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Chirality-induced antisymmetry in magnetic domain
wall speed

Dae-Yun Kim1, Min-Ho Park1, Yong-Keun Park1,2, Joo-Sung Kim1, Yune-Seok Nam1, Duck-Ho Kim1,3,

Soong-Geun Je1,4, Hyeok-Cheol Choi1, Byoung-Chul Min2 and Sug-Bong Choe1

In chiral magnetic materials, numerous intriguing phenomena such as built-in chiral magnetic domain walls (DWs) and

skyrmions are generated by the Dzyaloshinskii–Moriya interaction (DMI). The DMI also results in asymmetric DW speeds under

an in-plane magnetic field, which provides a useful scheme to measure the strength of the DMI. However, recent findings of

additional asymmetries such as chiral damping have inhibited the unambiguous determination of the DMI strength, and the

underlying mechanism of overall asymmetries comes under debate. Here, we experimentally investigate the nature of the

additional asymmetry by extracting the DMI-induced symmetric contribution from the DW speed. Our results reveal that the

additional asymmetry has a truly antisymmetric nature with the typical behavior governed by the DW chirality. In addition, the

antisymmetric contribution alters the DW speed by a factor of 100, dominating the overall variation in DW speed. Thus,

experimental inaccuracies can be largely removed by calibration with such antisymmetric contributions, enabling the standard

DMI measurement scheme.
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INTRODUCTION

Understanding magnetic domain wall (DW) motion is of extreme

importance owing to its potential application in spintronic devices

such as memory and logic devices.1–4 In order to improve the

performance of these devices, it is crucial to achieve fast DW speeds.

It has been reported that fast DW speeds can be achieved with intrinsic

chiral DWs5 generated by the Dzyaloshinskii–Moriya interaction

(DMI),6,7 where the DMI is an antisymmetric exchange interaction

originating from structural inversion asymmetries.8,9 In the case of

skyrmion-based devices, the DMI also determines the stability of the

skyrmion (that is, the ability of the device to store data). Therefore, the

precise measurement and control of the DMI are crucial in designing

DW-mediated spintronic devices. Various experimental techniques

have been proposed to quantify the DMI.10–15 Among them, one of

the simplest techniques is a symmetry measurement of the DW’s

speed with respect to an in-plane magnetic field.10 In this technique,

the shift of the symmetric axis indicates the magnitude of the DMI-

induced effective magnetic field directly. However, many other groups

have subsequently reported the existence of an additional asymmetry,

which makes it difficult to unambiguously determine the symmetric

axis. In this regard, the investigation of the additional asymmetry is

important not only from an academic viewpoint, but also to ensure an

error-free DMI measurement technique. Quite recently, several

possible mechanisms16–21 were proposed for the additional asymme-

try, but their validity remains under debate. Here, we have experi-

mentally demonstrated the chiral nature of the additional asymmetry.

By extracting the well-known DMI-induced symmetric contribution

from the DW’s motion, the additional asymmetry is found to exhibit a

truly antisymmetric nature, which is governed by the DW’s chirality.

MATERIALS AND METHODS
For this study, four different Ta/Pt/Co/X/Pt films, where X=Al, Pt, Ti or W,

were deposited on Si substrates with a 100-nm-thick SiO2 oxide layer by DC

magnetron sputtering. The detailed layer structures were 5.0-nm Ta/2.5-nm Pt/

0.9-nm Co/2.5-nm X/1.5-nm Pt for X=Al, Ti or W, and 5.0-nm Ta/2.5-nm Pt/

0.5-nm Co/1.5-nm Pt for X=Pt, where the upper Pt layer was employed as the

protection layer.22 Magnetic wire structures with a width of 20 μm and length

of 500 μm were then patterned on the films using a photolithography

technique. All the magnetic wires exhibited strong perpendicular magnetic

anisotropy and showed clear domain expansion under the application of an

out-of-plane magnetic field Hz. The DW images were recorded using a

magneto-optical Kerr effect microscope equipped with both out-of-plane and

in-plane electromagnets, which could apply a magnetic field of up to 40 and

200 mT on the sample, respectively. All the images in our present work were

taken at a magnification of × 200 with an optical spatial resolution of ~ 1 μm,

where the width of each CCD pixel corresponded to ~ 0.8 μm on the sample

surface. The DW speed νDW was then measured by analyzing successive domain

images captured with a constant time interval under application of Hz, as
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exemplified by Figure 1a and Supplementary Figure S1. This measurement

procedure was repeated under application of various current densities, J, and/or

an in-plane magnetic field Hx bias.

Figure 1b shows a plot of νDW with respect to Hz for positive and negative

current densities, that is, +J (blue) and − J (red). It is clear that the two curves

exhibit the same behavior except for the shifts along the abscissa axis, where the

direction of the shift is determined by the polarity of the current bias. When the

two curves are shifted by ±ΔHeff along the abscissa axis, they overlap onto a

single curve (black open circles). According to Franken et al.,23 ΔHeff is a direct

measure of the effective magnetic field caused by the current bias, and yields the

relation ΔHeff= εSTJ, where εST is defined as the spin-torque efficiency for

the current-to-field conversion.24 On the basis of the above-mentioned relation,

the εST of our samples was determined from the measurement of ΔHeff with

respect to J. In our experiments, these measurements were obtained for |J|

o1× 1010 A m− 2, for which the associated temperature rise due to Joule

heating was negligible (o0.5 K).25

RESULTS

In Figure 2a, εST is plotted with respect to Hx for one of our X=Al

samples (for the other samples, Supplementary Figure S2). The figure

shows the typical spin–orbit–torque-induced behavior composed of

three regimes: the two saturation regimes (NW± regimes) separated

by a transient regime (that is, the Bloch–Néel wall (BW-NW)

regime).26,27 In the NW± regimes, the DW is saturated to the Néel-

type configuration, where the magnetization inside the DW is oriented

along the ± x axes. On the other hand, in the BW-NW regime, the

DW varies between the Bloch- and Néel-type configurations. The x

intercept (red vertical line) indicates the magnetic field H0 required to

achieve the Bloch-type DW configuration. In order to achieve such a

configuration, H0 should exactly compensate the DMI-induced

effective magnetic field HDMI, that is, H0+HDMI= 0. Therefore, HDMI

can be quantified from the x intercept of the magnetic field

measurements. For this sample, HDMI was estimated as

− 107± 8 mT, where the accuracy of the HDMI measurement is

governed by the statistics of the determination of εST(Hx) and the

accuracy of Hx. The corresponding magnitude of the DMI is finally

determined as D= 0.87± 0.08 mJ m− 2 (Supplementary Table S1).

Next, the variation in the DW speed under the application of a

constant out-of-plane magnetic field Hz with an in-plane magnetic

field bias Hx was measured. Figure 2b shows νDW with respect to Hx

for three different Hz biases. The orange, green and blue symbols

present the data for Hz = 8.6, 9.9 and 11.0 mT, respectively. In

contrast to the symmetric behavior reported by Je et al.,10 the present

sample exhibited highly asymmetric behavior. Samples with such large

asymmetry need to be analyzed carefully because the field H0* (blue

vertical line) corresponding to the minimum νDW occurs far from H0.

Recent studies10,16–21 have shown that DW motion follows the DW

creep criticality, as given by vDW Hxð Þ ¼ v0 exp �a Hxð ÞH�1=4
z

� �

, where

ν0 is the characteristic speed and α(Hx) is a scaling parameter related

to the energy barrier. Here, α(Hx) has its maximum value for a Bloch-

type DW configuration and shows symmetric variation with respect to

Hx around the maximum. Recalling that the Bloch-type configuration

is achieved for Hx = H0, one can decompose the symmetric con-

tribution S with respect to the axis Hx = H0 into the form

S DHxð Þ � 1

2
ln vDW H0 þ DHxð Þf g þ ln vDW H0 � DHxð Þf g½ �; ð1Þ

where ΔHx is the deviation of Hx from H0 (that is, ΔHx≡Hx−H0).

The symbols in Figure 2c show S plotted as a function of ΔHx for

three different values of the Hz bias.

Then, using Equation (6) from Je et al.,10 α can be written as

a H0 þ DHxð Þ

¼
a H0ð Þ 1þ 2KDl

s0
� plMS

s0
DHxj j

h i1=4
NW7 regimes

a H0ð Þ 1� p2lM2
S

8KDs0
DHxð Þ2

h i1=4
BW� NW regime

;

8

>

<

>

:

ð2Þ

where λ is the DW width,MS is the saturation magnetization, KD is the

DW anisotropy and σ0 is the Bloch-type DW energy density. Using the

well-known relations l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

A=Keff

p

and s0 ¼ 4
ffiffiffiffiffiffiffiffiffiffiffi

AKeff

p
, where A is the

exchange stiffness and Keff is the uniaxial magnetic anisotropy, along

with the definitions of the effective anisotropy field HK ¼ 2Keff=Ms

and DW saturation field HS= 4KD=pMS, Equation (2) can be written

as

a H0 þ DHxð Þ

¼
a H0ð Þ 1� p

4HK
2 DHxj j � HSð Þ

h i1=4
for DHxj j4HS

a H0ð Þ 1� p
4HKHS

DHxð Þ2
h i1=4

otherwise

;

8

>

<

>

:

ð3Þ

where the Néel-type configuration in the NW± regimes is achieved

under the condition that DHxj j4HS.

As Equation (3) is expressed using even functions of ΔHx, the

variation in α results in the symmetric contribution S' with respect to

ΔHx being given by

S0 DHxð Þ � ln v0 H0ð Þf g � a H0 þ DHxð ÞH�1
4

z : ð4Þ
Thus, as all the parameters in Eqs. (3) and (4) can be determined by

independent measurements, we can therefore evaluate S'(ΔHx),

as shown by the solid line in Fig. 2c. The values ν0

(H0)= 2.92× 1015m/s and α0= 14.9 T1/4 were determined by the

measurement of the creep criticality. The value of HK= 0.94 T was

determined using a vibrating sample magnetometer, while HS= 70 mT

Figure 1 (a) Successive DW images under application of Hz with a constant

time interval (1 s). The directions of Hz, Hx, J, and the magnetization M are

as indicated. (b) Plot of vDW with respect to Hz for opposite current biases:

+J (blue) and –J (red). The black open symbols represent the data for ± J

after shifting the values along the abscissa by ±ΔHeff, respectively.
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was determined from Fig. 2a. It is interesting to note that S'(ΔHx)

exactly overlaps onto S(ΔHx), even without any fitting parameter

being used for these two curves. This observation implies that the

symmetric contribution to the DW speed can be mostly attributed to

the variation of α, which is known to be caused by the variation of the

DW’s energy density.

The additional asymmetry A is then resolved by subtracting the

symmetric contribution S' from the DW speed vDW (that is,

A � ln vDW � S0). Figure 2d shows A with respect to DHx, where

the solid line is a guide to the eye. It is clearly seen from the plot that

the additional asymmetry has a truly antisymmetric nature

(Supplementary Figure S5). Please note that this antisymmetric nature

is generally observed for the other Xs (Supplementary Figure S3).

DISCUSSION

It is worthwhile to note that the antisymmetric contribution exhibits

similar behavior to that of the εST measurement (Figure 2a), with three

regimes composed of a transition regime (BW-NW regime) in-

between two saturation regimes (NW± regimes). As the DW chirality

governs such typical regimes, one can conclude that the antisymmetric

nature of A can be mainly attributed to the DW chirality. Such

antisymmetry is possibly attributed to either the variation in v0 via the

chiral damping mechanism17,18 or to an additional variation of α

arising from the intrinsic asymmetry of the variation in the DW’s

width.19 We are presently unable to distinguish the exact contributions

from these variations (for details, please see Supplementary Section 6),

but the antisymmetric nature can be further analyzed as follows.

As shown in Figure 2b, because of the significant antisymmetric

contribution, the minimum value of vDW occurs at a value of H0*, which

is shifted from the position of H0. This apparent value of H0* is often

misinterpreted as a compensation field of HDMI. We have denoted the

magnitude of the shift by Hshift (blue horizontal arrow) in Figure 2b. As

the antisymmetric contribution saturates at HS, it is natural to expect that

HshiftoHS. In addition, Hshift should be close to the value of HS because

the antisymmetric contribution leads to the magnitude of vDW being

increased by a factor of 100, dominating over the symmetric contribu-

tion in the BW-NW transition regime (Supplementary Figure S4). To

demonstrate this prediction, Hshift was measured for all samples (that is,

those with different X layers) and plotted with respect to HS, as shown

by Figure 3. The solid black line (Hshift=HS) represents the upper bound

of Hshift. This observation proves that the experimental inaccuracy in the

vDW(Hx)-based DMI measurement does not exceed a few tens of mT

(that is, the inaccuracy of the HS measurement), which might be

acceptable for measurement of a large DMI. It is also worthwhile to note

that the sign of Hshift is uniquely determined by the DW chirality, and

that a large portion of the experimental inaccuracy can therefore be

removed by calibrating the measurement of HS. In Figure 3, the

inaccuracy remains less than ~10mT. Finally, we note that HS can also

be estimated by HSD2 ln 2m0MSt f=p
2l, where tf is the thickness of the

magnetic layer.28

In summary, we have examined the nature of the additional

asymmetric contribution in the variation of a DW’s speed. The

symmetric contribution to the DW speed is well explained in terms of

the DW’s energy density. The additional asymmetry has a truly

antisymmetric nature, which is possibly attributed to the DW’s chirality.

By improving our understanding of the nature of antisymmetric

Figure 2 (a) Plot of εST with respect to Hx. The red vertical line indicates the

value of H0 by the x intercept. The NW± and BW-NW regimes are shown

using different shaded areas, of which the boundaries are shown by the

black vertical lines lying ±HS from H0. (b) Plot of ln νDW with respect to Hx

for three different values of Hz. The orange, green and blue symbols

represent data for Hz=8.6, 9.9 and 11.0 mT, respectively. The error bars

indicate the s.d. of repeated vDW measurements (20 repetitions). The blue

vertical line indicates the value of H0
* for the minimum vDW and the blue

horizontal arrow shows Hshift. (c) Plot of S (symbols) and S' (solid lines) with

respect to ΔHx. The dashed lines show the possible error in the S'

determination. The error bars δS were calculated by the addition of the

statistical errors in the two measurements of ln νDW, that is,

dS ¼ 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

d ln vDW1ð Þ2 þ d ln vDW2ð Þ2
q

, where S ¼ 1
2
ln vDW1 þ ln vDW2½ �. (d) Plot

of A (symbols) with respect to ΔHx. The solid line is a guide to the eye used

to highlight the antisymmetry. The error bars δA were calculated by the

statistical addition of the errors of ln νDW and S' values, that is,

dA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

d ln vDWð Þ2 þ dS0� �2
q

, where A ¼ ln vDW � S0 .
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contribution, it is possible to remove a large portion of the experimental

inaccuracy present in DMI measurements based on the DW’s speed

asymmetry. The present work provides an error-free DMI measurement

technique that enables one to unambiguously measure the DMI, in

addition to investigating the origin of the additional asymmetry.
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Figure 3 Plot of Hshift with respect to HS. The black solid line (Hshift=H0)

represents the upper bound of Hshift for each layer material X. The error bars

δHS were calculated using the s.d. of all the possible fitting values of HS for

several different sets of εST(Hx). The error bars δHshift were calculated by the

statistical addition of δH0 and δH0
*, that is, δHshift= ([δ(H0)]

2+ [δ(H0
*)]2)1/2,

where Hshift is defined as Hshift=H0−H0
*.
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