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Magnetic domain-wall tilting due to domain-wall speed asymmetry
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Broken symmetries in diverse systems generate a number of intriguing phenomena and the analysis on such
broken symmetries often provides decisive clues for exploring underlying physics in the systems. Recently, in
magnetic thin-film systems, the Dzyaloshinskii-Moriya interaction (DMI)—induced by the broken symmetry of
structural inversion—accounts for various chiral phenomena, which are of timely issues in spintronics. Here,
we report an experimental observation on unexpected tilting of magnetic domain walls (DWs) due to the broken
symmetry under the application of the magnetic field transverse to the magnetic wire systems. It has been predicted
that the DMI possibly causes such DW tilting in the direction of the energy minimization. However, very inter-
estingly, experimental observation reveals that the DW tilting does not follow the prediction based on the energy
minimization, even for the tilting direction. Instead, the DW tilting is governed by the DW speed asymmetry that is
initiated by the DW pinning at wire edges. A simple analytic model is proposed in consideration of the DW speed
asymmetry at wire edges, which successfully explains the experimental observation of the DW tilting directions
and angles, as confirmed by numerical simulation. The present study manifests the decisive role of the DW pinning

with the DW speed asymmetry, which determines the DW configuration and consequently, the dynamics.

DOL: 10.1103/PhysRevB.97.134407

I. INTRODUCTION

The  Dzyaloshinskii-Moriya  interaction = (DMI)—
antisymmetric exchange interaction [1,2]—has been actively
studied nowadays due to its important role in spintronics by
formation of the magnetic skyrmions [3—5] and stabilization of
the chiral DWs [6,7]. Such DMI generates various phenomena
of broken symmetries in magnetic systems, such as asymmetric
domain expansion [8—10], asymmetric hysteresis loop [11],
and asymmetric spin-wave propagation [12]. A recent
theoretical study has predicted that the DMI also causes
asymmetric DW tilting in the magnetic wire systems under
application of in-plane magnetic field [13-15]. It is obvious
that, due to the Zeeman interaction between the in-plane
magnetic field and the magnetization inside the DW, the DW
has to be tilted to an equilibrium angle of minimum-energy
configuration. The equilibrium angle is thus determined by the
counterbalance between the DMI and Zeeman energies. This
prediction provides a DMI measurement scheme with a simple
experimental setup. The present work is originally motivated
to verify this prediction experimentally. For this study, the
DW tilting is observed in various magnetic wire systems.
However, surprisingly, the experimental observation exhibits
completely different behavior apart from the prediction based
on the energy minimization, even for the direction of the DW
tilting. It is revealed that the DW tilting is governed by the
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symmetry [8] and/or additional asymmetry [16-22] of the
chiral DW speed, which is initiated by the pinning process at
the edges of wires. All the cases with/without the DMI and/or
additional asymmetry are examined, which finally manifests
unambiguously the decisive role of the DW speed asymmetry
and the edge DW pinning [23,24] in the DW tilting phenomena.

II. SAMPLE FABRICATION AND EXPERIMENTAL SETUP

The sample structures are 2.5-nm Pt/0.9-nm Co/2.5-nm
Cu/1.5-nm Pt (sample I), 4.0-nm Pt/0.3-nm Co/1.5-nm Pt
(sample II), 2.5-nm Pt/0.5-nm Co/1.5-nm Pt (sample III),
and 2.5-nm Pt/0.9-nm Co/2.5-nm Al/1.5-nm Pt (sample IV),
respectively. These samples are chosen as the representatives
of typical major properties: sample I (with DMI, but with-
out chirality-induced asymmetry), sample II (without both
DMI and chirality-induced asymmetry), sample III (without
DMI, but with chirality-induced asymmetry), and sample IV
(with both DMI and chirality-induced asymmetry). These
samples were deposited by use of dc magnetron sputtering
on Si substrates with 100-nm-thick SiO, and 5-nm-thick Ta
buffer layers. After that, micromagnetic wire structures were
manufactured by photolithography and ion-milling techniques.
Magnetic domains were then observed by use of a magneto-
optical Kerr effect microscope equipped with electromagnets,
each of which can independently apply out-of- and in-plane
magnetic field (H, and H,).

III. RESULTS
A. Observation of DW tilting induced by the DMI

To determine the DMI, the conventional technique proposed
by Je et al. [8] is employed to measure the asymmetric DW
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FIG. 1. (a) Successive image of asymmetrically propagating do-
main in continuous film under the application of H, with H, bias. Cyan
box represents where the DW speed was measured. (b) Plot of vpw as
a function of A, under the application of constant H, = 10.3 mT for
sample L. It should be noted that the range of measured vpw is of creep
regime. The blue vertical line indicates — Hpyy (compensation field
for the DMI-induced effective field). (b), (c) Schematic drawings of
the DW configuration with a large negative Hpy (c) without and (d)
with application of H,. The red, green, and blue arrows represent
Hpyi, M (magnetization inside the DW), and H,, respectively.
(e) Image of the domains and DW for the microwire-patterned sample
I. The first three and last three images show the propagating domain
with and without application of H,, respectively.

speed vpw. As shown by Fig. 1(a), an asymmetric bubble
domain expansion is observed under application of H, and
then vpw is measured on the domain-wall (DW) segment
(indicated by the cyan box) that is normal to H,. Therefore, the

present vpy is purely governed by H, , where H is the applied
in-plane field normal to the DW segment. Figure 1(b) plots vpw
with respect to H, for sample I. The plot clearly shows that
vpw has a minimum at — Hpy; (blue vertical line) and exhibits
a symmetric variation with respect to this field, where Hpy
is the DMI-induced effective longitudinal magnetic field [6,8].
Therefore, Hpyy is quantified as —120 &= 5 mT for sample L.

Due to the large negative Hpyy, the magnetization Mpw
inside the DW is aligned parallel to Hpyy, forming the left-
handed Néel-type DW chirality as depicted in Fig. 1(c). If
one applies an additional in-plane magnetic field H, in the
direction transverse to the wire, the Zeeman interaction will
rotate Mpw, followed by tilting of the overall DW to keep the
DW of left-handed Néel-type chirality [14]. For the present
sample with a negative Hpyy, it is expected that the DW has
to rotate clockwise under application of H,(>0) as shown by
Fig. 1(d).

This prediction is, however, in contradiction to what is
observed in the real experiment. Figure 1(e) shows the DW
images after each successive application of out-of-plane mag-
netic field H, pulses. The first three images were taken without
application of H, and the last three images were taken under
application of H,. The figure clearly shows the DW tilting
between these two sorts of images, conforming that the tilting is
truly caused by application of H, (>0). However, itis surprising
to note that the direction of the DW tilting is counterclockwise,
which is opposite to the prediction shown by Fig. 1(d). The
present experimental observation, therefore, indicates that
there should exist nother hidden governing factors in the DW
tilting.

B. Mechanism of the DMI-induced DW tilting

It is interesting to note that the DWs with H, = 0 show a
shape of circular arcs, which indicate the existence of pinning
at the edges of wire [23,24]. The subsequent effect from such
arc formation can be explained as follows. Figure 2(a) depicts
the typical DW shape of a circular arc. Due to the shape
of arc, if one applies H, (blue arrows), the component H |
(black arrows) normal to the DW varies on position. Then, due
to the vpw dependence on H, vpw also varies accordingly.
For this sample, the upper and lower parts of the DW have
positive and negative H |, respectively, as shown by Fig. 2(a).
Therefore, from the vpw dependence on H, [Fig. 1(a)], the
upper part moves slower than the lower part and consequently,
the overall DW shape rotates counterclockwise. One can
therefore conclude that the pinning effect can trigger the DW
tilting, of which the direction accords to the experimental
observation.

For better insight, we investigated the DW energy density
opw along the arc-shaped DW. According to Refs. [6,8], opw
is given as

Oopw = 0p + 2)»KD00821// — TAMs
x [(Hy + Hpmr) cos ¢ + Hysiny], (H
with the Bloch-type DW energy density oy, the DW width
A, the DW anisotropy energy density Kp, and the saturation

magnetization Ms, where H) is the component of H, parallel
to the DW and v is the angle of Mpw from the direction normal
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FIG. 2. (a) Schematic configuration of the arc-shaped DW due
to the strong wire-edge pinning. The red and blue arrows represent
Hpyy and H,, respectively. The black arrows indicate the perpen-
dicular and parallel components of H, (H, and H)), respectively.
(b) Numerical simulation results of the DW tilting.

to the DW. For general case, the equilibrium v is determined
by the energy minimization condition for a given H,.

Though there is no explicit analytic solution of Eq. (1) for
the equilibrium v, one can roughly estimate opw for the case
of a large negative Hpy as of sample I, since cos ¢ is almost
set to —1 and does not change much under the experimental
range of H,. For this case, one can readily obtain a simplified
relation

opw X 09 + wAMs(H + Hpm), ()

which manifests that opw is mainly governed by total DW-
normal magnetic field (H, + Hpwm). Since vpyw is faster for

smaller opw [8,25], one can therefore reach the same conclu-
sion that the upper part of the DW with positive H; moves
slower than the lower part with negative H, and consequently,
the overall DW exhibit counterclockwise tilting.

C. Numerical simulation

To confirm the present prediction, we carried out a nu-
merical simulation by including consideration of the local
pinning force fpi,. According to Refs. [25-27], the scaling
constant « is proportional to f, in the creep criticality

Upw X exp[—a(aDw/ao)l/“H;W] and thus one can replace
a by o fpin, Where oy is a constant irrespective of fpi,. Then,
vpw depends now on fpi,. In the simulation, f, is given by

f’ _ fﬁlm‘i‘ﬂ()’)fedge
PR Sfim

where 0 < f(y) < 1, to mimic the edge pinning qualita-
tively, as shown by Fig. 3 (a). Meanwhile, the equilibrium
value of opw is obtained by applying minimization condition
dopw /0Y |y=y,, = 0to Eq. (1). In the calculation, all the typ-
ical material parameters were used as measured from sample [
for the exchange stiffness A(=22 pJ/m), the effective uniaxial
magnetic anisotropy Kep(=5.7 x 10° J/m?), the saturation
magnetization My(=1.4 x 10® A/m), the DMI-induced ef-
fective field Hpmi(= — 120 mT), vo(=1.42 x 10 m/s), and
ap(=13.28 TV/4).

In the simulation, the entire DW is divided into 200
segments along the wire width (20 um) as shown in Fig. 3(b).
The time interval for each iteration is set to keep the travel
distance less than the length of the segments (0.1 wm). The ith
lattice point at the nth iteration is denoted as (x/',y;") and then
the next position is given by

near edges
otherwise ’

3

(x Lyt = (x! + vpw At cos @, ¥ + vpw At singl'),
“
where ¢! = —tan™! (%). By repeating this procedure for
i+1 i—1

every lattice point, one can obtain the contour of the DW at
each iteration. Figure 2(b) shows the simulation results for the
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FIG. 3. (a) Plot of the ratio between f;, and fs, as a function of position y, where fu, represents the value of fp, at the center of the
magnetic wire. (b) Schematic diagram of the numerical simulation. The blue dots represent the lattice points, and black solid and dashed lines

indicate the DW at nth and (n + 1)th iteration, respectively.

134407-3



DAE-YUN KIM et al.

PHYSICAL REVIEW B 97, 134407 (2018)

(a) —Hpm

10°}

200 -100 0 100 200
H, [mT]

(b)

0mT

Hy, = 100 mT

FIG. 4. (a) Plot of vpw as a function of H, for sample II. The
blue vertical line indicates — Hpy;. (b) Image of the domains and DW
for the microwire-patterned sample II. The first three and last three
images show the propagating domain without and with application of
H,, respectively.

case of Hpy < 0, whose sign is identical to that of sample
L. It is clear from the figure that the counterclockwise DW
tilting is well reproduced in accordance to the experimental
observations.

It is also experimentally confirmed that, for the case of
Hpwmr = 0, the DW tilting does not take place, as expected.
Figure 4(a) is the plot of vpw with respect to H; for sample
II and reveals that this sample has negligible Hpy. Due to the
symmetric vpyw variation around H,; = 0, the upper and lower
parts of the DW move with the same speed irrespective of the
sign of H, . Therefore, the DW keeps basically the same shape
of the symmetric circular arcs even after application of H, as
seen in Fig. 4(b).

D. DW tilting induced by chirality-induced antisymmetry in vpw

Until now, we have investigated the DW tilting for the case
of symmetric vpw variation induced by the DMI. However,
very recently, many groups have uncovered the existence of
the asymmetric vpw variation [16-22]. Here, we explore the
effects of such asymmetric vpw variation on the DW tilting
mechanism. For this purpose, the DW tilting is observed
from a sample that has nearly zero Hpyy, but exhibits clear
asymmetric vpw variation. Figure 5(b) shows the plot of
measured vpw with respect to H, for sample III. The results
clearly show that the present sample exhibits asymmetric
vpw variation, in contrast again to the symmetric variation of
sample II. Such asymmetric vpw variation is demonstrated to
be caused by the chirality-induced antisymmetry in vpw [22],
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FIG. 5. (a) Plot of gt as a function of H, for sample III. The red
vertical line indicates — Hpyy. (b) Plot of vpw as a function of H| for
sample III. The blue dashed vertical line indicates H, for the minimum
vpw. (¢) Image of the domains and DW for the microwire-patterned
sample III. The first three and last three images show the propagating
domain without and with application of H,, respectively.

of which origin may attribute to the chiral damping [17,18] or
asymmetric DW width variation [19], even without the DMI.

Since vpw does not symmetrically vary with respect to
H, for sample III, Hpyg cannot be determined from the
vpw(H ) curve. Therefore, we introduce another independent
DMI-determination technique, which measures the spin torque
efficiency as a function of H, . Figure 5(a) plots the spin-torque
efficiency egr with respect to H, for sample III [28,29].
Since the plot shows the antisymmetric behavior, it is worth-
while to note that egy is mainly attributed by the spin-orbit
torque efficiency esor (i.e., esT & €sor) for the sample 11 [30].
According to Refs. [29,30], est depends on the DW chirality,
providing a relation that egt o< cos ¥, where ¥ is the angle of
the magnetization at the DW center. Therefore, the intercept to
the abscissa (i.e., est = 0, represented by red vertical arrow) in
Fig. 5(a) indicates the Bloch-type DW (¢ = 7/2), where Hpyy
is exactly compensated with H,, i.e., H, = — Hpy. The plot
thus indicates that Hpy of the present sample is nearly zero
(=5 £ 5 mT), similar to sample II. It is worthwhile to note that
H, = —80 mT for the minimum vpw (blue dashed vertical
line) is largely shifted from H, = —Hpyy. This large shift
reminds us that appropriate Hpyy cannot be determined unless
one carefully considers the chirality-induced antisymmetry in
vpw [16-22].
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Very interestingly, in contrast to the absence of the DW
tilting in sample II, this sample exhibits clear DW tilting as
shown by Fig. 5(c), despite both samples having nearly zero
Hpmi- Therefore, one can deduce that the DW tilting can
be also generated by the chirality-induced antisymmetry in
vpw [16-22], even without the DMI. Reminding that the DW
tilting is induced by the DW speed difference between the
upper and lower parts of the curved DW, one can explain the
observed DW tilting with the same analogy. Since vpw with
H, > 0 is faster than vpw with H, < 0, which is opposite to
that of sample I [Fig. 1(b)], the direction of the DW tilting
of the present sample should be also opposite to that of
sample I. The present sample thus exhibits clockwise DW
tilting, as confirmed by the experimental observation from
Fig. 5(b). Therefore, it is general to conclude that the DW
tilting is generated by the vpw difference between the upper
and lower parts of the DW [i.e., between vpw(+H, ) and
vpw(— H )], whatever the origin of the difference—either the
DMI (sample I) [8] or chirality-induced antisymmetry in vpw
(sample IIT) [16-22]—is.

E. Direct correlation between DW tilting
angle and vpy asymmetry

Finally, as a general case, we examine the case that the
sample has both a sizable DMI and chirality-induced vpw
variation. Figure 6(a) plots egT withrespectto H, for sample IV.
The typical spin-orbit torque-driven behavior again quantifies
Hpyi = —107 & 7 mT. This sample exhibits also the chirality-
induced asymmetric vpw variation with respectto H, as shown
by Fig. 6(b).

For this sample, drastic change on the DW tilting is observed
depending on the magnitude of Hy; even the tilting direction
is reversed as shown by Fig. 6(c). For detailed investiga-
tion, the DW tilting angle 6 was measured as a function
of H, and then was plotted by Fig. 6(d). The plot shows
that 6y is reversed across a threshold magnetic field H;h
(green vertical line). Therefore, a counterclockwise DW tilting
appears when H, < H', otherwise a clockwise DW tilting
appears.

The present peculiar results can be explained by considering
the asymmetric vpw variation with respect to H, . Recalling
that H, at the upper part of the DW is opposite to the
lower part of the circular DW arc as shown by Fig. 2(a),
the initial difference Avpw of the DW speed between the
upper and lower parts of the DW basically follows the re-
lation Avpw = vpw(H ) — vpw(—H ). To visualize Avpw,
vpw(—H ) is plotted by the gray dashed line in Fig. 6(b)
together with vpw(H, ) of the symbols with blue line. Then,
Avpw corresponds to the vertical difference between these two
lines (purple arrow). It is again seen from the figure that the
sign of Avpw is reversed across a threshold magnetic field H'
(green vertical line). Thus, for the case that H, is smaller than
Hih, the DW rotates counterclockwise with Avpw < 0 and
vice versa, in accordance to the observation from Fig. 6(d).
Figure 6(e) shows the plot of 6, with respect to A(In vpw) for
sample IV. A clear correlation between 6y, and A(In vpw) is
the obvious evidence that the DW tilting is truly determined
by the asymmetry of the vpw variation.
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FIG. 6. (a) Plot of eg7 as a function of H, for sample I'V. The red
vertical line indicates — Hpyy. (b) Plot of vpw as a function of H, for
sample I'V. The gray dashed line shows vpw(—H, ). The green vertical
line indicates H'", where the blue and dashed-gray curves intersect.
(c) Image of the domains and DW for the microwire-patterned sample
IV. The first two and last two images show the propagating domain
under the application of H, = 50 mT and H, = 200 mT, respectively.
(d) Plot of 6y, as a function of H,. The green vertical line indicates
H“,h, where 6, = 0. (e) Plot of 8, with respect to A(In vpw). The
best linear fitting (R> = 0.87) is presented by the purple solid line.
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IV. DISCUSSION

There remain several challenging issues towards full an-
alytic description of the DW tilting angle 6yy. First, we
consider the effect of H). Since the sign and magnitude of
H) at both the upper and lower parts of the DW are the
same as seen by Fig. 2(a), the difference should be mainly
attributed to the opposite sign of H, . For the case near the
Bloch-type configuration, by applying the first-order Taylor
expansion with respect to ¥, the DW energy density opw be-
comes o — 5w AMs[(H. + Hom)® + 2Hs|H;|1/(Hs + | H; )
with the first leading terms of H, and H), where the DW
anisotropy field Hg is defined as 4Kp/mMs. The differ-
ence Aopy is then given by —wAMsH " [Hpwm/(Hs + |H|)],
where Hj_r denotes H, at the upper parts of the DW. Note
that Aopy is directly proportional to H}, but less sensitive
to H). Similarly, for the case near the Néel-type configuration
with a large HDMIa AO’DW = _%n)\MSHII[HH/(HDMI + HJ_)],
which is negligible due to the small ratio of H)/(Hpwm + H ).
Therefore, one can conclude that H has negligible effect and
the DW tilting is mainly governed by H .

Second, though the mechanism discussed with Avpw suc-
cessfully explains the direction of the DW tilting as seen in
Fig. 6(e), it is worthwhile to consider that there should be a
restoring force to reach an equilibrium state with a finite 6.
It is clear that the DW tension induces the restoring force [31],
since the DW tension energy increases as the DW tilts. The
role of the tension-induced force can be roughly estimated as
follows. The DW tension energy Eiension 1S given by Eiension =
opwwt sec By as a function of Oy within the assumption of a
straight DW, where w and ¢ are the wire width and thickness,
respectively. When the DW tilts from 6y to By + 66, the
upper and lower parts of the DW has the variation §EL .
as given by %awat(SQ sec Oy tan gy, where the superscripts,
+ and —, indicate the upper and lower parts of the DW,
respectively. Similarly, the Zeeman energy has the variation
8 Eemman bY £1 Ms H,w?t80sec?0y,. Comparing these two en-
ergy variations, one can get the relation of the tension-induced
effective magnetic field H;t as HzjE = dopw sin b/ Msw. For
the case of a counterclockwise DW tilting (i.e., 6 > 0),

a positive H enhances the DW speed of the upper part
while a negative H_ reduces the DW speed of the lower
part, resulting in clockwise rotation and vice versa. Therefore,
the DW tension exerts a restoring force on the DW. The
equilibrium 6y, is then determined by the steady-state condi-
tion, i.e.,vpw(H ", H, + H}) = vpw(H| ,H. + H]). Though
an analytic solution of the present condition is not available
due to the yet unknown nature of the chirality-induced vpw
asymmetry, one can get the empirical solution by analyzing the
two-dimensional map of vpw(H_ , H;) measured as a function
of H, and H,.

V. CONCLUSION

In summary, the experimental results clearly manifest that
the DW tilting is triggered by the DW pinning at the structure
edge, which is in contradiction to a naive prediction based
on the energy minimization. The direction of the DW tilting
is governed by the DW speed asymmetry, irrespective of the
origins of the asymmetry, either the DMI [8] or chirality-
induced mechanisms [16-22]. The angle of the equilibrium
DW tilting is then determined by the counterbalance between
the DW speed asymmetry and the DW tension. The present
observation indicates that the DW dynamics, rather than the
DW energy minimization, plays a decisive role in practical
magnetic structures with finite edge roughness.
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