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The skyrmion generator is one of the indispensable components for the future functional skyrmion devices, but the pro-
cess of generating skyrmion cannot avoid mixing with other magnetic textures, such as skyrmionium and nested skyrmion
bags. These mixed magnetic textures will inevitably lead to the blockage of skyrmion transport and even the distortion
of data information. Therefore, the design of an efficient skyrmion filter is of great significance for the development of
skyrmion-based spintronic devices. In this work, a skyrmion filter scheme is proposed, and the high-efficiency filtering
function is demonstrated by micromagnetic simulations. The results show that the filtering effect of the scheme depends
on the structure geometry and the spin current density that drives the skyrmion. Based on this scheme, the polarity of
the filtered skyrmion can be controlled by switching the magnetization state at the output end, and the “cloning” of the
skyrmion can be realized by geometric optimization of the structure. We believe that in the near future, the skyrmion filter
will become one of the important components of skyrmion-based spintronic devices in the future.

Keywords: spintronics, skyrmions, skyrmion filter, skyrmion polarity, skyrmion clone

PACS: 75.47.—m, 12.39.Dc, 75.78.Cd

1. Introduction

Magnetic skyrmion, a type of spin texture with topologi-
cal property, have been experimentally confirmed to exist in
B20 transition metal compounds with non-centrosymmetric
crystal structures.!!! Skyrmion is considered to be the most
competitive information carrier in the next generation of
magnetic memories and logic devices!'””! due to its sta-
ble topological magnetic structure, extremely small size
(3 nm-100 nm), and low threshold operating current density
(~10° A/mz). In recent years, the upsurge of research on

(8-201 has actively promoted the rapid de-

s [1-7.21-24]

magnetic skyrmion
velopment of related fields of spintronic
However, since there are other members of the skyrmion

(251 skyrmionium, ?%! and nested

family such as anti-skyrmion,
skyrmion bags,!?%%7 a stable source or filter that can provide
pure skyrmion is required for future skyrmion-based mag-
netic memories and logic devices. At present, skyrmion and
other members can be created in magnetic thin film materials
with Dzyaloshinskii-Moriya interaction (DMI)[?8-311 by vari-
ous technical methods of spin-polarized current, 332331 opti-

12341 and magnetic field.[331 However, since these

cal laser,!
methods cannot precisely control the local energy, they in-
evitably result in transformation between skyrmion and other
skyrmion members, and even with other topological spin tex-
tures. For example, for the case of spin-polarized current,
skyrmion can be created near the 103-A/cm? current den-

sity, but skyrmion is replaced by other spin textures once
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this range is exceeded.['* For cases of the optical laser!!?]
or magnetic field, [36] the transformation between skyrmions
and other skyrmion members can also be caused by control-
ling the action energy. In addition, the existence of various
defects in the same sample under the same conditions may af-

1371 If other skyrmion family mem-

fect creation of skyrmion.
bers are mixed into the skyrmion-based magnetic memories
or logic devices, the consequences are unimaginable, which
would inevitably cause information distortion and data con-
fusion. Therefore, it is necessary to design a skyrmion filter
between the skyrmion source component and the functional
component in the skyrmion-based devices to ensure the injec-
tion of pure skyrmion flow.

In recent years, effective methods for purifying skyrmion
have been reported, which can be roughly divided into two
methods: one is a dynamic separation method based on Mag-
nus force,?8! and the other is a reconstruction method based
on spin structure transformation. For the first method, since
the magnitude and direction of Magnus force mainly de-
pend on the topological characteristics of the spin structure,
members of the skyrmion family are affected by the Mag-
nus force differently under the same conditions, and present
different dynamic responses and motion paths.[3**%1 How-
ever, although the Magnus force method can realize the se-
lective filtering of skyrmion by designing special geometry, it
is difficult to realize due to the strict technical requirements
on micro-machining, material preparation and electrical con-
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(411 For the second method, the topological

trol technology.
spin structure can be reconstructed by external field, which
can realize the purification of spin textures. For examples,
the transformation between meron and skyrmion, ? skyrmion
and anti-skyrmion, 3 and skyrmion and skyrmionium** can
be achieved through external field modulation. In addition,
the dependence of spin texture on the geometry of ferromag-
netic nanostructures can be exploited to allow the members of
the skyrmion family to convert into multiple magnetic domain
walls when passing through the nanowire structure,!!>#! and
conversely to convert the magnetic domain walls (DWs) into
pure skyrmions.

In the present study, a filtering behavior of skyrmions
will be investigated in patterned ferromagnetic nanowires
(skyrmion filters), which utilizes the spin structure transforma-
tion between DWs and the skyrmion family members depen-
dent on the geometry of ferromagnetic nanostructures. The ba-
sic structure of the skyrmion filter is mainly composed of three
parts, such as input pad, channel, and output pad, as shown in
Fig. 1(a).

Here, a swallowtail structure was designed at the right
end of input pad, to prevent skyrmions from colliding with the
nanowire ends and annihilating. To prevent the DWs from not
easily reconstructing skyrmions due to the adsorption effect at
the nanowire ends, the swallowtail structure was also designed
at the left end of output pad. In order to make the spin tex-
tures of the skyrmion family easily converted into a spatially
confined magnetic domain (MD), the channel is designed as a
narrow nanowire structure. Two cases are considered in this
paper, one is the case A where the input and output magneti-
zation directions are the same (see Fig. 1(a)), the other is the
case B where the magnetization is in the opposite direction
(see Fig. 1(b)).

1 nm

Skyrmion: S(0)
(@s; Qe)=(-1,1)
Qe=-1

Skyrmionium: S(1)
(s, Qc)=(0, 2)
Qo= (-1)+(1)

Skyrmion bag: S(2)
(@s, Q) =(1, 3)
Qo= (=D+(1)+(1)
Fig. 1. (a) Schematic diagram of a skyrmion filter when the input and output
pads have same polarities. (b) Schematic diagram of a skyrmion filter when
the input and output pads have opposite polarities. (c) Topological proper-
ties of skyrmion family members S (n). (n: number of inner skyrmions, Qs:
topological total degree, Qc: topological cumulative number).

2. Micromagnetic simulations

In order to demonstrate the effectiveness of the designed
basic structures on the filtering behavior of skyrmions, the
micromagnetic simulations were performed by using the Mu-
Max3 software.[*®! In the basic structure of the skyrmion fil-
ter, the total space size is set to 400 nmx100 nmx1 nm
with the cell size of 2 nmx2 nmx1 nm. The geometrical
parameters are represented in the Fig. 1(b), the angle of the
swallowtail structure and the channel is set to 45°, the chan-
nel length is 100 nm, and effective space scales of the in-
put and output pads are 150 nmx 100 nmx1 nm. Here, the
channel width (w) is varied in the range of 8§ nm to 20 nm
considering the skyrmion diameter. Material parameters of
the Co/Pt material!'4#748] are used as follows: the saturation
magnetization M; = 580 kA/m, the perpendicular magnetic
anisotropy (PMA) constant K, = 0.8 MJ/m>?, DMI constant
D = 3.5 mJ/m?, Heisenberg exchange stiffness A = 15 pJ/m,
and the Gilbert damping constant o = 0.3. In all the simula-
tions, the skyrmions in the patterned nanostructure are driven
along the x-axis direction by spin-polarized currents with the
current density of J = 8 x 10'2 A/m? ~ 22 x 10'> A/m2, the
polarization rate P = 0.4,'4 and the non-adiabatic torque co-
efficient f = 0.3.111 For the sake of discussion, it is neces-
sary to establish a standardized system for the members of the
skyrmion family, such as Eq. (1),

Type of skyrmion members: S (n)
Os(n)==+(m—1), Qc(n)=n+1. ()

Here, S(n) means that a skyrmion member has n inner
skyrmions, and Q¢ (n) is a topological total number (or topo-
logical total degree).[*! Qg (n) is a topological cumulative
number, that is the sum of the number of skyrmion structures
within S (n), which means the maximum number of skyrmions
that can be formed if the S () splits. As shown in Fig. 1(c),
three skyrmion family members are used in this work, such as
skyrmion S (0), skyrmionium S (1), and nested skyrmion bag
with two inner skyrmions S (2).

3. Results and discussion

To investigate the filtering effect of the basic structure
on skyrmions, the S(0) and S(1) are initially set in the input
pad for the case A, and they are passed through the channel
(w = 10 nm) to the output pad under the driving electrical cur-
rent of J = 21 x 10'> A/m?, as shown in Fig. 2. Since the
QOc (n) sum of S(0) and S(1) is Q¢ (0) + Qc (1) = 3, three
skyrmions can be formed in the output pad after filtering.

As shown in the top of Fig. 2(a), the time-varying law
of exchange energy and demagnetization energy is observed
during the whole process of S(0) and S(1) reconstituted to
skyrmions in the output pad after channel filtering. It was
found that S(0) and S(1) were transformed to three MDs by
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the channel in three steps of I, II, and III (see three red ar-
eas of steep ascent), and then reconstructed to three skyrmions
through three steps of IV, V, and VI (see three blue areas of
slow descent). Here, the steep ascent means crossing an en-
ergy barrier, and the slow descent means entering an energy
well. This indicates that the skyrmion topological structure in
the system is relatively stable in energy compared to the DW
structure. As shown in left of Fig. 2(b), it is observed that all
shells (including the inner shells) of S(0) and S (1) are trans-
formed to DWs in the steps L, II, and III when they encounter
the channel. From the step I, it can be observed that the left
and right shells of §(0) transform to the DWs on both sides of
the blue MD in the channel respectively, and the MD contin-
ues to advance towards the output pad under the current drive.
In the steps II and III, the S(1) is transformed to three adja-
cent MDs (2 blue and 1 red) with four DWs because it has
two shells of outer and inner. As the green arrows as shown
in the down of Fig. 2(a), the energy change rate is the most
dramatic, every time the skyrmion shell transforms into a DW,
which also means that there is a barrier between the two struc-
tures, such as a barrier caused by the repulsive force of the
structure edge on the skyrmions!?’! or a topological skyrmion
energy barrier.[*”) Tn addition, it is also observed that when
each MD is reconstituted to the skyrmion in the output pad af-
ter filtering, its energy decreases slowly and even the energy
change rate appears a valley value (see black arrows) when
each DW is transformed to the skyrmion shell, as the IV, V,
and VI blue areas shown in Fig. 2(a). This further confirms
that the energy state of the skyrmion structure is more stable
than that of the DW. Interestingly, for the case B, the filter can
output skyrmions with opposite polarity, as shown in Fig. 3.
This means that our designed skyrmion filter can be applied to
functional devices that utilize different polars of the skyrmion.

In order to verify the influence of the drive current and
the channel geometry on the skyrmion filtering effect, the
number of skyrmions effectively formed in the output pad
was analyzed by changing the drive current density (J =
8 x 10'2 A/m? ~ 22 x 10'? A/m? and channel width (w =
8 nm~20 nm), and color maps reflecting the filtering effect
were drawn for the A and B cases respectively, as shown in
Fig. 4. In both cases, it is clearly seen that the skyrmion fil-
tering effect is easily affected by the drive current density and
the channel geometry. For case A, it can be observed that when
the channel width or drive current density is too small, the fil-
ter action of the device is less stable. Although there is a cer-
tain complementary relationship between the channel width
and the drive current density, if the channel width is too small
(w < 12 nm) for the skyrmion to pass through, and if the cur-
rent density is too small (/ = 10 x 10'?> A/m?) for the skyrmion
to overcome the energy barrier and move forward (see blue ar-
eas). In case B, the complementary relationship between the

channel width and the drive current density is generally similar
to that in case A, as show in Fig. 4(b). However, there is a new
phenomenon in case B that cannot appear in case A, that is,
the output pad magnetization reversal phenomenon, as shown
in the inset of Fig. 4(b). The phenomenon mainly appears in
the wider channel and larger current density conditions, refer
to the distortion region (white areas) shown in Fig. 4(b). Nev-
ertheless, we prove that the proposed skyrmion filter scheme
is effective and feasible within a certain range of channel size
and drive current density.

(@)

Va2 72 &
= .
z _;'2 7.0 %
o — 4. (==}
68 =

=28 e
Lk;g,g:,.() 6.6 é
—32F 1 I mNv Vv VI 6.4 =
z 2 1 1 0z
7w 11 5 TS
-z o0 0 3
=2 <
é —-10 1 1 -5 £
= 0.1 0.2 0.3 04 =

t (ns)

(b) I: t=0.019 ns~0.051 ns IV: t=0.163 ns~0.182 ns
oy HOS N &S M S |
11: ¢t =0.092 ns~0.127 ns V: ¢t =0.206 ns~0.234 ns

III: t=0.133 ns~0.162 ns VI: t =0.271 ns~0.307 ns
ECI- B EE XD

Fig. 2. The case A when a skyrmion family member of S(0) +S(1) is entered
into the input pad. Channel width is 10 nm and driving electrical current of
J =21 x10"2 A/m?. Input and output pads have same polarities. (a) Top:
Time versus exchange energy Eexcp (black), and time versus demagnetization
energy Egemag (red). Bottom: Time versus rate of change of energy per sec-
ond. Processes I, II, III: The process in which skyrmions in the input pad are
injected into the channel and converted into magnetic domains (MDs). Pro-
cesses IV, V, VI: The process in which MDs in the channel are injected into
the output pad and converted to skyrmions. (b) Snapshots of each process
(I-VID).

I: t=0.019 ns~0.051 ns IV: ¢ =0.118 ns~0.148 ns

o> Bod J & M &
II: £ =0.094 ns~0.126 ns V:t=0.183 ns~0.208 ns
(o2 B 2 J§ - W o
IIT: ¢ =0.131 ns~0.162 ns VI: t =0.241 ns~0.271 ns
(S W S § S8 o
Fig. 3. Snapshots of each process (I-VI) in case B. Input and output pads
have opposite polarities. The case B when a skyrmion family member of
5(0) 4 S(1) is entered into the input gate. Channel width is 10 nm and driv-
ing electrical current of J = 21 x 10'> A/m?.

In order to demonstrate the extensibility of this skyrmion
filter, we designed a Y-shaped dual-output mode structure with
the same magnetization and opposite magnetization states, as
shown in Figs. 5(a) and 5(b). Moreover, to further confirm
that this filter design is also effective for other members of the
skyrmion family, one skyrmion S(0) and one nested skyrmion
bag S(2) are initially set in the input pad, and its filtering ef-
fect is investigated by simulations with the channel w = 14 nm
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under J = 13 x 10'? A/m?. The dimensions of the dual-output
filter are described in detail in the top of Fig. 5(a). The filter
mechanism of the two-output mode structure is similar to that
of the basic structure (see Fig. 2), but its Y-channel structure
gives it an additional function of DW “cloning”, thus filter-
ing out double skyrmion in the dual-output pad, as shown in
Fig. 5(a). More interestingly, if the magnetization of the dual-
output pad is in the opposite state, it can output the same num-
ber of skyrmions with different polarity in their respective out-
put pads despite some time difference, as shown in Fig. 5(b).
In order to further prove the feasibility and application
value of this “clone” filter structure design, the relationship
between the number of channels in this filter structure and the
maximum number of skyrmions output after filtering (Ngg*
is analyzed through a large number of simulations. As shown
in Fig. 5(d), There is a linear relationship between the number
of channels and the maximum number in the different total
topological cumulative number cases of Py: ¥ (Qc (n)); = 3,
1
Py: Y(Qc(n)); =4, and P3: ¥ (Qc (n)); = 6, and obey the

1
following relationship:

K= [Z(Qc (n)),} X Nout, )

i

where Ny is the number of output pads, the i refers to the i-th

t=0.44 ns
-("'_

t=0.89 ns

skyrmion of the input pad. More interestingly, we found that
for Néel-type and Bloch-type skyrmions, the numerical rela-
tionship of the cloning efficiency conforms to Eq. (2), and the
cloned skyrmions remain the original Néel-type or Bloch-type.
The results show that the cloning effect of skyrmions mainly
depends on the DMI properties of the material, that is, the in-
terfacial DMI is easy to form Néel-type skyrmion and the bulk
DMI is easy to form Bloch-type.>%31]

(a) BN () B
20 20
Distortion region
18 18
=
. 16 2 16
é 14 é 14
3 12 LB 12
10 10
8 8
0 6
8 12 16 20 8 12 16 20

J (1012 A/m2) J (1012 A/m2)

Fig. 4. Skyrmion filtering number diagram dependent on filtering channel
width w and current density J. The region with different colors represents
the skyrmion filtering number in the output pad is 3, 2, 1, and 0, respectively.
(a) Skyrmion filtering number diagram of case A. It can be observed that
when the channel width or drive current density is too small, the filter action
of the device is less stable, refer to blue areas. (b) Skyrmion filtering number
diagram of case B. The distortion region (white areas) indicates the output
pad magnetization reversal by over currents.

(c) 40

30

N, channel

PO 004

’
D XCXOEL

6 >emn=3

Fig. 5. (a) Snapshot of the magnetization state of the Y-shaped dual-output mode structure over time when the channel width is 14 nm,
J =13 x 102 A/m?, and the input pad and output pads have the same polarity. (b) Snapshot of the magnetization state of the Y-shaped dual-
output mode structure over time under the same conditions as panel (a), except that the polarities of the input and output pads are opposite.
(c) Number of channels Nehannel Versus maximum number of filtering skyrmions Ngi&*. The Ngg* depends on total topological cumulative
number in input pad ¥;(Qc(n));. Black, red, and blue lines are case of Py (¥;(Qc(n))i =3), P2 (L;(Qc(n))i =4), and P3 (¥,;(Qc(n)); =6).
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4. Conclusion

In summary, we have designed a skyrmion filter with
the function of controlling polarity and “cloning” DW, which
can effectively filter out any number of pure skyrmions with
different polarity. Although our design scheme is not per-
fect yet, with the development of experimental preparation
technology,®?! our design ideas will provide references for the
design and application of spintronic devices.

Acknowledgements

Project supported by the National Natural Science Foun-
dation of China (Grant No. 12364020), the Scientific and
Technological Development Plan of Jilin Province, China
(Grant No. 20240101295JC), the Science and Technology Re-
search and Planning Project of Jilin Provincial Department
of Education (Grant No. JJKH20230611KJ), and the Applied
Foundation Research Project (Talent Funding Project) of Yan-
bian University (Grant No. ydkj202241).

References

[1] Miihlbauer S, Binz B, Jonietz F, Pfleiderer C, Rosch A, Neubauer A,
Georgii R and Boni P 2009 Science 323 915
[2] Zhang X, Ezawa M and Zhou Y 2015 Sci. Rep. 5 9400
[3] Luo S, Song M, Li X, Zhang Y, Hong J, Yang X, Zou X, Xu N and You
L 2018 Nano Lett. 18 1180
[4] YanZ R, LiuY Z, Guang Y, Yue K, Feng J F, Lake R K, Yu G Q and
Han X F 2021 Phys. Rev. Appl. 15 064004
[5] Luo S and You L 2021 APL Mater. 9 050901
[6] Zhang H, Zhu D, Kang W, Zhang Y and Zhao W 2020 Phys. Rev. Appl.
13 054049
[7]1 Kang W, Zheng C, Huang Y, Zhang X, Zhou Y, Lv W and Zhao W
2016 IEEE Electron Dev. Lett. 37 924
[8] Woo S, Litzius K, Kriiger B, Im M Y, Caretta L, Richter K, Mann M,
Krone A, Reeve R M, Weigand M, Agrawal P, Lemesh I, Mawass M
A, Fischer P, Kldui M and Beach G S D 2016 Nat. Mater. 15 501
[9] Das S, Tang Y L, Hong Z, Gongalves M A P, McCarter M R, Klewe C,
Nguyen K X, Gémez-Ortiz F, Shafer P, Arenholz E, Stoica V A, Hsu S
L, Wang B, Ophus C, Liu J F, Nelson C T, Saremi S, Prasad B, Mei A
B, Schlom D G, fﬁiguez J, Garcia-Fernandez P, Muller D A, Chen L Q,
Junquera J, Martin L W and Ramesh R 2019 Nature 568 368
[10] Miao BF, SunL, Wu'Y W, Tao X D, Xiong X, Wen Y, Cao R X, Wang
P, WuD, Zhan QF, You B, DuJ, Li R W and Ding H F 2014 Phys. Rev.
B90 174411
[11] Yu X Z, Onose Y, Kanazawa N, Park J H, Han J H, Matsui Y, Nagaosa
N and Tokura Y 2010 Nature 465 901
[12] Finazzi M, Savoini M, Khorsand A R, Tsukamoto A, Itoh A, Duo L,
Kirilyuk A, Rasing T and Ezawa M 2013 Phys. Rev. Lett. 110 177205
[13] Romming N, Hanneken C, Menzel M, Bickel J E, Wolter B, Bergmann
KV, Kubetzka A and Wiesendanger R 2013 Science 341 636
[14] Sampaio J, Cros V, Rohart S, Thiaville A and Fert A 2013 Nat. Nan-
otechnol. 8 839
[15] Jiang W, Upadhyaya P, Zhang W, Yu G, Jungfleisch M B, Fradin F Y,
Pearson J E, Tserkovnyak Y, Wang K L, Heinonen O, Velthuis SGE T
and Hoffmann A 2015 Science 349 283
[16] Rohart S and Thiaville A 2013 Phys. Rev. B 88 184422

[17]
(18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]

[27]
[28]

[29]
[30]
[31]

[32]
(33]

[34]
[35]

[36]
(37]
(38]
[39]
[40]
[41]
[42]
[43]

[44]

[45]
[46]

(471
(48]

[49]

[50]

[51]
[52]

107502-5

Komineas S and Papanicolaou N 2015 Phys. Rev. B 92 174405
Komineas S and Papanicolaou N 2015 Phys. Rev. B 92 064412
Iwasaki J, Koshibae W and Nagaosa N 2014 Nano Lett. 14 4432

Ma X P, Ai X, Yang X X, Cai M X, Shim J H and Piao H G 2023 J.
Magn. Magn. Mater. 581 170665

Zhang X, Zhao G, Fangohr H, Liu J P, Xia W X, Xia J and Morvan F J
2015 Sci. Rep. 57643

Zhang X, Zhou Y, Ezawa M, Zhao G P and Zhao W 2015 Sci. Rep. 5
11369

Liang X, Zhang X, Xia J, Ezawa M, Zhao Y, Zhao G and Zhou Y 2020
Appl. Phys. Lett. 116 122402

Zhu D, Kang W, Li S, Huang Y, Zhang X, Zhou Y and Zhao W 2017
IEEE. T. Electron. Dev. 65 87

Nayak A K, Kumar V, Ma T, Werner P, Pippel E, Sahoo R, Damay F,
RoBler U K, Felser C and Parkin S S P 2017 Nature 548 561

Foster D, Kind C, Ackerman P J, Tai J S B, Dennis M R and Samlyukh
112019 Nat. Phys. 15 655

Kind C and Foster D 2021 Phys. Rev. B 103 L100413

Hog S E, Bailly-Reyre A and Diep H T 2018 J. Magn. Magn. Mater.
45532

Yang H, Chen G, Cotta A A C, N'Diaye A T, Nikolaev S A, Soares E
A, Macedo W A A, Liu K, Schmid A K, Fert A and Chshiev M 2018
Nat. Mater. 17 605

Yang H, Liang J and Cui Q 2023 Nat. Rev. Phys. 5 43

Yang H, Thiaville A, Rohart S, Fert A and Chshiev M 2015 Phys. Rev.
Lett. 115 267210

Yuan H'Y and Wang X R 2016 Sci. Rep. 6 22638

Everschor-Sitte K, Sitte M, Valet T, Abanov A and Sinova J 2017 New
J. Phys. 19 092001

Koshibae W and Nagaosa N 2016 Nat. Commun. 5 5148
Moreau-Luchaire C, Moutafis C, Reyren N, Sampaio J, Vaz C A
F, Horne N V, Bouzehouane K, Garcia K, Deranlot C, Warnicke P,
Wohiiiter P, George J-M, Weigand M, Raabe J, Cros V and Fert A 2016
Nat. Nanotech. 11 444

Zhang X, Xia J, Zhou Y, Wang D, Liu X, Zhao W and Ezawa M 2016
Phys. Rev. B 94 094420

Ran N, Zhao G P, Tang H, Shen L C, Lai P, Xia J, Zhang X and Zhou
Y 2017 AIP Adv. 7 025105

Brown B L, Téduber U C and Pleimling M 2018 Phys. Rev. B 97 020405
Chen R and Li Y 2022 ACS Appl. Mater. Interfaces 14 30420

Li L, Luo J, Xia J, Zhou Y, Liu X and Zhao G 2023 Chin. Phys. B 32
017506

Shen L, Li X, Zhao Y, Xia J, Zhao G and Zhou Y 2019 Phys. Rev. Appl.
12 064033

Yu X Z, Koshibae W, Tokunaga Y, Shibata K, Taguchi Y, Nagaosa N
and Tokura Y 2018 Nature 564 95

Peng L, Takagi R, Koshibae W, Shibata K, Nakajima K, Arima T H,
Nagaosa N, Seki S, Yu X and Tokura Y 2020 Nat. Nanotechnol. 15 181
Yang S, Zhao Y, Wu K, Chu Z, Xu X, Li X, Akerman J and Zhou Y
2023 Nat. Commun. 14 3406

Zhou Y and Ezawa M 2014 Nat. Commun. 5 4652

Vansteenkiste A, Leliaert J, Dvornik M, Helsen M, Garcia-Sanchez F
and Waeyenberge B V 2014 AIP Adv. 4 107133

Fert A, Cros V and Sampaio J 2013 Nat. Nanotechnol. 8 152

Metaxas P J, Jamet J P, Mougin A, Cormier M, Ferré J, Baltz V, Rod-
macq B, Dieny B and Stamps R L 2007 Phys. Rev. Lett. 99 217208
Leishman A W D, Menezes R M, Longbons G, Bauer E D, Janoschek
M, Honecker D, DeBeer-Schmitt L, White J S, Sokolova A, MiloSevi¢
M V and Eskildsen M R 2020 Phys. Rev. B 102 104416
Everschor-Sitte K, Masell J, Reeve R M and Kldui M 2018 J. Appl.
Phys. 124 240901

Du H and Wang X 2022 Chin. Phys. B 31 087507

Liu J, Wang Z, Xu T, Zhou H, Zhao L, Je S, Im M, Fang L and Jiang
W 2022 Chin. Phys. Lett. 39 017501


https://doi.org/10.1126/science.1166767
https://doi.org/10.1038/srep09400
https://doi.org/10.1021/acs.nanolett.7b04722
https://doi.org/10.1103/PhysRevApplied.15.064004
https://doi.org/10.1063/5.0042917
https://doi.org/10.1103/PhysRevApplied.13.054049
https://doi.org/10.1103/PhysRevApplied.13.054049
https://doi.org/10.1109/LED.2016.2574916
https://doi.org/10.1038/nmat4593
https://doi.org/10.1038/s41586-019-1092-8
https://doi.org/10.1103/PhysRevB.90.174411
https://doi.org/10.1103/PhysRevB.90.174411
https://doi.org/10.1038/nature09124
https://doi.org/10.1103/PhysRevLett.110.177205
https://doi.org/10.1126/science.1240573
https://doi.org/10.1038/nnano.2013.210
https://doi.org/10.1038/nnano.2013.210
https://doi.org/10.1126/science.aaa1442
https://doi.org/10.1103/PhysRevB.88.184422
https://doi.org/10.1103/PhysRevB.92.174405
https://doi.org/10.1103/PhysRevB.92.064412
https://doi.org/10.1021/nl501379k
https://doi.org/10.1016/j.jmmm.2023.170665
https://doi.org/10.1016/j.jmmm.2023.170665
https://doi.org/10.1038/srep07643
https://doi.org/10.1038/srep11369
https://doi.org/10.1038/srep11369
https://doi.org/10.1063/5.0001557
https://doi.org/10.1063/5.0001557
https://doi.org/10.1109/TED.2017.2769672
https://doi.org/10.1109/TED.2017.2769672
https://doi.org/10.1038/nature23466
https://doi.org/10.1038/s41567-019-0476-x
https://doi.org/10.1103/PhysRevB.103.L100413
https://doi.org/10.1016/j.jmmm.2017.10.031
https://doi.org/10.1016/j.jmmm.2017.10.031
https://doi.org/10.1038/s41563-018-0079-4
https://doi.org/10.1038/s41563-018-0079-4
https://doi.org/10.1038/s42254-022-00529-0
https://doi.org/10.1103/PhysRevLett.115.267210
https://doi.org/10.1103/PhysRevLett.115.267210
https://doi.org/10.1038/srep22638
https://doi.org/10.1088/1367-2630/aa8569
https://doi.org/10.1088/1367-2630/aa8569
https://doi.org/10.1038/ncomms6148
https://doi.org/10.1038/nnano.2015.313
https://doi.org/10.1038/nnano.2015.313
https://doi.org/10.1103/PhysRevB.94.094420
https://doi.org/10.1103/PhysRevB.94.094420
https://doi.org/10.1063/1.4976726
https://doi.org/10.1103/PhysRevB.97.020405
https://doi.org/10.1021/acsami.2c07470
https://doi.org/10.1088/1674-1056/ac9b01
https://doi.org/10.1088/1674-1056/ac9b01
https://doi.org/10.1103/PhysRevApplied.12.064033
https://doi.org/10.1103/PhysRevApplied.12.064033
https://doi.org/10.1038/s41586-018-0745-3
https://doi.org/10.1038/s41565-019-0616-6
https://doi.org/10.1038/s41467-023-39007-1
https://doi.org/10.1038/ncomms5652
https://doi.org/10.1063/1.4899186
https://doi.org/10.1038/nnano.2013.29
https://doi.org/10.1103/PhysRevLett.99.217208
https://doi.org/10.1103/PhysRevB.102.104416
https://doi.org/10.1063/1.5048972
https://doi.org/10.1063/1.5048972
https://doi.org/10.1088/1674-1056/ac754f
https://doi.org/10.1088/0256-307X/39/1/017501

	1. Introduction
	2. Micromagnetic simulations
	3. Results and discussion
	4. Conclusion
	References

