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Asymmetric magnetic domain-wall motion by the Dzyaloshinskii-Moriya interaction
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We demonstrate here that ultrathin ferromagnetic Pt/Co/Pt films with perpendicular magnetic anisotropy exhibit
a sizable Dzyaloshinskii-Moriya interaction (DMI) effect. Such a DMI effect modifies the domain-wall (DW)
energy density and consequently, results in an asymmetric DW expansion driven by an out-of-plane magnetic
field under an in-plane magnetic field bias. From an analysis of the asymmetry, the DMI effect is estimated to
be strong enough for the DW to remain in the Néel-type configuration in contrast to the general expectations of
these materials. Our findings emphasize the critical role of the DMI effect on the DW dynamics as the underlying
physics of the asymmetries that are often observed in spin-transfer-related phenomena.
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Current-induced magnetic domain-wall (DW) motion has
attracted great interest due to the technological opportunities
towards spintronic devices1 as well as the academic debate on
major DW driving mechanisms.2–6 In particular, DW motion
in ultrathin films with perpendicular magnetic anisotropy
has received considerable attention, motivated by the recent
demonstration of DW motion much faster than 100 m/s.2

One peculiar thing about such fast DW motion is that the
direction of the motion is opposite to the prediction of the
conventional spin-transfer torque theory.7,8 Such opposite
motion can be explained by the spin-orbit torques—from
either the spin-Hall effect6 or the Rashba effect9—combined
with a specific DW configuration.10–12 Fairly recently, it was
proposed that the Dzyaloshinskii-Moriya interaction (DMI)
can be responsible for such specific DW configuration (Néel-
type configuration),13 which promptly motivates extensive
efforts to verify the presence of the DMI and to clarify its role
on the current-induced DW motion in several materials.14,15

However, up to now, most of the DMI studies have been mainly
based on the current-induced DW motion, which is inevitably
accompanied with considerable artifacts caused by the spin-
Hall effect and/or the Rashba effect. It is therefore essential
to develop a way to examine the DMI effect without injecting
current. In this paper, we report that the purely field-driven DW
motion exhibits an asymmetry caused by the DMI effect, which
enables us to quantitatively determine the sign and magnitude
of the DMI-induced field in ultrathin ferromagnetic Pt/Co/Pt
films with perpendicular magnetic anisotropy.

For this study, 5.0-nm Ta/2.5-nm Pt/0.3-nm Co/1.5-nm Pt
films with perpendicular magnetic anisotropy are deposited on
a Si substrate with a 100-nm-thick SiO2 layer by dc-magnetron
sputtering. The DW images are then observed by a magneto-
optical Kerr effect microscope16 equipped with an out-of-plane
and an in-plane electromagnet. The in-plane magnetic field is
carefully aligned until both the DW images under +Hx and
−Hx show the same behavior if one of the images is rotated by
180◦. In the present experiment, the in-plane magnetic field is
estimated to be aligned with the film plane within an accuracy
of ±0.2◦. The DW motion is then examined by capturing the
successive DW images with a constant time interval by using
a CCD camera.

We first observe the field-driven DW motion in perpendic-
ularly magnetized Pt/Co/Pt films under an in-plane magnetic
field to see whether or not the in-plane magnetic field affects
the field-driven DW motion. Interestingly, even without the
current-induced spin Hall effect or the Rashba effect, an
in-plane magnetic field is found to affect the purely magnetic-
field-driven magnetization dynamics, as demonstrated in Fig. 1
for the DW motions in a ferromagnetic Pt/Co/Pt film. Each
image in the figure is obtained by adding several sequential
images; thus, each image shows several DWs in motion
simultaneously. The circular domain is magnetized along the
+z direction as shown by the brighter contrast. The figure
clearly shows that when a circular domain expands under
an out-of-plane magnetic field, the center of the circular
domain shifts along the direction of the in-plane magnetic field
[Fig. 1(b)], which contrasts the concentric expansion without
an in-plane magnetic field [Fig. 1(a)]. This observation appears
strange at first because the in-plane magnetic field does not
generate any energy gradient for the center of the domains to
move.

One of the possible origins of this phenomenon might
be the symmetry breaking related to the antisymmetric

FIG. 1. (Color online) Circular DW expansion driven by an
out-of-plane magnetic field Hz (3 mT), (a) without an in-plane
magnetic field and (b) with an in-plane magnetic field Hx (50 mT).
Each image is obtained by adding four sequential images with a
fixed time step (0.4 s), which are captured using a magneto-optical
Kerr effect microscope. The white arrow and the symbols indicate
the directions of each magnetic field. The blue box in (b) designates
where the DW displacement is measured. The dashed red circles in
(b) show the calculation results based on Eq. (5) with an extension to
arbitrary angles.

214401-11098-0121/2013/88(21)/214401(5) ©2013 American Physical Society

http://dx.doi.org/10.1103/PhysRevB.88.214401


JE, KIM, YOO, MIN, LEE, AND CHOE PHYSICAL REVIEW B 88, 214401 (2013)

FIG. 2. (Color online) Two-dimensional equi-speed contour map
of V as a function of Hx and Hz. The color corresponds to
the magnitude of V with the scale on the right. The symbols
with error bars show the measured positions (Hx,Hz) on several
equi-speed contours. The black solid lines show the best fit using
Eq. (2). The purple line indicates the symmetric axis Hx = H0 for
inversion.

exchange interaction—the so-called DMI17,18—which prefers
a helical magnetic order and consequently forms the Néel-type
DW13,19,20 instead of the Bloch-type DW in perpendicularly
magnetized thin films. This DMI was originally studied
in chiral magnets,21–25 but a sizable DMI was recently
observed in ferromagnetic thin films with an asymmetric layer
structure.19,20,26,27 For a circular domain, the DMI induces an
effective magnetic field on the DW in the radial direction
and maintains the rotational symmetry with respect to the
axis parallel to the out-of-plane magnetic field. Therefore, it
is natural to observe an isotropic DW expansion as shown
in Fig. 1(a). However, with the application of an in-plane
magnetic field, such rotational symmetry is broken and thus, it
becomes possible for the DW to show anisotropic expansion
as shown in Fig. 1(b).

To examine whether this scenario actually occurs, we
examine the DW motion that is driven by an out-of-plane
magnetic field Hz with applying in-plane magnetic field
bias Hx . Figure 2 shows the two-dimensional contour map
V (Hx,Hz) of the DW speed V as a function of Hx and Hz.
Here, V is measured by detecting the DW displacement at
the rightmost place of the circular domain [indicated by the
blue box in Fig. 1(b)], where the DW lies normal to Hx

and displacement occurs along the +x axis.28 Because the
color in the map corresponds to the magnitude of V with
the scale shown on the right, each color traces an equi-
speed contour.8 Several equi-speed contours are highlighted
by the circular symbols, of which the position (Hx,Hz)
indicates the value of Hz for each Hx on each equi-speed
contour.

The contour map clearly shows that all equi-speed contours
exhibit an inversion symmetry with respect to the axis
Hx = H0, where H0 is a constant. The symmetry axis is
shown with the vertical purple line on the map. For better
visualization, the cross symbols are added on the map at
positions (2H0 − Hx,Hz), which are the mirrored positions of

FIG. 3. (Color online) (a) Hz/H
∗
z (V ) and (b) α∗ with respect

to Hx . The solid lines show the best fit using Eq. (6). The inset
shows V vs. α∗H−μ

z for all experimental data. Each color of the
symbols corresponds to a different Hx . The solid line shows the best
linear fit.

the circular symbols at (Hx,Hz). It is clear from the figure that
the two types of symbols are overlapped onto the same curves
to manifest the inversion symmetry with respect to H0. The
best value of H0 is −26.5 ± 0.5 mT. Such nonzero offset H0 of
the symmetry axis can be attributed to the DMI effect because
DMI induces an effective magnetic field HDMI along the x

axis in this geometry; thus, the DW experiences the resultant
magnetic field Hx + HDMI. For this case, the experimental
value H0 can be considered a direct measure of HDMI, and the
negative sign indicates that the direction of HDMI inside the
DW is parallel to the +x axis, which points from the domain
that is magnetized along the +z axis to the domain that is
magnetized along the −z axis.

Next, we consider the possible effects of DMI on the
shape of the equi-speed contours. Figure 3(a) plots the values
Hz/H

∗
z (V ) of the circular symbols in the map, where H ∗

z (V )
denotes the value of Hz at Hx = 0 on the contour with speed
V . Interestingly, the results show that all of the data are
collapsed onto a single curve. This observation indicates that
all normalized values Hz/H

∗
z (V ) follow a unique function,

which is denoted as f (Hx) hereafter. The observed relation
can then be written in the form of a separation of variables as
follows:

Hz = H ∗
z (V )f (Hx). (1)

The present definition of H ∗
z leads to the relation f (0) = 1.

For the conventional field-driven DW motion with Hx = 0,
it is well known that the DW motion follows the DW creep
scaling law29–31 in the present experimental range of Hz. In the
creep law, the DW speed V is given by V = V0 exp(−αH

−μ
z ),

where V0 is the characteristic speed, and α is a scaling constant.
The creep scaling exponent μ is 1/4.29,32 This conventional law
can be modified to the relation H ∗

z (V ) = [ln(V0/V )/α]−1/μ
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based on the definition of H ∗
z . By adopting Eq. (1) into this

relation, one finds that the DW speed with Hx �= 0 also follows
an identical creep scaling law as given by

V = V0 exp
( − α∗H−μ

z

)
, (2)

except α is replaced by α∗, which is defined as

α∗ ≡ αf μ(Hx). (3)

The experimentally determined values of α∗(Hx) from the
best fit are plotted in Fig. 3(b). To check the validity of
this approach, the inset shows V vs α∗H−μ

z for all of the
experimental data. It is clear from the figure that all data are
collapsed onto a single curve, confirming that all the data
follows the same scaling law given by Eq. (2). The best fitting
value of V0 is found to be (8.4 ± 0.4) × 103 m/s.

The scaling constant α is originally defined as UCH
μ
crit/kBT

in the DW creep theory,29 where UC is the energy constant,
Hcrit is the critical magnetic field, and kBT denotes the thermal
fluctuation energy. According to Ref. 32 (Supplementary
Information V), UC and Hcrit are defined as UC ≡ [μuC/2(μ +
1)ξ ]μσDWtfu

2
C/(1 + μ)LC and Hcrit ≡ σDWξ/MSL

2
C, respec-

tively, where ξ is the correlation length of the disorder
potential, uC is the roughness of the DW segment with length
LC, and LC is the Larkin length that is the characteristic
length of rigid microscopic DW segments. MS, tf , and σDW are
the saturation magnetization, the film thickness, and the DW
energy density per unit area, respectively. Applying the relation

LC = (σ 2
DWt2

f ξ 2/γ )1/3 (Ref. 33) with the pinning strength γ of
the disorder, α can be written as a function of μ, γ , uC, ξ , tf ,
kBT , MS, and σDW. Because all other parameters except σDW

do not depend on a magnetic field, the field dependence of α

can be solely attributed to the field dependence of σDW, i.e.,
α(Hx) ∝ [σDW(Hx)]1/4 or

α(Hx) = α(0)[σDW(Hx)/σDW(0)]1/4. (4)

Note that Eq. (4) is identical to the empirical equation (3) by
equating f (Hx) = σDW(Hx)/σDW(0). It is therefore possible
to conclude that the experimentally observed Hx dependence
of the DW speed and consequently, the shape of the equi-speed
contour are attributed to the variation of the DW energy density
with respect to Hx .

Recent studies13,19 on the DMI effect on DWs have
proposed that σDW is given by

σDW(Hx,ψ) = σ0 + 2KDλ cos2 ψ

−πλMS(Hx + HDMI) cos ψ, (5)

where σ0 is the Bloch-type DW energy density, KD is the DW-
anisotropy energy density,34 and λ is the DW width. The angle
ψ of the magnetization direction inside the DW is defined as
the azimuthal angle from the +x axis. From the minimization
condition ∂σDW/∂ψ = 0, the equilibrium angle ψeq can be
obtained as cos ψeq = πMS(Hx + HDMI)/4KD. Then, the DW
energy with the equilibrium angle is given by

σDW(Hx) =
{

σ0 − π2λM2
S

8KD
(Hx + HDMI)2 for |Hx + HDMI| < 4KD

πMS

σ0 + 2KDλ − πλMS|Hx + HDMI| otherwise,
(6)

where 4KD/πMS is the magnetic field required to saturate
ψeq to 0. The best fit using Eqs. (4) and (6) is plotted with
the black solid lines in Figs. 3(a) and 3(b) and also, the
equi-speed contour lines in Fig. 2. The best fitting parameters
are found within the range of the typical values known
for Pt/Co/Pt films, which are σ0 = 4.7 ± 0.3 mJ/m2 and
KD = (1.4 ± 0.1) × 104 J/m3 with MS = 1 T (Ref. 35) and
λ = 5 nm. The value of HDMI estimated from Fig. 2(a) is
used in the present fitting. The good consistency with the
experimental data verifies the role of HDMI on the DW energy
density and the shape of the equi-speed contours.

The present theory can be readily extended for a magnetic
field with an arbitrary angle by simply inserting the term
−πλMSHy sin ψ into Eq. (5). The dashed red circles in
Fig. 1(b) show the calculation results of the DW shape after
the asymmetric expansion using the best fitting parameters
determined from Fig. 3(b). The exact match to the shape of
the circular image validates the concept of the present theory,
which explains the asymmetric DW expansion with respect
to Hx .

Finally, we examine the helicity of HDMI with respect to the
magnetization direction of the neighboring domains. For this
examination, another experiment with opposite magnetic po-
larities is performed, in which a circular domain is magnetized
along the −z direction and the outer domain is magnetized

along the +z direction. Note that all polarities of the domains
in this latter experiment are opposite to those shown in Fig. 1
for the former experiment. To expand the circular domain,
a magnetic field is applied along the −z direction. Figure 4
summarizes the results. It is clear from the figure that the
latter experiment exhibits essentially an identical behavior,

FIG. 4. (Color online) α∗ vs. Hx of the latter experiment with
opposite magnetic polarities. The solid line is obtained using the best
fitting values for Fig. 3, except the opposite polarity of HDMI. The
inset shows the equi-speed contour map. The symbols and the lines
are identical to those in Fig. 2.
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except the opposite sign of HDMI in comparison to the former
experiment. This observation implies that HDMI is always
pointing from the domain magnetized along the +z direction
to the domain magnetized along the −z direction. Therefore,
the chirality is maintained identical for both experiments in
accordance with the prediction on the basic properties of
HDMI.13,19,20,26,27

In the latter experiment, if we rotate the observation
coordinate by 180◦ with respect to the x axis, all polarities
of the domains and the external magnetic field in the new
coordinate become identical to those shown in Fig. 1 for
the former experiment. Nevertheless, the signs of HDMI of
these two experiments remain opposite to each other. The
opposite sign of HDMI is inevitably attributed to the flipping
of the sample in the new observation coordinate for the latter
experiment; thus, the layer structures in the two experiments
have opposite asymmetries. It is therefore natural to understand
that the HDMI values have opposite signs because the DMI
effect is caused by the asymmetry of the layer structure.19,26

Thus, the present experiments prove the direct relation between
the sign of HDMI and the asymmetry of the layer structure.

However, it is surprising that the magnitude of HDMI is
notably strong, although it is commonly expected4–6,10,12,13,15

that the asymmetry is small in the present sample because
the magnetic Co layer is sandwiched between identical
nonmagnetic Pt layers and because the layer structure (5.0 nm
Ta/2.5 nm Pt/0.3 nm Co/1.5 nm Pt) is almost symmetric
with only a small thickness difference. Note that the measured
HDMI is larger than the DW anisotropy field 4KD/πMS

(= 22 ± 2 mT). Thus, the DWs in this sample are expected
to spontaneously remain in the Néel-type configuration even
without any in-plane magnetic field.

Such sizable HDMI might be caused by the asymmetric
interface formation because the interface that is formed by

FIG. 5. (Color online) The DMI-induced asymmetry in V with
respect to Hx depending on the thickness of (a) the lower (x) and (b)
the upper (y) Pt layers.

FIG. 6. (Color online) Almost symmetric V with respect Hx

obtained from films with thick Pt layers. The black dotted line is
shown as a reference of the asymmetric DW motion. The letters a, b,
and c indicate the thicknesses of Ta buffer layer, lower Pt layer, and
upper Pt layer respectively.

depositing Co atoms onto a Pt layer is generally different from
the interface that is formed by another sequence.36,37 Then,
such a different interface structure induces the asymmetric
interfacial structure. These interfacial effects are expected to
be crucial in the present sample because the sample has only
approximately 1.5 monolayers of Co atoms. Thus, all Co atoms
must be completely influenced by the interfacial structure.
A sizable HDMI is observed for the films with a Co layer
thickness up to 1.1 nm, up to which the perpendicular magnetic
anisotropy is maintained.

It is also revealed experimentally that the magnitude of
HDMI is sensitive to the environment of the interfaces including
the Pt layer thickness. We examine the Pt layer thickness
dependence of the DMI in Pt/Co/Pt films with structures of
5.0 nm Ta/x nm Pt/0.3 nm Co/y nm Pt by systematically
adjusting the thickness of the lower (x) and upper (y) Pt
layers as shown in Fig. 5. Interestingly, the DMI-induced
asymmetry is found to change systematically with respect
to the sample structures: The DMI-induced asymmetry is
sensitively decreased with increasing lower Pt layer thickness
[Fig. 5(a)], whereas it is insensitive to the upper layer thickness
[Fig. 5(b)]. The samples with a thick (>5 nm) lower Pt layer
exhibit almost symmetric behavior6,14 as shown in Fig. 6. This
observation clearly signals that the interface properties are
quite influenced by the growth environment of the interfaces,
especially with the lower layer.

In conclusion, we demonstrate here that the asymmetric
expansion observed in purely field-driven DW motion is
attributed to the DMI effect. This DMI effect modifies the
DW energy density by tilting the magnetization direction
inside the DW and consequently affects the DW creeping
speed. Our experiment on the asymmetry directly quantifies the
DMI-induced effective field, which is found to be large enough
to induce the Néel-type DW in ferromagnetic Pt/Co/Pt films.
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