHE for integration with
complementary metal-oxide-semiconductor (CMOS) devices is
still lacking. By addressing this open issue, we present that the
internal structure of skyrmions can be a key for manipulating
the SKHE. In this work, the half-SKkHE is substantially mod-
ulated even in its sign by deforming the internal structure of
half-skyrmion, which was achieved by employing external mag-
netic fields. It demonstrates that the internal structure is a novel
approach to control the SKHE beyond material parameter control
or topological number engineering. In addition, it is worth not-
ing that the half-skyrmions present its unique advantages which
cannot be realized by full-skyrmions. The half-skyrmions leave a
trace along its trajectory during moving. This unique character-
istic can make half-skyrmions distinct from full-skyrmions. For
example, a recent paper!!®l reported the imaging of inhomoge-
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neous current path using the remained trajectory half-skyrmion
motion, which cannot be realized by full-skyrmion. Especially,
for a certain logic application, where more than two skyrmions
should interact with each other, this characteristic can be more
efficient when adopting half-skyrmions. For interacting two
full-skyrmions, the arrival time of the full-skyrmions at the
particular position should be synchronized, which is technically
hard to achieve. However, half-skyrmions do not need to be
time synchronized because they leave a trace. Therefore, we
believe that half-skyrmions are another significant research
subject for investigating novel magnetic phenomena (related to
topological physics) and also for novel spintronics application
beyond full-skyrmion-based application.

2. Results and Discussion

To demonstrate the dependence of half-skyrmion dynamics
on the external magnetic field, we investigated Si/SiO,/5 nm
W/1.3 nm Co,,Fe¢,B,,/1 nm MgO/3 nm Ta films. Each sample
was patterned into a typical Hall bar shape, as shown in Fig-
ure 1la. The films have the perpendicular magnetic anisotropy
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(PMA) that prefers +z or —z directions of magnetization. After
magnetic saturation of the entire film along the +z direction us-
ing the +z external magnetic field, we injected a current pulse
(0.11 A) through the nucleation line (Figure 1a) that generates
the Oersted field, where the Oersted field is around 70 Oe, which
is higher than the coercivity field (Supporting Information S2).
The Oersted field reverses the magnetization near the nucleation
line to the —z direction. The magnetic domains were investigated
using a magneto-optical Kerr-effect microscope (MOKE). The +z
(—2) magnetization domain is shown as dark (light) grey in Fig-
ure 1b. Then, at the transition region between the two differ-
ent domains, a domain wall with in-plane magnetization com-
ponents is formed for lowering the exchange energy.!'’! Because
the studied film exhibits the finite Dzyaloshinskii-Moriya inter-
action (DMI) constant of #—0.43 m] m~2, confirmed by Brillouin
light scattering measurement (see Supporting Information S1),
the domain walls are expected to have the chiral Néel-type config-
uration (insets of Figure 1b,d). In this configuration, as the result
of spin—orbit torques (SOT) on the chiral domain walls, the elec-
trical current along the x-axis (orange arrow in Figure 1) in the
W layer induces the stripe domain elongation as confirmed in
Figure 1c,e. According to a recent study!’! on the elongation of
a pinned magnetic bubble driven by SOT, the overall dynamics
is determined by the motion of a half-skyrmion with topological
charges Q = =+ 1/2 atthe end of the stripe domain.[*®! Thus, ex-
amining the elongation angle of the stripe domain corresponds
to investigating the SKHE of a half-skyrmion.

The limitation of the current-induced elongation of the stripe
domains in the absence of an external magnetic field can be un-
derstood as follows. When a current is applied to the up-stripe
domain, it elongates with an angle of —22° measured counter-
clockwise from the current direction (Figure 1c). However, the
opposite domain (down)-stripe elongation has an opposite angle,
+22°. The result indicates that the magnetization direction of the
stripe domain correlates with the sign of the stripe domain elon-
gation angle. This sign reversal of the angle with the inversion of
magnetization configurations can also be explained by the SkHE
of a half-skyrmion with the following relation obtained from the
above Thiele’s equation for the SKHE of a half-skyrmion:[*°]

204
Ogyp ~ tan~! <&>

ar @
where 0g,; is the skyrmion Hall angle (SkHA), 4 is the domain
wall width and r is the radius of the half-skyrmion. Based on
the above theory accounting for the current only, the manipula-
tion of the SkHA is possible only through variations of «, r, and
2815191 However, among these parameters, the radius of the half-
skyrmion determines the device size because the half-skyrmion
is an information carrier. Thus, it can be a challenging issue to
change a, A with keeping the half-skyrmion size. Therefore, for a
new method for SKHE manipulation, we generalize the existing
theory for a chiral stripe domain elongation to the cases with the
simultaneous presence of external magnetic fields and SOT.

To understand the skyrmion (including half-skyrmion) mo-
tion subjected to the external magnetic field, the governing
equation of motion for skyrmions, Thiele’s equation, needs to
be thoroughly investigated. Thiele’s approach starts with the as-
sumption that the non-collinear spin texture moves maintaining
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its configuration, that is, h = —(Ry, - V)m,, where R, describes
the position and m, is the magnetization configuration. Plug-
ging the above condition into the Landau-Lifshitz—Gilbert (LLG)
equation under the magnetic field and the damping-like SOT,
LLG becomes

- (Rg - V) my = —yymx Hz —am X (Rg - V) m,

+y,74m X (6 X m) (3)
Here, y, is the gyromagnetic ratio, Hy (=H, + H,,,) is the
total effective magnetic field, H;, is the internal magnetic
field, H,,, is the external magnetic field, 74 is the strength of
damping-like SOT, and o is the pumped spin direction. The
main idea of Thiele’s approach is to convert this equation of
motion into a transitional equation of motion by multiplying
m, X 9;m, (i = x,y) and integrating the resultant equation over
the magnetic configuration. Then, the consequent Thiele’s
equation for the motion of skyrmions with H,,, = 0 is given
as Equation (1) because H,,, is parallel to m,. If the external
magnetic fields are added, an additional reduced force is gener-
ated as [(—y,m X H,,) - (m, X 9;m,)dxdy. The word “reduced”
is used here because the considered forces are normalized by
the areal angular momentum density (J - s m~2) and thus have
units of velocity (m s7'). The forces discussed hereafter should
be understood as the reduced forces. The generation of an
additional force in Thiele’s equation by an external magnetic
field indicates that the skyrmion motion can be modulated by it.

2.1. Chiral Stripe Domain Elongation under Out-of-Plane
Magnetic Fields

Hirata et al.l™®! explained the elongation of chiral magnetic
bubbles by considering a balance between several types of forces
exerted on the rigid half-skyrmion end: the gyrotropic force
F, = —47Qp(2 x ¥), the pinning force F, = —F¥, the dissipative

force Fy = —aDv¥ and the SOT force F; = Zna’ ¢ where vis the
half-skyrmion speed, ¥ is the unit vector of the elongation direc-
tion, and D is the strength of the dissipative tensor. Note that the
analytical results presented below hold only for half-skyrmions
and the SKHE represents the Hall effect of a half-skyrmion. As
explained above, the stripe elongation angle in Figure 2a corre-
sponds to the SKHA (6g,;;:) of the half-skyrmion. Then, if the out-
of-plane external field (H,Z, the field strength is H,) is switched
on, an additional force is created (Figure 2a). The total force from
H,(Fy; ) on therigid half-skyrmion can be obtained by integrating
thelocal force (f;; in Figure 2b), which pushes the domain wall in
the normal direction (red arrows in Figure 2b), over the entire do-
main wall region. The resultant force is given by F,; = 4y,H,r¥
(the detailed derivation is presented in Supporting Information
S3), showing that H, always induces an additional force along
the ¥ direction. By balancing the force components along the ¥
direction as well as the Z X ¥ direction respectively, and removing
the v, the relation between 6 and H, can be obtained as

D mly,Tyr
c050+4a— Yo

sinf — F, +4y,H,rp =0 (4)
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Figure 2. Dependence of the out-of-plane external magnetic fields on the chiral stripe domain elongation angle. a) Schematic illustration of the chiral
stripe domain elongation and various forces on the stripe domain. F, is created by the out-of-plane magnetic field. b) Enlarged figure of the black
dashed area in (a). Local forces on each magnetization in the domain walls by the out-of-plane magnetic field. c) Representative chiral stripe domain
elongation as a function of the magnitude of the out-of-plane magnetic field of 2.13 Oe, 4.26 Oe, and 7.10 Oe under the x-axis current injection of
j=+6.38x 10® A cm™2. The scale bars are 10 pm. d) Overall out-of-plane magnetic field dependence on the chiral stripe domain elongation angle
(0) for the up-stripe (black squares) and down-stripe (red circles) domains with black (red) dashed lines evaluated from Equation (4). Error bars were

determined from 20 measurements.

where p = +1 represents the magnetization polarity m, at the
half-skyrmion core. In this work, we neglect the effect of the field-
induced change of half-skyrmion size by working within linear
response. In addition, the strength of the dissipative tensor (D)
can be written as D = 2xr/ 1% (also see Supporting Information
S3). Our theoretical result shows that the SkHA 6 can be exper-
imentally modulated by the out-of-plane external field even if all
other parameters including r,, Q,, and 7, are fixed. It is notable
that this controllability is not possible in the full-skyrmion be-
cause the integration of f;; becomes zero in the full-skyrmion.
To validate this theory, we examined the change in the stripe
domain elongation angle as a function of the z-axis external
field. Figure 2c presents MOKE images of the up-stripe domain
elongation by SOT under three different magnitudes of H,.
The result clearly indicates that the +z-axis external field acts to
help the typical SKHE and consequently increases the absolute
value of the stripe domain elongation angle. Figure 2d presents
a summary of the stripe domain elongation angles with respect
to the +z-axis field for both up and down stripe domains. The
black and red dashed lines in Figure 2d show Equation (4) as
a function of H, for the up (Q = +1/2) and down (Q = —-1/2)
stripe domains, respectively, with the following parameters:

Adv. Quantum Technol. 2021, 4, 2000060 2000060 (4 of 9)

A=716nm, r=545nm, ¢ =0.03 and 7;=9.80e. Com-
pared with the experimental data shown as black squares and
red circles in Figure 2d, the experimental result is consistent
with the above theoretical model based on half-skyrmions and
demonstrates that the SKHE can be controlled by the out-of-
plane external field. Equation (4) indicates that H, competes
with F,, meaning that we can adjust the relative strength of
the effective pinning (F, — 4y, H,rp) with respect to SOT. When
4y,H,rp = F,, the effective pinning disappears and the SkHA is
described by Equation (1). However, a smaller H, causes a larger
effective pinning, which reduces the SkHA. This is qualitatively
consistent with the previous observation that a nonzero SkHA
requires sufficient SOT to overcome the pinning effect.[>2!

2.2. The Chiral Stripe Domain Elongation under In-Plane
Magnetic Fields

In the above case with only the out-of-plane magnetic field,
ﬂzyordr/\

the SOT force, F; = —--%, is always parallel to the current
direction (%) without regard to the presence of the out-of-plane
magnetic field. However, the y-axis external field (H,§) can tilt

© 2020 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 3. Dependence of the y-axis external magnetic fields (H,) on the chiral stripe domain elongation angle. a) Schematics of the chiral stripe domain
elongation -related forces on the stripe domain. F;, the current-induced driving force, is tilted towards FJ/ by H,. b) Enlarged figure of the black dashed area

in (a). Changes in local magnetization configurations and the consequent local forces by the current. c) Representative chiral stripe domain elongation
as a function of the magnitude of H, of —45, —180, and —315 Oe under the x-axis current injection of j = +6.38 X 105 A cm~2. The scale bars are 10 pm.
d) Summary of the H,-dependent chiral stripe domain elongation angle (6) for up-stripe (black squares) and down-stripe (red circles) domains with the
fitting line of Equation (5). Error bars were obtained from 20 measurements.

the local magnetization angle of the wall by y at each domain
wall angle (@) as illustrated in Figure 3b. This magnetization
tilting changes the reduced SOT forces exerted on the individual
magnetizations in the domain wall, where the magnitudes of
the reduced SOT forces at each magnetization are described as
length of red arrows in Figure 3b. It is worth noting that the
magnitude of reduced SOT force is relevant to an angle between
the current direction and the magnetization direction. Thus, the
total SOT-force exerted on the half-skyrmion (F)) is also tilted by

0+% . .. ..
¥ as a consequence of f ot t; dg (the detailed derivation is in

Supporting information S32).[21] By generalizing the theory for
chiral bubble elongation (Equation (2)) with the account of the
effects of the tilting induced by the in-plane magnetic field, we
obtain the following equation for the SkHA:

Ty, T,r H
T Hofa? (:0549—i ' sin@cosd + aD sin 6
7 Hpmy 4r
oaD 4 H,
_— cos20| — F, +4y,H,rp=0 5
47[Q, 3 H[)M[ P YO zrp ( )

The result indicates that the SkKHA can be controlled by both H,
and H,. Figure 3c presents MOKE images for the stripe domain

Adv. Quantum Technol. 2021, 4, 2000060 2000060 (5 of 9)

elongation with three different magnitudes of H, (indicated on
the right side of the images). H, clearly suppresses the typical
SkHE. A summary of the dependence of the stripe domain elon-
gation angle on H, is shown in Figure 3d. The analytical lines
(black and red dashed lines) from equation (5) match the ex-
perimental data well (black squares and red circles) for both up-
and down-stripe domain elongation, where Hp,, = 595.82 Oe
(obtained from the aforementioned experimental value of the
DMI coefficient) is used in addition to the other parameters
used for out-of-plane magnetic fields. Clearly, the SkHA can be
manipulated by the external magnetic fields.

2.3. The Straight Motion of Half-Skyrmions

Let us now discuss how we can achieve the straight motion of
current-driven half-skyrmions, which is an important problem
in spintronics, in particular for the utilization of skyrmions in
spintronic devices. According to equation (5), the condition for
the straight motion (§ = 0) under the external magnetic field is
given by

7Yy Tgr ar 4 H,
2 2Q4 37 Hpy,;

—F, +4y,H,mp=0 (©)
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Figure 4. Straight motion of the chiral domain wall. Variation of the chiral stripe domain elongation angle under the y-axis magnetic field of a) +90 Oe,
b) —292 Oe, c) —405 Oe, and d) —518 Oe under the x-axis current injection of j = +6.38 x 10° A cm™2. In (c) the chiral stripe domain is shot along
the current direction (+%) under a certain condition of the external field. e) The chiral stripe domain elongation angles in the simultaneous presence of
the y- and z-axis magnetic fields. Dashed lines are fitted from Equation (6). Error bars were obtained from 20 measurements. In (f), red dots represent

experimentally determined y- and z-axis magnetic fields for the straight motion and the dashed line is the plot from Equation (6).

The theoretical result indicates that, under suitable choice of
H, and H, fields, a straight motion of the half-skyrmion can
be achieved. To demonstrate this approach for quenching the
SkHE, the up-stripe domain elongation angles were studied
under the simultaneous presence of H, and H,. The stripe
domain elongation with fixed H, (= +0.71 Oe) and different
values of H, is shown in Figure 4a-d, which evidences the
change of the sign of the SkHA with respect to H,. In particular,
Figure 4c represents the straight motion of the stripe domain
elongation as the result of the completely compensated SKHE of
the half-skyrmion. The stripe domain elongation angle variation
under diverse H, and H, conditions were investigated (see
Figure 4e) and several combinations of the H, and H, for the
straight motion are plotted in Figure 4f. Compared with the fitted
lines (dashed lines) of Equation (6), the lines in both Figure 4e,f
deviate from the experimental data in the region of high H,.
This might be due to the breakdown of certain approximations
used in our theory such as the small domain-wall tilting angle
v < 1 or due to the unaccounted change of certain skyrmion
parameters such as the bubble radius r by H,.

Adv. Quantum Technol. 2021, 4, 2000060 2000060 (6 of 9)

2.4. The Operation of Adder-Subtractor with Accumulator

In conventional CMOS systems, the four fundamental arithmetic
operations (+, —, X, +) can be achieved by diverse combina-
tions of full adders. However, as CMOS-based full adders are
composed of two half adders and one OR logic gate for dealing
with a carry operation, even simple calculations require several
steps of logic processes. As a potential solution to this issue,
based on the demonstrated precise control of the SKHE, we pro-
pose outstandingly simple analog addition/subtraction devices.
Interesting things of these addition/subtraction devices are that
the devices contain an accumulator that stores intermediate
arithmetic and two different operations (+, —) can be achieved
in a single device, which is not possible in conventional CMOS
circuits. Figure 5a—c indicate three basic building blocks of addi-
tion operations, which corresponds to the “—1,” “+0,” and “+1”
operations, respectively. Each operation is activated by a current
pulse of 6.38 X 10° A cm~? with length 50 m along the x-axis
under H, of —0.75, 0.75, and 1.5 Oe and H, of —518, —292, and
+90 Oe, respectively. The nucleation occurs at naturally created
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Figure 5. Operation of addition by the control of the chiral stripe domain elongation. Basic block operations for the Addition operations as a) “~1,” b)
“+0” and c) “+1.” Each operation is carried out under certain combinations of H, and H, by the x-axis current pulse of 50 ms with the current density
of j = +6.38 x 106 A cm~2. The specific external magnetic field sets (Hy, H,) are (=518 Oe, —0.71 Oe), (—292 O, +0.75 Oe), and (+90 Oe, +1.42 Oe),
respectively. Four examples of the addition operations are presented. d) “—1,” “+0,” “=1." e) “+1,” “+0,” “=1.” f) “+0,” “+1,” “4+0.” g) “+1,” “+0,”
“+1.” The white dashed lines parallel to the “+0” operation direction (white arrow) are presented for the definition of the “0” destination as the center.
The result of the addition operations can be obtained by the identification of the final destinations of the chiral stripe elongation, marked as purple at

the right end and of (d-g).

defects during sputtering, where PMA energy is relatively low.
Each three MOKE images in Figure 5d—g represent three succes-
sive additions from the left and at the right end, where the final
destinations are classified by purple. As we designate the second
operation as the “+0” operation (the white arrow), the destination
point of the extended white arrow from the nucleation point (the
white dashed line in the right images of Figure 5d-g) is referred
as the “0” destination. Then, for the definition of the “+1” and
“—1” operations, we defined the “—1,” “=2,” “+1,” “+2” destina-
tions based on the “0” destination as the center. Then, we can
achieve the successive additions just by identifying which desti-
nation points the chiral stripe domain elongation event reaches
at after all three operations. For example, Figure 5d indicates the
successive additions of “—1,” “+0,” “~1.” As we activated two
“—1” operations, the final destination is two blocks away from
the “0” destinations, which is the “-2” destination. As another
example, Figure 5e represents the additions of “+1,” “+0,” “~1,”
where the answer is zero. In Figure Se, the final destination of
the chiral stripe domain elongation event is the “0” destination,
which corresponds to the answer, “0.” The formation of other
half-skyrmions during operation was observed as in Figure Se.
This is because the domain wall is a kind of unstable states
due to its relatively higher energy than the environment, which
means easily changeable state. As the domain wall motion in a
creep region is dominated by the stochastic behavior, the domain
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walls also can elongate by forming another half-skyrmion as in
Figure 5e.[?2] However, the elongation of another stripe domain
at the side of the original stripe domain can never pass ahead
the half-skyrmion of the original stripe domain because all the
half-skyrmion has the same velocity regardless of the position.
Therefore, as the additionally formed half-skyrmion can hardly
interfere with operation, we believe that this effect can be avoided
in the future application. Furthermore, Figure 5f,g show the ad-
ditions of “+0,” “+1,” “+0” and “+1,” “+0,” “+1” along the same
lines. Although we only present three types of operations and
five destinations (output signal), the number of operations and
destinations (output signal) can be determined by the duration
of the writing pulse and the radius of the half-skyrmion. The
deviated distance from the reference operation (e.g., “+0”) for
the one step of operations is defined by the pulse durations and
the size of each detection area is determined by the radius of the
half-skyrmion. Furthermore, in the view of scaling, the skyrmion-
based adder—subtractor present several advantages compared to
the conventional CMOS circuit for addition/subtraction oper-
ations. First, the conventional CMOS circuit requires one half
adder and one half subtractor, which contain 20 transistors at
least.[?)] However, the skyrmion-based adder-subtractor allows
us to do the same operations only by 3—4 transistors. In case of
power consumption, the reported power consumption of basic
half-adder is about several pJ.**l The power consumption of
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half-skyrmion device can be estimated from the SOT-MRAM,
because they share the core operation physics (SOT) and struc-
tures. According to the recent report,[?®! the SOT-MRAM also
present several pJ. Therefore, the half-skyrmion adder/subtractor
can keep its advantages in scaling with comparable power con-
sumption with CMOS-based adder/subtractor. Second, the
skyrmion-based adder-subtractor does not require any cash
memory for the successive operations because of the accumu-
lator ability, while the conventional CMOSs essentially require
cash memories. Therefore, as the skyrmion is known to be stable
even down to sub-10 nm scale, this proposed addition operation
device suggests novel possibility for the next generation logic
devices.

3. Conclusion

Our work demonstrated wide and precise control of the SkHE
with respect to the injected current direction by deforming the
internal structure of skyrmions. This approach is versatile and
easy to integrate with a number of application devices. Although
our work can only be applied to the half-skyrmion at this stage
because we chose an external magnetic field as a tool to deform
the internal structure, we believe that our result presents its own
novelty by suggesting that the internal structure of skyrmions
can serve as an efficient handle for the motion of magnetic
skyrmions. Furthermore, based on the demonstrated precise
control of 2D half-skyrmion dynamics, concise devices for the
addition operation with the adder/subtractor were offered as a
concrete example of 2D half-skyrmion-based spintronics appli-
cations. More broadly, by addressing full 2D dynamics of half-
skyrmions, our work provides a comprehensive picture of the
current-driven skyrmion motion beyond the conventional 1D-
like unidimensional motion, whereby opening a new research
subject for half-skyrmions electronics based on its own unique
advantages. At this stage, the external magnetic field is used to
control the half-skyrmion. Since the external magnetic field is
not scalable, it can be difficult to develop into a real device. How-
ever, we expect that utilization of the field-like-SOT or magnetic
elements can be an alternative to replace an external magnetic
field for realization of nanometer-scale device application.!?¢]
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