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Universality of Dzyaloshinskii-Moriya interaction effect over domain-wall creep and flow regimes
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Chirality causes diverse phenomena in nature such as the formation of biological molecules, antimatters,
noncollinear spin structures, and magnetic skyrmions. The chirality in magnetic materials is often caused by
the noncollinear exchange interaction, called the Dzyaloshinskii-Moriya interaction (DMI). The DMI produces
topological spin alignments such as the magnetic skyrmions and chiral domain walls (DWs). In the chiral DWs,
the DMI generates an effective magnetic field μ0HDMI, resulting in a peculiar DW speed variation in the DW
creep regime. However, the role of μ0HDMI over the different DW-dynamics regimes remains elusive, particularly
due to recent observation of distinct behaviors between the creep and flow regimes. We hereby demonstrate
experimentally that the role of μ0HDMI is invariant over the creep and flow regimes. In the experiments, the pure
DMI effect is quantified by decomposing the symmetric and antisymmetric contributions of the DW motion. The
results manifest that the antisymmetric contribution from chiral effect vanishes gradually across the creep and
flow regimes, revealing that the symmetric contribution from μ0HDMI is unchanged. Though the DW dynamics is
governed by distinct mechanisms, the present observation demonstrates the uniqueness of the DMI effect on the
DWs over the creep and flow regimes, suggesting that the DMI-induced magnetic field is indeed a fundamental
quantity of given magnetic systems.
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I. INTRODUCTION

The Dzyaloshinskii-Moriya interaction (DMI) [1,2] has
recently received considerable attention due to recent findings
on the dynamics of magnetic chiral domain walls (DWs)
[3–9]. Up until recently, Je et al. [10] demonstrated that, in
the DW creep regime, the DMI-induced effective magnetic
field μ0HDMI modifies the DW energy density and causes
variation of the DW speed under the influence of an in-plane
magnetic field μ0Hin. Such μ0Hin dependence of the DW
speed is found to be symmetric for inversion with respect to
μ0HDMI; thus, one can quantify the sign and magnitude of
μ0HDMI by symmetry measurement of the DW speed with
respect to μ0Hin [10,11]. Recently, however, Jué et al. [12]
proposed that energy dissipation—called chiral damping—
generates additional variations of the DW speed, which is
antisymmetric for inversion with respect to μ0HDMI. Because
of such sizeable antisymmetric contribution, the symmetry-
based μ0HDMI determination becomes controversial in the
DW creep regime. To avoid this controversial issue, Vaňatka
et al. [13] demonstrated that in the flow regime, symmetry-
based μ0HDMI determination becomes possible, as the flow
regime exhibits symmetric DW speed variation, possibly due
to the formation of soliton-like Bloch-type DWs above the
Walker breakdown [14].
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By developing this analysis scheme, we decompose the
symmetric and antisymmetric contributions in the creep
regime. This scheme is based on the fact that the symmetric
and antisymmetric contributions exhibit distinct dependences
on an out-of-plane magnetic field. The experimental results
clearly show that the antisymmetric contribution gradually
vanishes across the creep and flow regimes, while the symmet-
ric contribution remains unchanged, confirming the unique-
ness of μ0HDMI across the creep and flow regimes.

II. EXPERIMENTS & RESULTS

For this study, we chose 5.0-nm Ta/2.0-nm Pt/0.3-nm
Co/2.0-nm Pt films with weak perpendicular magnetic
anisotropy because of their high mobility of field-driven DW
motion [15]. The domain images are observed by a magneto-
optical Kerr effect microscope and then, the DW displacement
is examined by capturing the DW images, where the out-of-
plane magnetic field μ0Hz pulses are applied in the presence
of in-plane magnetic field bias μ0Hx. The field-driven DW
speed v was then measured over a wide range from 5 × 10−4

to 20 m/s across the creep and flow regimes. Figure 1(a)
plots v as a function of μ0Hz with μ0Hx = 0 mT. The black
arrow in the figure indicates the DW depinning field μ0Hdep,
above which the DW exhibits a dissipative viscous motion
with v ∝ μ0(Hz − Hdep), as guided by the red line of the
best linear fit. Therefore, this DW motion belongs to the flow
regime (μ0Hz > μ0Hdep). On the other hand, the creep regime
(μ0Hz < μ0Hdep) exhibits thermally activated DW motion
with the creep criticality ln(v) ∝ [μ0Hz]−1/4, as guided by the
blue line of the best linear fit in Fig. 1(b).
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FIG. 1. Plot of v as a function of μ0Hz with μ0Hx = 0. (a) Linear
scale plot for the flow regime and (b) creep scale plot for the creep
regime. The red line shows the best linear fit between v and μ0Hz.
The blue line shows the best linear fit between v and [μ0Hz]−1/4.

The effect of μ0Hx on the DW motion was then examined.
Figures 2(a)–2(e) show v/vmin with respect to μ0Hx under
various strengths of μ0Hz, i.e., 1.9, 2.1, 3.4, 17, and 41 mT,
respectively, over the creep and flow regimes. Here, vmin

is the apparent minimum of v as defined below. The best
parabolic fitting (solid curve) is shown in each plot to guide
the symmetry of v, indicating the in-plane magnetic field
μ0Hmin (purple arrows) for vmin [i.e., vmin ≡ v(μ0Hmin)]. It is
interesting to note that μ0Hmin is shifted across the plots with
respect to the strength of μ0Hz. Therefore, μ0Hmin of the creep
regime (green dotted line) differs from that of the flow regime
(blue dotted line). As the μ0HDMI-determination scheme is
based on the measurement of the inversion symmetry with
respect to μ0Hmin, this observation indicates that μ0HDMI

cannot be uniquely determined irrespective of μ0Hz. Because
of better symmetries of v(μ0Hx ) observed in the flow regime,
Vaňatka et al. [13] have argued that μ0Hmin measured in the
flow regime truly quantifies μ0HDMI (=−μ0Hmin), whereas
the asymmetric behavior in the creep regime contains sizeable
antisymmetric contribution.

To confirm whether μ0Hmin measured in the flow
regime corresponds to the true μ0HDMI, we further ana-
lyze the DW motion in the creep regime by decompos-
ing the symmetric and antisymmetric contributions. The
principle of the decomposition is as follows: recent stud-
ies [10,15–17] have proposed that in the creep regime,

μ

μ

μ

μ

μ

μ

μ

μ

(a)

(b)

(c)

(d)

(e)

(f)

(g)

FIG. 2. Plot of v/vmin with respect to μ0Hx under various
strengths of μ0Hz: (a) 1.9, (b) 2.1, (c) 3.4, (d) 17, and (e) 41 mT. In
each plot, the solid line shows the best parabolic fit with Eq. (9) and
the purple arrow indicates μ0Hmin for vmin. The DW speed is ranged
(a) from 2.9 × 10−4 to 8.5 × 10−4, (b) from 5.4 × 10−4 to 1.2 ×
10−3, (c) from 4.3 × 10−3 to 1.2 × 10−2, (d) from 7.4 × 10−1to 2.1,
and (e) 4.8 to 13.8 m/s. The real scale of the DW speed is plotted
in the Supplemental Material Fig. 2. (f) Plot of R12 with respect to
μ0Hx with μ0Hz1 = 2.1 mT and μ0Hz2 = 1.9 mT. Here, ln[R12] ≡
−α(μ0Hx ){[μ0Hz1]−1/4 − [μ0Hz2]−1/4}. The solid line shows the best
fit with Eq. (5). (g) Plot of v0 with respect to μ0Hx . The solid line
shows the best linear fit.
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the thermally activated DW motion follows the DW creep
criticality [18] as given by v(μ0Hx, μ0Hz ) = v0(μ0Hx )
exp[−α(μ0Hx )[μ0Hz]−1/4], where v0 is the characteristic
speed and α is a scaling parameter related to the energy.
According to Ref. [10], α(μ0Hx ) mainly attributes the sym-
metric contribution by varying the DW energy density. On the
other hand, it has been proposed in Ref. [12] that v0(μ0Hx )
possibly includes a sizeable antisymmetric contribution, even
though the nature of v0(μ0Hx ) is not fully understood yet. The
troublesome v0(μ0Hx ) can be easily removed experimentally
by measuring two v(μ0Hx ) under the influence of different
out-of-magnetic field biases, μ0Hz1 and μ0Hz2 [19]. The ratio
R12 of these two v(μ0Hx ) is then written as

ln[R12(μ0Hx )] = −α(μ0Hx )
{[

μ0Hz1
]−1/4 − [

μ0Hz2
]−1/4}

,

(1)

which contains only the symmetric contribution from
α(μ0Hx ). Figure 2(f) plots R12(μ0Hx ) with μ0Hz1 = 2.1 mT
and μ0Hz2 = 1.9 mT. The black curve in the plot is the best fit
to guide the symmetry of R12. The equations and parameters
for the best fit will be discussed later. The figure clearly shows
that the inversion symmetry axis of R12(μ0Hx ) becomes
identical to that (blue dotted line) of the flow regime. This
observation, therefore, supports the claims that the inversion
symmetry axis of the flow regime corresponds to the true
μ0HDMI and the present analysis method is valid to extract
the symmetric contribution in the creep regime. To determine
μ0HDMI, we need to measure R12 in the creep regime, how-
ever, it can be obtained from only a single v − μ0Hx curve
in the flow region. However, in principle, the axes of the
symmetric contribution in both creep and flow regimes are
identical. Therefore, one can conclude that μ0HDMI can be de-
termined for the flow regime as well as the creep regime based
on the symmetric contribution. Hereafter, we will denote the
determined μ0HDMI as μ0H∗

DMI.
Similarly, v0(μ0Hx ) can be determined by using the

relation

v0(μ0Hx ) = v1(μ0Hx )/[R12(μ0Hx )]γ , (2)

where γ ≡ [μ0Hz1]−1/4/{[μ0Hz1]−1/4 − [μ0Hz2]−1/4} and v1

is the DW speed measured under μ0Hz1. Figure 2(g) shows
v0(μ0Hx ) determined with μ0Hz1 = 2.1 mT and μ0Hz2 =
1.9 mT. Though the data are slightly scattered since the sta-
tistical error in R12 is amplified greatly because of a large
γ , the plot exhibits a noticeable variation in v0(μ0Hx ), as
indicated by the solid line of the best linear fit. Such sizeable
variation in v0(μ0Hx ) verifies that the antisymmetric contri-
bution of the DW speed is mainly attributed to v0(μ0Hx ),
since α(μ0Hx ) is solely responsible for the symmetric con-
tribution. Such antisymmetric variation of v0(μ0Hx ) can be
caused by several reasons, such as chiral damping [12,20],
asymmetric DW width [21], or μ0Hx-induced magnetization
tilting inside the domains adjacent to the DWs. A detailed
discussion about the antisymmetric contribution will be given
later.

By use of μ0H∗
DMI, the antisymmetric contributions can be

further analyzed. Figure 3(a) plots the asymmetry A of the DW
speed with respect to �Hx (i.e., μ0�Hx ≡ μ0Hx + μ0H∗

DMI)
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FIG. 3. Asymmetry of the DW speed over the creep and flow
regimes. (a) Plot of A with respect to μ0�Hx for the creep (red) and
flow (blue) regimes. The solid lines show the best linear fit. (b) Plot of
β (black) and μ0Hmin (green) with respect to μ0Hz. The dotted lines
indicate a simple exponential decay function. (c) Plot of β[μ0Hz]1/4

with respect to μ0Hmin. The black solid line shows the best linear fit.
(d) Plot of A with respect to μ0�Hx for μ0Hz = 1.9 and 2.1 mT. The
solid lines show the prediction based on the chiral damping model.
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for the creep (red) and flow (blue) regimes, where

A(μ0�Hx )

≡ v(−μ0H∗
DMI + μ0�Hx ) − v(−μ0H∗

DMI − μ0�Hx )

v(−μ0H∗
DMI + μ0�Hx ) + v(−μ0H∗

DMI − μ0�Hx )
.

(3)

It is clear from the figure that the creep regime exhibits
a large asymmetry, in contrast with zero asymmetry in the
flow regime. In the creep regime, one can readily derive the
relation A(μ0�Hx ) ∼= βμ0�Hx within the context of the creep
criticality, where

β ≡ dv0/dμ0�Hx|μ0�Hx=0

v0(−μ0H∗
DMI)

. (4)

From the red symbols of Fig. 3(a), the value of β is deter-
mined as 4.6 ± 0.1 T−1. The present value roughly matches
the value (=4.2 ± 1.4 T−1) determined by the best linear
fitting from Fig. 2(g). Even though the latter value has larger

error bars due to the stochastic nature of the DW creep
regime and the measurement with small μ0Hz difference, the
conformity between the average values supports the validity
of our approach.

Figure 3(b) summarizes the experimentally determined β

(black) and μ0Hmin (green) with respect to μ0Hz. It is evident
from the figure that there exist sizeable asymmetries in the
creep regime with a small μ0Hz, but the asymmetry quickly
decays as μ0Hz increases in the flow regime. Similarly,
μ0Hmin approaches −μ0H∗

DMI as μ0Hz increases. The dotted
lines indicate a simple exponential decay function.

III. DISCUSSION

According to Ref. [10], α(μ0Hx ) = α0[σDW(μ0Hx )/σ0]1/4,
where σDW is the DW energy density, σ0 is the
Bloch-type DW energy density, and α0 is a scaling
constant. Recent studies [10,11,22] on the DMI effect
on DWs have revealed that σDW(μ0Hx ) is given by

σDW(μ0Hx ) =
⎧⎨
⎩σ0 − 2λKD

∣∣Hx+H∗
DMI

HK

∣∣2
for |μ0Hx + μ0H∗

DMI| � μ0HK

σ0 + 2λKD − 4λKD

∣∣Hx+H∗
DMI

HK

∣∣ otherwise
. (5)

Here, KD is the DW anisotropy energy density, λ is the DW width, and μ0HK (≡4KD/πMS) is the DW anisotropy field, where
the DW anisotropy energy is the difference between Bloch wall and Néel wall energy densities. The solid line in Fig. 2(f) is
the best fit by these equations with the following best fitting parameters: α0 = 3.81 T1/4, λKD/σ0 = 0.027, μ0HK = 29.7 mT,
and μ0H∗

DMI = 59.3 mT. For the case in which v0 exhibits a finite asymmetry i.e., v0(−μ0H∗
DMI + μ0�Hx ) ∼= v0(−μ0H∗

DMI) +
βμ0�Hx, one can again easily calculate that the apparent minimum μ0Hmin can be written as

μ0Hmin
∼= −μ0H∗

DMI − ηβ[μ0Hz]
1/4, (6)

where η ≡ σ0[μ0HK]2/α0λKD. The prediction given by Eq. (6) is experimentally confirmed as observed by the linear relation
between β[μ0Hz]1/4 and μ0Hmin in Fig. 3(c). Therefore, one can conclude that the asymmetry is the origin of the deviation in
μ0Hmin and therefore, μ0Hmin converges to −μ0H∗

DMI as the asymmetry vanishes in the flow regime.
To extend our understanding on the antisymmetric contribution, we further analyze the nature of A in the creep regime.

Figure 3(d) plots A with respect to μ0�Hx at μ0Hz = 1.9 and 2.1 mT. It is clear from figure that A is saturated as a large μ0�Hx

with a transition region in between. The present dependence of A on μ0�Hx resembles the typical dependence of the spin-orbit
torque [23], which is known to follow the DW chirality. As one of the possible scenarios, the chiral damping model [12,20] is
adopted to explain the typical dependence of μ0�Hx. The solid lines in the figure are the prediction from the chiral damping
model with different values of αc/αG, 0 (orange), 0.2 (red), and 0.4 (blue), based on the relation A ∼= αc/αG cos ψ where αc is
the chiral damping constant, αG is the Gilbert damping constant, and ψ is the angle of the magnetization inside the DW [24]. The
value αc/αG = 0.2 better fits the experimental data. Though the present analysis supports that A is attributed to the DW chirality,
it requires further deliberate experiment and theoretical support to extract the exact portion of the chiral damping mechanism out
of all the other possible chiral mechanisms.

The DW motion in the flow regime can be described by the one-dimensional DW model [25,26] based on the Landau-
Lifshitz-Gilbert equation [27]. It is well known that, under a μ0Hz larger than the Walker breakdown field [28], the DW exhibits
precessional motion [29]. By solving the one-dimensional DW model, the DW speed is given by v = λ(γ0μ0Hz − 2π/T )/αG,
where γ0 is the gyromagnetic ratio. The precession period T is then written as

T = 1 + α2
G

γ0

∫ 2π

0

dψ

μ0Hz − αG
π
2 μ0(Hx + HDMI) sin ψ + αG

π
2 μ0HK sin ψ cos ψ

, (7)

where ψ is the angle of the magnetization inside the DW. Since μ0Hz � αGμ0HK for the
experimental condition in the flow regime with a small αG, it is a good approximation to write T
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μ

FIG. 4. Plot of T/Tmin with respect to μ0Hx , calculated by Eq. (7)
(solid line) and Eq. (8) (circular symbols) as well as by micromag-
netic simulation (square symbols) at μ0Hz = 51 mT.

as

T ≈ 1 + α2
G

γ0

∫ 2π

0

dψ

μ0Hz − αG
π
2 μ0(Hx + HDMI) sin ψ

= 1 + α2
G

γ0

2π√
(μ0Hz )2 − α2

G

(
π
2

)2
(μ0Hx + μ0HDMI)2

.

(8)

Figure 4 plots the numerical evaluation T/Tmin of Eqs. (7)
and (8) for our experimental condition, where Tmin is
defined as T at μ0Hx = −μ0HDMI. The micromagnetic
simulation results by use of the object oriented mi-
cromagnetic framework are plotted together. The fig-
ure clearly shows that all results match each other
with accuracy better than 1%. Therefore, it is good to
write v as

v ≈ λγ0

αG

(
μ0Hz − 1

1 + α2
G

√
(μ0Hz )2 − α2

G

(π

2

)2
(μ0Hx + μ0HDMI)2

)
≈ λγ0αG

1 + α2
G

μ0Hz

(
1 +

(π

2

)2 (μ0Hx + μ0HDMI)2

2(μ0Hz )2

)
, (9)

which exhibits symmetric behavior with a parabolic depen-
dence on μ0Hx + μ0HDMI. Note that the parabolic variation
originates from the suppression of precessional DW motion
because of the additional energy barrier enhanced by an in-
plane magnetic field [9]. It is also worth noting that λ also
varies with respect to μ0Hx [21], but the variation of λ is
expected to be less than a few tens of percent. Therefore, the
large variation of v observed in Fig. 2(e) is mostly attributed
to the suppression of the precessional DW motion rather than
the λ variation.

IV. CONCLUSION

In conclusion, we examine the nature of the asymmetric
behavior in DW motion over the creep and flow regimes.
Based on the distinct dependence of the DW speed on the
in-plane and out-of-plane magnetic fields, the symmetric and
antisymmetric contributions of the DW speed are decom-
posed, enabling one to quantify the pure effect of the DMI.
The results show that the antisymmetric contribution vanishes
gradually across the regimes, while the symmetric contribu-
tion remains unchanged, confirming the fundamental quantity

of the DMI-induced magnetic field across the regimes. The
present observation elucidates the underlying physics on the
recent puzzling issue in the DMI-related chiral DW dynamics.
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