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A B S T R A C T   

Recently, vast research has been under investigation on the role of chirality in magnetization dynamics, an area 
that currently lacks a comprehensive understanding. To gain further insight into the importance of chirality, we 
explore the effects of varying the degree of chirality. To investigate these effects, we have fabricated samples 
with perpendicular magnetic anisotropy symmetry breaking through local helium ion irradiation with various 
azimuthal angles and degrees of irradiation. In this system, the spin-orbit torque can induce artificial spin 
texture, and our azimuthal angle and degree of chirality dependent results reveal a clear cosine dependence and a 
nonlinear increase, respectively. It implies the system not only follows the energy contribution of interfacial 
Dzyaloshinskii-Moriya interaction but also has a nonlinear impact depending on anisotropy asymmetry induced 
chirality differences. These experimental observations are consistent with our theoretical model and micro
magnetic simulations, supporting our experimental results. Overall, our findings provide further insights into the 
role of chirality in magnetization dynamics and may have important implications for the development of future 
magnetic devices.   

1. Introduction 

Chirality is one of the most important phenomena in diverse fields of 
science, including physics, chemistry, biology, and materials science. 
Recently, the exotic role of chirality in magnetic phenomena has been 
actively investigated. Magnetically induced optical activity was 
measured in a chiral medium [1]. The observation of a direct relation 
between spin and chirality using organized organic films of chiral 
molecules opens the field of chirality induced spin selectivity [2]. In 
magnetic crystals, nonzero asymmetric exchange coupling induced 
chirality has been considered theoretically [3,4], and experimental ob
servations have shown that asymmetric exchange coupling induced 
chiral magnetic order plays a crucial role in the helical spin order [5] 
and inversion symmetry breaking system [6]. 

The interfacial Dzyaloshinskii-Moriya interaction (DMI), as an 
asymmetric exchange coupling with interfacial origins, can also arise in 
the inversion symmetry breaking systems such as heavy metal (HM)/ 

ferromagnetic metal (FM) bilayers [7]. Here, DMI is unavoidable and 
performs a great influence on the whole inversion symmetry breaking 
system, causing various chiral induced static and dynamic phenomena 
[8]. For these reasons, recently, there are efforts that utilize the chirality 
in various spintronics fields [9]. One of them, DMI, have been reported 
as influencing the magnetization switching in an inversion symmetry 
breaking system, and it results in chirality-induced magnetization 
switching variation by a magnetic field [10–12], spin-orbit torque (SOT) 
[13,14], and both [15]. It supposes a clear intervention of chirality on 
dynamics of magnetization switching, but there are not many clues. 

For a deeper understanding, one possible approach is to vary a de
gree of chirality, which is until not be proceeded. In this work, we 
directly observe the chirality-dependent system energy based on Hall 
signal analysis. The system is prepared to possess a lateral symmetry 
breaking of perpendicular magnetic anisotropy (PMA) by utilizing a 
local helium ion irradiation (HII). The helium ion irradiated region has a 
smaller PMA, so we have two different PMA regions. The SOT can induce 
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artificial chiral spin texture in this structure because of the two different 
PMA regions. Induced spin texture interacts with the DMI of the system, 
and it shows a clear nonlinear tendency according to the degree of 
chirality. Experimental results are also well explained by our theoretical 
model and micromagnetic simulations, which offer an obvious nonlinear 
intervention of chirality on magnetization dynamics. 

2. Experimental 

2.1. Thin film deposition and device fabrication conditions 

We used a magnetron sputter for thin film deposition. A DC power 
source was used for Ta, Pt, and Co deposition, and an AC power source 
was used for MgO deposition. The resultant stacks were as follows: 
sample 1: Ta(1.5)/Pt(4)/Co(0.6)/MgO(2)/Ta(2), and sample 2: Ta(3)/ 
Pt(5)/Co(0.8)/MgO(2)/Ta(2). Here, the bottom and top Ta layers are 
buffer and capping layers, respectively. After the deposition was 
completed, patterning was performed using a photolithography method, 
and dry etching was performed through Ar ion milling. Consequently, 
sample 1 had the following geometry: 5 μm width × 25 μm length in the 
current line; 5 μm width × 25 μm length in the voltage line. Sample 2 
had the following geometry: 10 μm width × 40 μm length in the current 
line; 3 μm width × 16 μm length in the voltage line. 

2.2. Helium ion irradiation process 

HII can be used as a method to change the magnetic properties. HII 
causes structural deformation and interfacial disturbance induced by 
penetration of high-energy helium ions, and it can modulate the mag
netic properties in a local range from microns to tens of nanometers. We 
adjusted the local PMA of magnetic thin films by using HII. In sample 1, 
HII was performed in various shapes, and detailed information is shown 
in Fig. S1. The acceleration voltage of the helium ions was set as 30 kV, 
and the beam current was 2.1 ± 0.3 pA. Here, the dose was set as 25 
ions/nm2 only. Since the dose is defined as the number of irradiated ions 
per unit area, the irradiated region was fixed at 200 μm2 to reduce the 
error possibly induced by irradiation time differences due to an area 
change. In sample 2, the acceleration voltage and beam current were 30 
kV and 2.5 ± 0.5 pA, respectively. Here, several doses of 15, 30, and 45 
ions/nm2 were irradiated in separate samples. The irradiation area was 
set to 8 μm width × 40 μm length, where ions only pass through half the 
area of the sample of 5 μm width × 40 μm length to avoid misalignment- 
induced errors. The helium ion microscope (Carl Zeiss/ORION Nano
Fab) we used for HII is in the Institute of Next-Generation Semi
conductor Convergence Technology in DGIST, South Korea. 

2.3. Transport measurement for measuring spin-orbit torque-induced 
phenomena 

To analyze the transport-based SOT phenomena, we used a DC and 
AC source (Keithley, 6221) and a nanovoltmeter (Keithley, 2182A). The 
degree of shift in hysteresis loop can be measured with a 2-axis elec
tromagnet system. Before AHE hysteresis loop measurement, a sufficient 
time should pass (at least 30 s) to obtain a constant in-plane directional 
external field aligned with current. Then, the loop was measured by 
swapping z-directional external field while injecting a current, which 
can result in a sufficient SOT phenomenon. The waiting time between 
each point of magnetic field was set as 300 ms, and the measurement 
interval was − 1.5 Oe (1.5 Oe) from 500 Oe (− 500 Oe) to − 500 Oe (500 
Oe). Here, to minimize the effect of Joule heating, a pulse current was 
used, not a DC current. We observed Hall resistance (RH) while the 100 
μs width pulse was injected using a pulse-delta tool supported by 6221- 
2182A communication. 

3. Results and discussion 

3.1. Sample preparation 

We fabricated two types of thin film samples using DC and AC 
magnetron sputtering: sample 1: Ta(1.5)/Pt(4)/Co(0.6)/MgO(2)/Ta(2) 
and sample 2: Ta(3)/Pt(5)/Co(0.8)/MgO(2)/Ta(2). Here, the unit for 
the number in parentheses is nm. The prepared samples were patterned 
in the Hall bar geometry using photolithography and argon ion etching. 
As a next step, for fabricating a precise lateral symmetry breaking sys
tem, we utilize the HII technique, which are suitable to modulate local 
materials properties because of its small beam spot size and long pene
tration length [16]. Actually, HII can reportedly change magnetic 
properties such as the anisotropic properties of a magnetic thin film 
[17–19], exchange bias [20–22], ferromagnetic exchange coupling [23], 
DMI energy density [24,25], domain wall (DW) motion [26,27], SOT 
characteristics [28–31], pinning site control [32], and manipulation of 
skyrmions [33,34]. Among them, we focused on the change in aniso
tropic characteristic and expected the formation of the spatially asym
metric distribution of magnetizations, which is necessary ingredient for 
chiral system, through a local anisotropy variation. 

First, the magnetic anisotropic property was measured. Because the 
anisotropic property is sensitive to the degree of HII, we determined the 
change in the anisotropic property with dose. Here, sample 1 was irra
diated with a fixed dose of 25 ions/nm2, and sample 2 was irradiated 
with a dose that varied from 0 to 45 ions/nm2 with a step of 15 ions/ 
nm2. The magnetic anisotropy was determined using the generalized 
Sucksmith-Thompson method (see Fig. S2 for more details). The 
extracted effective anisotropy field (HK) has a decreasing tendency with 
dose, and this is a well-known phenomenon [17–19,29,30]. The resul
tant μ0HK is as follows: 0.79 and 0.43 T at 0 and 25 ions/nm2 for sample 
1; 1.44, 1.07, 0.95, and 0.76 T at 0, 15, 30, and 45 ions/nm2 for sample 
2, respectively. Note that HK is the 1st-order effective anisotropy field 
containing the demagnetization effect. We confirmed that the 2nd-order 
anisotropy fields are small and negligible in our study. In here, we 
should mention that all raw data for the RH loop is measured by a 
mixture of contribution between pristine HK and HK for the selected 
dose. However, we were able to remove the mixed pristine contribution 
through appropriate methods, and the resulting data exclusively repre
sents the HK contribution induced by the selected dose only. In second, 
the interfacial DMI energy density was also measured for the sample1 
and sample 2 at the pristine case (0 ions/nm2). And the values are − 0.71 
and − 1.45 mJ/m2 for samples 1 and 2, respectively. Here, the Pt/Co 
structure has a negative sign of the interfacial DMI energy density and 
stabilizes the counterclockwise (CCW) Néel-type spin configuration [35, 
36]. In addition, because the DMI energy density has been reported to be 
insensitive to HII compared to HK in a proper range of doses [24,25,33], 
we assumed that the interfacial DMI energy density is constant for our 
dose range during analysis. However, the effect caused by a change in 
the DMI remains, so a careful approach should be used for more complex 
systems. See Fig. S3 (sample 1) and Fig. S4 (sample 2) for detailed results 
for extracting the DMI energy density in each sample. 

3.2. Theoretical derivations of system energy 

To understand the geometry of our system, definitions of n̂ and σ̂ are 
required. Because the HII is conducted on only part of the samples, the 
system is divided into irradiated (I-) and nonirradiated (NI-) regions, as 
shown in Fig. 1. Therefore, the system contains a boundary area between 
the I- and NI-regions. Here, n̂ is defined as the normal vector of the 
boundary plane from the NI-region to the I-region. σ̂ is defined as the 
direction of the spin polarization of the spin current induced by the spin 
Hall effect (SHE) of the HM layer. Therefore, σ̂ is set in the -y direction 
for an electric current flowing in the +x direction because our sample 
contains a Pt layer whose spin Hall angle (SHA) is known to be positive 
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[37]. Therefore, when an electric current is injected into the system, the 
spin current induced by the SHE affects the FM layer according to Js

→
=

θSH • (σ̂ × Je
→
), and the magnetization exerts the damping-like torque 

(DLT) τ→∼ m̂ × (σ̂ ×m̂) induced by SOT. Here, θSH and m̂ are the SHA of 
the system and unit vector of the magnetization, respectively. Because 
our system consists of two different HK regions, the magnetization in 
each region reacts differently to SOT. This results in different polar 
angles for the I- and NI-regions: more (less) tilted for the I- (NI-) region. 
Therefore, an artificially designed inhomogeneous spin configuration is 
formed at the boundary. Here, the tilted polar angles of MNI (magneti
zation in the NI-region) and MI (magnetization in the I-region) are 
defined as θNI and θI, respectively. 

With the presence of a nonzero DMI, the additional energy term 
between neighboring spins induced by the DMI is expressed as follows. 

H = −
∑

i,j
D→ij •

(

m→i × m→j

)

(1)  

Here, m→i(j) is the vector of the i(j)-th magnetization, and Dij is the DMI 
energy constant between m→i and m→j. Through combination with the 
colinear exchange coupling, the DMI favors specific chiral spin config
urations depending on the sign of Dij. Note that the contribution of the 
DMI in the homogeneous colinear spin configuration region (inside a 
monodomain) is quenched. However, the inhomogeneous spin config
uration region plays an important role similar to the DWs and edges of 
samples. In our experiments, the role of the DMI becomes important at 
the boundary between the NI- and I-regions because of the inhomoge
neous spin configuration artificially adjusted by SOT. We can calculate 
the DMI induced system energy through integration of the whole system 
by considering the inhomogeneous spin region. If the interfacial DMI 
energy density is almost constant throughout the system, then the sys
tem energy can be represented with an inhomogeneous contribution as 
follows. 

EDMI= − Dint

∫ x2

x1

∫ y2

y1

sin θ(x, y)dxdy (2)  

Here, (x1, x2) and (y1, y2) are the x- and y-directional boundary condi
tions of the inhomogeneous area. Dint is the interfacial DMI energy 
density. 

Because the SOT influences the magnetizations in the NI- and I-re
gions differently, an artificial spin texture can be achieved at the 

boundary of the regions as mentioned above. Here, one can freely decide 
the position of the I-region. According to the position of the I-region, the 
spin texture changes from Néel-type to Bloch-type according to the 
relative angle between n̂ and σ̂, defined as φ, as shown in Fig. 1. Since 
the DMI of the system favors a specific chirality sign, it produces an 
energy difference depending on the sign, type and magnitude of the spin 
texture. In here, we should mention that inhomogeneous spin region 
contains variety angle range of spins between θNI and θI. But we hy
pothesis the simplest model and it is considering only two spins of 
boundary ignoring the complexly distributed remnant spins in noncol
linear region. As a result, the energy difference between the spin textures 
stabilized and destabilized by the DMI is expressed as follows. 

ΔEDMI =EDMI
CCW − EDMI

CW ∝Dint sinΔθ cos φ (3)  

Here, EDMI
CCW and EDMI

CW represent the system energies at the CCW and 
clockwise (CW) spin textures, respectively. Furthermore, one can un
derstand that Δθ is caused by cross-product of spins of boundary and φ is 
by dot-product with Dint vector. Δθ is the relative polar angle difference 
and defined as Δθ = θI - θNI. The sign of Δθ can be determined by the 
direction of the initial magnetization such that Δθ > 0 in the up state 
initialization case and Δθ < 0 in the down state initialization case. This is 
only a very simple toy model of the system, but it explains the main 
feature of our experimental results well. 

3.3. Azimuthal angle dependent system energy 

To analyze the effect caused by the artificial spin texture, we 
measured the φ-dependent SOT-induced effective field in sample 1. The 
measurement geometry is shown in Fig. 2(a), and the φ-dependent 
irradiation area information can be found in Fig. S1. When an electric 
current is injected into the system, an artificial spin texture is formed 
because of the SOT. This artificially formed spin texture interacts with 
the DMI of the system, and the total system energy is changed, as seen in 
Fig. 2(b). When the direction of the electric current is fixed (in the +x 
direction in the case of the energy diagram), the spin texture of opposite 
sign is formed according to the up state (+z direction) or down state (-z 
direction) magnetization: the CW spin texture in the up state and CCW in 
the down state when φ = 0◦ and the CCW spin texture in the up state and 
CW in the down state when φ = 180◦. This implies that different vari
ations in the system energy are induced according to the magnetization 
state because the system DMI is unchangeable. Therefore, the energy 
differences between the up and down state magnetization should follow 

Fig. 1. Schematic diagrams of irradiation position-dependent spin textures. The irradiated (I-) region and nonirradiated (NI-) region are shown in bright and 
dark yellow, respectively. MNI (MI) indicates the magnetization in the NI-region (I-region). n̂ is a normal vector of the boundary plane directed from the NI-region to I- 
region. σ̂ is the direction of the spin polarization from the SHE of the HM layer. φ is determined as the relative azimuthal angle between n̂ and σ̂. Depending on φ, the 
Néel-type spin texture with CW or CCW chirality appears at φ = 0 and 180◦, while the Bloch-type spin texture appears at φ = 90◦. At the boundary between each 
region, a chiral spin texture is formed, resulting in system energy variation. 
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Equation (3). And this approach suggests that the energy difference 
induced by the artificial spin texture can be detected through the 
magnetization switching process. 

To observe the energy difference experimentally, we measured 
anomalous Hall effect (AHE) hysteresis loops, as shown in Fig. 2(c). For 
artificial spin texture formation, the injected current density is Je = 4.5 
× 1011 A/m2 at both φ = 0 and 180◦. As a result, clear shifts of the loop 
in the positive (φ = 0) and negative (φ = 180◦) directions are observed, 
and this shift originates from the chirality reversal accompanying 
magnetization switching [11,12]. In the case of φ = 0◦, one can un
derstand that UD switching includes chirality reversal from the CW ((1) 
black arrows) to CCW ((2) black arrows) spin texture, whereas CCW (2) 
to CW (1) reversal appears in DU switching. Here, because our system 
possesses intrinsic chirality determined by the DMI, different system 
energies are derived according to the type of spin texture. In the case of 
our system, a negative sign of the DMI energy density is induced by the 
Pt/Co interface, and the CCW spin texture is stabilized. As a result, 
different energies are required when the chirality reversal follows CW to 
CCW or CCW to CW, inducing differences in the quantity of the coercive 
field between UD and DU magnetization switching. Thus, more (less) 
magnetic field is required for switching the magnetization from the CCW 
(CW) to CW (CCW) spin texture, which results in a shift of the hysteresis 
loop. However, at φ = 180◦, the opposite situation occurs. The UD 
switching includes CCW ((3) red arrows) to CW ((4) red arrows) 
chirality reversal, whereas DU switching includes CW (4) to CCW (3) 
chirality reversal. Thus, a different directional shift appears compared 
with φ = 0◦. This analysis implies that the shift of the hysteresis loop is a 
result of the energy difference between the spin textures stabilized and 
destabilized by the DMI of the system. We define HChiral

z (≡ (HUD
c +

HDU
c ) /2) as the degree of shift of the loop, which acts as an additional 

magnetic field. Here, HUD
c and HDU

c are the coercive fields in UD and DU 
switching, respectively. HChiral

z should be proportional to the chirality 
induced energy difference as follows: 

HChiral
z ∝ ΔEDMI∝sinΔθ cos φ (4) 

According to Equation (4), the shift of the loop is a fingerprint of the 
formation of the chiral spin texture and chirality-dependent system 
energy variation. 

For a deeper understanding, we introduce an ansatz to describe the 
degree of the loop shift as an additional effective field, HChiral

z = β•Je 

[38]. β is defined as the efficiency of the additional effective field caused 
by the chiral spin texture. We extracted the current 
amplitude-dependent HChiral

z at φ = 0, 90, 180◦, as shown in Fig. 2(d). 
The results show two different tendencies according to φ. First, when φ 
= 0/180◦ (cosφ = ±1), a linear relation of HChiral

z with the magnitude of 
the injected electric current is detected. Here, different signs of the slope 
appear between φ = 0 and 180◦. This is because the sign of the spin 
texture becomes opposite with the different φ, as mentioned above. The 
linearity can be understood from Equation (4). If Δθ is small enough, 
then sinΔθ ≈Δθ. Thus, HChiral

z can be represented using the PMA energy 
relation (see Supplementary Information Note 2) as follows. 

HChiral
z ∝ Δθ∝hy,SOT

(
1

HI
K
−

1
HNI

K

)

(5)  

Here, hy,SOT is the damping-like torque induced effective field by SOT 
defined as hy,SOT = ℏJs/2eMstF [39], and ℏ, e, Ms, tF is Planck constant, 
charge of electron, saturation magnetization, and thickness of ferro
magnet layer, respectively. HNI

K , and HI
K are the effective anisotropy field 

in the NI-region, and the effective anisotropy field in the I-region, 
respectively. Because material parameters including the anisotropic 
properties are constant after fabrication, one can understand that HChiral

z 
only depends on hy,SOT, as in Equation (5). hy,SOT has a linear relation 
with the electric current density because the injected spin current is 
determined by the relation Js

→
= θSH • (σ̂ × Je

→
). Thus, Hchiral

z also follows 
the same linear tendency with the electric current as HChiral

z ∝Je. Second, 
at φ = 90◦ (cosφ = 0), there is no noticeable change depending on the 
current density within the error range. This is because the type of spin 
texture is different at φ = 90◦ compared with φ = 0/180◦. The Néel-type 
is formed at φ = 0/180◦, while the Bloch-type is formed at φ = 90◦. 

Fig. 2. Observation of HChiral
z induced by energy differences from artificial spin texture in sample 1. Here, the dose of sample 1 is fixed as 25 ions/nm2 for 

various φ. (a) Schematic diagram of the measurement geometry. (b) Diagram of the total system energy at various φ for a fixed current direction. (c) SOT-induced 
hysteresis loop shift when a current is flowing through the system (Je = 4.5 × 1011 A/m2) at φ = 0 and 180◦. Here, each number within parentheses corresponds to 
the magnetization state in the energy diagram. (d) Je-dependent HChiral

z according to φ. The solid lines are linear fittings, and their slope, β, implies the efficiency of 
HChiral

z caused by the spin texture. (e) φ-dependent β tendency. The fitting curve is a cosine, shown in red. 
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Because the Bloch-type spin texture has no chirality-dependent energy 
difference induced by DMI of system, Hchiral

z disappears in the φ = 90◦

case. 

3.4. Degree of chirality dependent system energy 

From the ansatz, β can be extracted by linear fitting of HChiral
z versus Je 

for each φ. The resultant β versus φ is well fitted by a cosine function, as 
seen in Fig. 2(e). Based on the cosine behavior of β, the artificial spin 
texture is rotated from the CW Néel-type (φ = 0◦) to Bloch-type (φ =
90◦) and CCW Néel-type (φ = 180◦) according to the position of the I- 
region when a positive current is injected into the system. Therefore, it 
can be understood that the Néel-type spin texture only contribute to the 
variation of system energy. With this result, the artificial spin texture is 
confirmed to not only be controllable by SOT but also to influence the 
system energy. 

The Néel-type spin texture induced system energy variations can be 
detected through the HChiral

z induced by the system energy variation. 
Here, one possible expectation is that the degree of spatial asymmetry of 
the spin texture should depend on the effective anisotropy field differ
ence (ΔHK ≡ HNI

K − HI
K) because it determines the degree of Δθ. There

fore, we proceeded to measure HChiral
z according to ΔHK. From the 

previous φ-dependent β measurement, HChiral
z is confirmed to be maxi

mized in the case of the Néel-type spin texture. Therefore, we prepared 
sample 2 by fixing φ = 0◦. The prepared sample 2 results in ΔHK values 
of 0, 0.37, 0.49, and 0.68 T at doses of 0, 15, 30, and 45 ions/nm2, 
respectively (see the inset of Fig. S2(c) for more details). For a more 
precise quantification of HChiral

z , we carried out a measurement process 
with a 2-axis magnetic field, as shown in Fig. 3(a). The φ-dependent 
results in section 2.3 only confirmed the formation of a spin texture and 
its influence on the system energy. However, when the SOT is suffi
ciently large, a DLT contribution appears simultaneously [38], which 
causes a greater effect compared to HChiral

z . Therefore, to precisely 
analyze the effect of the Néel-type chiral spin texture, the SOT-induced 
effective field was measured when several x-direction external magnetic 
fields (Hx) were applied. Therefore, we need to adopt the DLT effective 
field, HDL

z = χ•Je, which is determined by the interplay between the DW 
profile, the DMI of the system and Hx [40,41]. Here, χ corresponds to the 
efficiency of the DLT induced by SOT. 

For each direction of Je and Hx, HDL
z and HChiral

z have different ten
dencies. HDL

z and HChiral
z have the same sign when Hx is directed in the +x 

direction regardless of the Je direction (① and ② diagrams in Fig. 3(a)), 
and the opposite signs appear for the -x direction of Hx (③ and ④ dia
grams in Fig. 3(a)). However, the measured shift of the AHE hysteresis 
loop gives mixed signals from HDL

z and HChiral
z . 

Heff
z ≡

(
HUD

C +HDU
C

)
/2=HDL

z + HChiral
z (6) 

From the Hx dependence of Heff
z , there should be a difference in the 

degree of shift of the hysteresis loop depending on the signs of HDL
z and 

HChiral
z . As a result, different Heff

z values can be seen in the solid line and 
dashed line hysteresis loops, as shown in Fig. 3(b). Compared to the solid 
line, the dashed line hysteresis loop clearly shows a small Heff

z , which 
corresponds to the case when the signs of HDL

z and HChiral
z are opposite. For 

more details, Heff
z is extracted for each current density, and a clear dif

ference is observed depending on the direction of Hx, as shown in Fig. 3 
(c). Because HDL

z depends on the direction of Hx while having no influ
ence on HChiral

z , HChiral
z and HDL

z can be extracted using Equation (6). 

HChiral
z =

[
Heff

z (+Hx)+Heff
z (− Hx)

] /
2 (7)  

HDL
z =

[
Heff

z (+Hx) − Heff
z (− Hx)

] /
2 (8) 

The extracted HChiral
z at 45 ions/nm2 calculated through Equation (7) 

is shown in Fig. 3(d). Here, each value of HChiral
z is average data measured 

under various Hx, and the error bar is estimated by calculating the 
standard error. 

As a result, HChiral
z has a larger slope compared to the pristine sample 

(0 ions/nm2) as well as a linear tendency with Je, as seen in Fig. 3(d). 
From this, we can explain two situations. The first concerns the linearity 
and odd-functionality of HChiral

z versus Je. The SOT behaves as a trigger of 
spin texture formation, and the direction of the SOT is determined by the 
direction of the injected electric current. Thus, the odd-functionality can 
be considered to be the opposite current direction leading to a reversed 
sign of HChiral

z . From this, it is verified that the degree of variation of 
system energy can be artificially adjustable by controlling the current. 
Second, a larger slope of HChiral

z occurs compared with the pristine 
sample (0 ions/nm2). This means that ΔHK influences the magnitude of 
the system energy variation, as we expected. For more perspective, β is 
extracted by linear fitting of HChiral

z versus Je at each ΔHK. Here, because 
hy,SOT is proportional to the electric current, Equation (5) can be modi
fied based on the definition of β as follows. 

β=
HChiral

z

Je
∝

1
HI

K
−

1
HNI

K
=

ΔHK
/

HNI
K

1 − ΔHK
/

HNI
K

(9) 

We can observe that β tends to increase and well follow the trend 
from Equation (9), as seen in Fig. 3(e). One of the possible reasons for the 
increasing trend is the possibility of the formation of a steeper spin 
texture in a larger ΔHK system. Although a similar SOT effect is applied 
to the system (see Fig. S5 for confirming the dose-dependent HDL

z in 
various dose), a greater asymmetry of the spin texture can be formed in 
the larger ΔHK case. This results in a higher energy difference between 
the spin textures stabilized and destabilized by the DMI. 

3.5. Micromagnetic simulation 

A micromagnetic simulation was performed to verify the additional 
effective field induced by chirality reversal using MuMax3 [42]. For the 
simulation, the grid size was set as 1 nm × 50 nm × 1 nm in the (x, y, z) 
dimensions, and the cell size was 1 nm. The material parameters were as 
follows: MS = 1.0 MA/m; Aex = 20 pJ/m; α = 0.01; Dint = 1.0 mJ/m2. 
Here, Aex, and α are exchange stiffness and Gilbert damping constant, 
respectively. The noncollinear spin texture is formed through the y-axis 
direction, which is achieved by setting different uniaxial anisotropy 
energies (KU). The larger KU of the system is fixed at 0.6 MJ/m3, and the 
smaller KU is varied from 0.5975 to 0.58 MJ/m3. To implement the PMA 
state, the easy axis is set to the z-axis. 

When a hy,SOT is applied by the SOT, each magnetization in larger 
and smaller KU reacts differently according to its PMA energy. If the 
direction of hy,SOT is not changed, then one can also understand that the 
chirality differs between the up and down states. Therefore, when the 
external magnetic field in the z-direction is switched, chirality reversal 
also simultaneously occurs. As a result, a shift of the hysteresis loop also 
occurs in the opposite direction, as seen in Fig. 4(a). 

From our toy model, the degree of shift in the hysteresis loop is 
proportional to DintΔθ in the proper range of Dint and Δθ. Here, Dint is the 
interfacial DMI energy density, and Δθ is the angle difference at the 
boundary of the chiral region. In the result, we can observe that not only 
is Hchiral

z linearly related to hy,SOT but also its sign becomes opposite at 
opposite Dint, as seen in Fig. 4(b). This tendency implies that the chirality 
reversal-induced hysteresis loop shift is governed by the DMI of the 
system. Because the interfacial DMI stabilizes the Néel-type spin texture, 
an energy difference induced by chirality reversal occurs only when the 
spin texture is Néel-type. Therefore, when we rotate the hy,SOT in the xy 
plane, Hchiral

z should follow a cosine behavior because the Bloch-type 
contribution occurs when the in-plane bias becomes off-axis relative to 
y. This can be seen in Fig. 4(c). 

One of the parameters that affects the energy difference during 
chirality reversal is the PMA energy difference (ΔKU) of the two regions. 
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Because different ΔKU values result in different boundary conditions of 
the spin texture in the chiral region, variations in Hchiral

z also occur. The 
relation between ΔKU and the hysteresis loop shift has already been 
reported to have a similar tendency with ΔKU [15,38]. However, ac
cording to Fig. 4(d), the tendency is slightly off from linear at higher 
ΔKU. The nonlinearity can be described more precisely by Equation (9), 
which suggests that our toy model explains the behavior of system en
ergy by the SOT-induced artificial spin texture quite exactly in proper 
ranges of material parameters. 

4. Conclusion 

In summary, the system energy variation by chiral spin texture 
induced by SOT is directly observed in φ and ΔHK dependences. We 
confirm the clear cosine dependence in φ and nonlinear increasement in 
ΔHK variations. It is also predicted in our theoretical models and the 
micromagnetic simulation shows similar tendencies with experimental 

results. These variations suggests an obvious intervention of chirality on 
the system energy variation, and our finding offers more perspective on 
chiral system and its utilization on spin systems. 
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Fig. 3. System energy variation according to the asymmetry of the spin texture in sample 2. (a) Schematic diagram of four cases according to the directions of 
Hx and Je. The signs of HDL

z and HChiral
z are the same in the ① and ② diagrams and opposite in the ③ and ④ diagrams, depending on the direction of Hx. (b) Shift of the 

hysteresis loop at |μ0Hx | = 394 mT, |Je| = 4.0 × 1011 A/m2, and a dose of 45 ions/nm2. The solid curve is at positive Hx, and the dashed curve is for the negative case. 
(c) Measured Heff

z and (d) extracted HChiral
z according to Je at 45 ions/nm2. The red line is the linear fitting, and the error bar is from the average value of HChiral

z at 
various Hx. The blue points and blue dashed line indicate the extracted HChiral

z and linear fitting for the pristine sample (0 ions/nm2). (e) ΔHK-dependent slope, β, 
extracted for each dose. ΔHK can be estimated by calculating the HK differences between the nonirradiated region and irradiated region. Here, the gray dashed line 
indicates the trend curve calculated by Eq. (9). 

Fig. 4. Chirality reversal-induced additional effective field (Hchiral
z ) simulation. (a) Hysteresis loop simulation according to the direction of hy,SOT. (b) Degree of 

Hchiral
z at various magnitudes of hy,SOT for positive and negative interfacial DMI energy densities. (c) Bias field azimuthal angle-dependent and (d) PMA energy 

difference-dependent Hchiral
z . Here, dotted line is linear fitting considering ΔKU ≤ 5kJm− 3 and solid curve is fitting result by equation (9). 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jsamd.2023.100649. 
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M. Swagten, B. Koopmans, C.-Y. You, Asymmetric hysteresis for probing 
dzyaloshinskii–moriya interaction, Nano Lett. 16 (2016) 4438–4446, https://doi. 
org/10.1021/acs.nanolett.6b01593. 

[11] D.-S. Han, K. Lee, J.-P. Hanke, Y. Mokrousov, K.-W. Kim, W. Yoo, Y.L.W. van Hees, 
T.-W. Kim, R. Lavrijsen, C.-Y. You, H.J.M. Swagten, M.-H. Jung, M. Kläui, Long- 
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