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ABSTRACT

Interfacial Dzyaloshinskii-Moriya interaction (DMI) of a heavy metal (HM)/ferromagnetic (FM) metal heterostructure is vital to the current-induced fast domain wall
motion. The tilting of the moving Dzyaloshinskii domian wall (DW) has been paid much attention. In this work, using the micromagnetic simulation, we find the DW
tilting is originated from different initial DW velocity at two edges because of the initial antisymmetric magnetic structure at two edges. In the very early stage of DW
motion, the DMI energy traps the DW motion at one edge. For a track whose width is smaller than a critical value, the edge effect plays a major role for DW tilting.
This modifies the track width dependence of tilting angle and relaxation time derived from the collective coordinate method without considering edge effect. When
the track is wide enough, a temporary vortex-like moment structure inside DW and variation of DW chirality at the edge appear in the process of generating DW

tilting for reducing DMI and demagnetization energy.

Current-induced-domain-wall-motion (CIDWM) has potential for
developing novel magnetic logic and memory devices with low dis-
sipation [1]. In last decade, current assisted magnetization reversal and
domain wall (DW) motion in heavy metal (HM)/ferromagnetic (FM)
layered structures with interface spin-orbit coupling and perpendicular
magnetic anisotropy (PMA) has attracted much interest due to the low
critical current density and high DW velocity [2-6]. The fast DW mo-
tion is relevant to an antisymmetric exchange coupling, Dzyaloshinskii-
Moriya interaction (DMI), at the HM/FM interface [6,7]. The tilting of
DW with strong DMI has been observed under a magnetic field or spin-
orbit torque (SOT) [8-10]. This DW tilting is bad for increasing the
storage density of memory devices [11].

Boulle et al. depict the DW tilting using the collective coordinate
method (CCM) with the tilting angle as an added collective coordinate,
and the DMI-related DW tilting is ascribed to the tradeoff among DMI,
SOT, and shape anisotropy energy of DW [9]. The evolution of DW
tilting is determined by solving the Thiele equations including the
central position g, the azimuthal angle ¢ of the moment in the central
DW, and the tilting angle f3 for the DW plane [9,10]. However, the edge
effect is not considered in the traditional CCM (Fig. 1(b)-(d)). This of-
fers the same initial conditions for solving the Thiele equations. There-
fore, the CCM is inadequate to reveal the difference of CIDWM between
the inside track and at the boundary.

Considering the edge energy, Muratov et al. prove the energy sta-
bility for a straight tilting DW plane under an external magnetic field
when DMI is strong enough [12]. In experiment, Kim et al. find that the
DW tilting is governed by the speed asymmetry due to different effec-
tive fields at two boundaries [13]. The prerequisite for generating such
distinct effective fields at two boundaries is bending the DW plane by
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an out-of-plane magnetic field. However, this precondition is not ne-
cessary for the SOT-induced DW tiling with strong DMI [8,9].

In addition to edge effect, the size and shape of the medium also
matters. Garg et al. observe the chirality-independent DW tilting in a
curved track [14]. In a circular dot, Baumgartner et al. notice that the
evolution of DW tilting lasts so long (> 1 ns) that the direction of DW
tilting even depends on the mode (static or time-resolved) of observa-
tion [15,16]. It is noticed that the medium size in the experimental
investigations is on micrometer scale, which is much larger than that in
the CCM study (around 100 nm) [9]. The mechanism for DW tilting in a
narrow track can be quite different from that in a wide one.

In a word, the mechanism for the DMI-related DW tilting is still not
quite clear. Especially, how the DW tilting evolves on different size scale
from a microscopic dynamical perspective is still an open question. In
this work, using micromagnetic calculation, the evolution of DW tilting
is studied from a microscopic perspective. Without considering extrinsic
factors such as defects, the DW tilting is originated from the antisym-
metric moment structure at two track boundaries. This leads to different
initial velocities of the local DW at two boundaries. After the anti-
symmetry breaking, the DW tilts in different processes that depend on
track width (w).

The SOT-induced DW motion was simulated by the software named
the Object-Oriented MicroMagnetic Framework (OOMMF) containing
the codes of damping-like SOT and DMI [17]. We considered the
CIDWM in a 50-400-nm-wide, 1000-2000-nm-long, and 0.6-nm-thick
track. The dimension of unit cell was 1nm (length) X 1nm
(width) x 0.6 nm (thickness). The parameters of Co/Pt, a typical ultra-
thin film with PMA and strong DMI, were used [11,18]: the saturation
magnetization Mg = 7 x 10°A/m, the PMA constant K = 8 x 10°J/
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Fig. 1. Moment structure of the left-handed Néel-typed DW (a), the variation of m,, my, and m, (normalized vector for the orientation of moment) across the DW
region at the lower boundary (b), in the inner part (c), and at the upper boundary of the track (d); the variation of my across the DW region at the upper boundary of

the tracks with different w (e).

m?, the exchange stiffness constant A = 1 x 10'' J/m, the DMI con-
stant D = —1.5mJ/m? the current density J =5 x 10'' A/m?, the
spin Hall angle 6s;; = 0.08, and the damping coefficient & = 0.03. The a
is smaller than the real value [19] for prolonging the relaxation in order
to reveal the early evolution of DW tilting in detail. In general, the
current gives rise to an Oersted field at the track edge [20]. Based on
the composition and shape of the track, we have simulated the current-
induced Oersted field using the COMSOL-Multiphysics software. We
find the Oersted field concentrated near the two track edges is not
higher than 20 Oe. The OOMMEF simulation indicates that such a weak
edge field makes a negligible impact on the dynamics of DW tilting (See
more details in the section S1 of the Supplementary Materials).

Initially, a stable DW was generated in the middle of the track.
Because of the negative D, the DW exhibits a Néel-typed structure with
left-handed chirality (Fig. 1(a)). Inner the track (Fig. 1(c)), the moments
rotate in the xz plane across the DW region. Near the two boundaries,
however, the moment has a small projection on the y axis due to the
DMI-related boundary condition [17]. The direction for the moment
projection at one boundary is opposite to that at the other one, resulting
in the antisymmetric moment structure (Fig. 1(b) and (d)). The increase
of w from 50 nm to 400 nm makes little impact on the moment structure
at the boundary (Fig. 1(e)).

We found the early evolution of q and ¢ inside the track and at the
boundary is quite different. At the lower boundary, the local DW moves
clearly faster than the upper one (Fig. 2(a) and (d)), which is accom-
panied with a faster rotation of the moment in the middle of the DW at
the lower boundary (Fig. 2(b) and (e)). The tilting angle of the DW
plane becomes constant after the DW velocities and the boundary azi-
muthal angles become stable (Fig. 2(c) and (f)). The w also influences
the evolution of g, ¢, and 8. When w is 400 nm, a peak of ¢ appears at
around 0.2 ns (Fig. 2(e)). The relaxation time (z) for reaching the final
stable state increases with w. The § also increases with w but becomes
almost constant when w is 200 nm or larger (Fig. 2(g)). In Ref. 9, Boulle
et al. derive a w-independent  without limitation on the range of w. On
the other hand, Boulle et al. suggest the r against w appears to have a
quadratic relationship for a wide track. In this work, this quadratic
function is satisfied only when w = 200 nm (Fig. 2(h)). When the wis in
the range between 50 nm and 400 nm, a cube relaxation seems more
suitable for fitting the 7 as a function of w, and a turning point appears
around w = 200nm (Fig. 2(i)). This hints the mechanism for the
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relaxation of DW tilting depends on w.

To ascertain the detailed process of DW motion at the boundary, the
evolution of the moment structure at the boundary was collected
(Fig. 3). One can see that the initial antisymmetric moment structure
(t = Ons) is destroyed in the early stage of CIDWM. When t = 0.1 ns,
the moments in the central DW at the lower boundary are rotated ea-
sily, resulting in a sharp transition of moment orientation across the
local DW. However, at the upper boundary, the variation of moment
orientation across the local DW is very smooth at 0.1 ns and 0.2 ns. This
evolution of moment structure at the boundary within the first 0.2 ns
does not depend on w. However, the increase in w prolongs the re-
laxation and changes the DW structure at the lower boundary tempo-
rally (Fig. 3(c) and (e)). In the tracks with w = 200 nm and 400 nm,
when t = 0.1ns, the moment at the lower boundary rotates antic-
lockwise from left to right but it changes to be clockwise afterwards.
This temporal reversing of chirality lasts longer in a wider track.

In addition to the moment of DW at the boundary, the evolution of
moment structure inside the DW is also related with w (Fig. 4). In the
tracks for all w, the SOT-induced moment rotation nucleates at the
lower boundary when t = 0.1 ns (Fig. 4(a), (e), and (i)). This is width-
independent and breaks the initial antisymmetric moment structure at
two boundaries. Afterwards, the area for the moment rotation expands
towards the upper boundary till the moment distribution becomes
homogeneous again. To see more details, the minimum of my ((mMy)min)
across the track width direction is shown in Fig. 4(d), (h), and (1). There
is only one valley of (my)min across the track width direction during the
DW tilting for w = 100 nm. When w increases to 200 nm or 400 nm, the
tilting of DW is accompanied with the appearance of more valleys of
(My)min (Fig. 400, (), (h), and (1)) (The DW motion for w = 400 nm is
also exhibited in Movie 1 in the Supplementary materials).

The evolution of moment structure of DW shown in Figs. 3 and 4
reveals the microscopic mechanism for DW tilting in different w ranges
(Fig. 2(g)). When w is 200 nm or higher, edge effect plays a negligible
role, which gives rise to the w-independent 8 and the 7 as a quadratic
function of w. This is consistent well with the prediction by Boulle et al.
[9]. Nevertheless, for the narrower track, the edge effect (a size effect
on the nanometer scale) cannot be neglected, which modifies the w
dependence of 8 and 7. Deep quantitative analysis for this edge-relevant
B and 7 seems rather tedious in mathematics. However, the quantitative
analysis based on free energy may offer insight for understanding the
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Fig. 2. Time-dependence of g, ¢, and 3 of the DWs at the two boundaries and in the inner track with the w of 100 nm ((a)-(c)) and 400 nm ((d)-(f)); 8 and relaxation
time (7) as a function of w (g); the fitted relaxation time as a function of w using the power law with w varying between 200 nm and 400 nm (h) and between 50 nm

and 400 nm (i). The solid blue lines are the fitting curves.

physical mechanism for the edge effect on DW tilting.

The DW velocity at the boundary is relevant to edge energy.
According to the Landau-Lifshitz-Gilbert equation, the speed for the
dynamics of moment is proportional to the effective field that is derived
from free energy. Therefore, a strong edge energy favors a fast relaxa-
tion of the moment at the boundary. Based on the moment structure
shown in Fig. 3, the edge free energy density including anisotropy en-
ergy, demagnetization energy, exchange energy, and the DMI energy at
different time were all derived. Except for DMI, the other three energies
at two boundaries are quite similar (not shown). When w = 100 nm, the
DMI energy densities at two boundaries are quite different at 0.1 ns
(Fig. 5(a)). At the upper boundary, the lower DMI energy offers a trap
that pins the reorientation of moment. When t = 0.5ns, the energy
densities at two boundaries become the same, resulting in the same DW
velocity. For w = 400 nm, the DMI energy keeps increasing at the upper
boundary. Nevertheless, it is enhanced drastically at 0.5 ns but reduced
at 1.5ns (Fig. 5(b)).

The different mechanism for DW tilting for different w can also be
seen from the evolution of the total energy at two track boundaries
(Fig. 5(c) and (d)). For w = 100 nm, the boundary energies at two
boundaries vary abruptly at different time. At the lower boundary, the
abrupt change of energy happens immediately after the current is ap-
plied. However, at the upper one, it delays for about 0.2ns. As to
w = 400 nm, the upper boundary energy increases gradually. At the
lower boundary, however, a maximum energy appears at around 0.3 ns.
Afterwards, this lower boundary energy is reduced gradually till it be-
comes identical to that at the upper one.

In addition to edge energy, the energies of the whole track including

demagnetization, exchange, DMI, and anisotropy were also derived
(Fig. 6). When the track is 100 nm wide, the DMI, exchange, and ani-
sotropy energies increase but the demagnetization energy decreases in
the process of generating the DW tilting. All the energies vary in the
first 0.3 ns during which time the moment rotation nucleates at the
lower boundary and expands towards the upper one. For the 400-nm-
wide track, the exchange energy keeps increasing and the demagneti-
zation energy keeps decreasing in the first 1 ns. On the other hand, the
DMI reaches a maximum value at around 0.3 ns. When the track is very
wide, the expansion of a single area for moment rotation seems not
favorable in energy, and the reproduction of nucleus reduces DMI and
demagnetization energy at the cost of increasing exchange energy.

The energy analysis for the whole track hints the reason for the w
dependence of DW tilting. There is a critical size for the area of moment
rotation for the requirement of lowering energy (Figs. 4 and 6). When w
is smaller than this critical size, edge effect is not negligible, and the
DW tilting becomes related to w. On the other hand, when the track is
wider than this critical size, the reproduction of nucleus inside the DW
decides the DW tilting. Since most moments contributing to the DW
tilting are far away from the edge, the intrinsic parameters of magnetic
system determine their dynamical progress and the final stable moment
structure in DW. Therefore, the tilting angle is irrelevant to w.

Based on the simulation results, the progress of DW tilting can be
understood as following. In our condition, the current flowing in the x
direction offers the damping-like SOT that rotates the moments towards
-y direction. Afterwards, the moments are switched to the z direction
by the DMI torque [7]. This process is equal to moving the DW to the
right. (The direction for DW motion and tilting is reversed when the
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Fig. 3. Evolution of the spatial distribution of ¢ across the DW at the lower ((a), (c), and (e)) and upper ((b), (d), and (f)) boundary of the track with different w in the
early stage of the CIDWM. The moment structure at the lower boundary at different time for w = 200 or 400 nm is shown below.

current direction is reversed (Fig. 2 in the Supplementary Materials)).
Therefore, in the early stage of DW motion, what determines the initial
DW velocity is not the moment orientation in the central but that at the
right side of DW. According to the boundary moment structure
(Fig. 1(a)), the moments at the right side of DW plane at the lower
boundary are easy to be rotated to the — y direction by SOT in a very
short time, which results in the enhanced DMI energy and the high
velocity. On the contrary, at the right side of DW plane at the upper
boundary, the moment rotation towards the - y direction needs to es-
cape the DMI energy trap when the moments are rotated to the — x
direction. As a result, the early DW motion at the upper boundary is
pinned, and this difference in the initial velocity for the upper and
lower DW moments is independent on w (Fig. 3). Nevertheless, the
following process depends on w. When w is 100 nm or smaller, the
upper moments cannot escape the DMI energy trap until the moment
rotation transfers to the upper boundary (Figs. 4(a)-(d), and 5(c)). On
the other hand, when w is 200 nm or larger, the DW tilting is realized by
the continuous reproduction of nucleus inside DW (Fig. 4(f), (h), (),
and (1)). This changes the chirality of the moment structure of the DW
at the lower boundary and prolongs the relaxation. Finally, no matter
what w is, the DW structure at two boundaries become antisymmetric
again, and the DW velocities at the two boundaries become the same,
leading to the final stable DW tilting with a constant f3.
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The microscopic dynamical process revealed by the micromagnetic
simulation is not easy to study experimentally or theoretically. In ex-
periment, one needs to observe the evolution of moments in a very
small region in a very short duration (< < 1 ns). In CCM, the dynamics
of DW can be depicted by several collective coordinates based on the
assumption of a homogenous moment distribution in DW. Therefore, the
CCM may not depict the SOT-induced motion of the DW with strong
DMI precisely, since it ignores the edge effect that leads to the in-
homogeneous moment structure during the evolution of DW tilting,
especially for a narrow track. In the experimental observation about
DW tilting, the w is usually tens of micrometers, and the medium
morphology and the pinning due to edge defects may also influence the
DW tilting [13,15,16]. In this case, the CCM seems too simple to reveal
the mechanism for DW tilting.

In summary, to understand the mechanism for the tilting of DW with
strong DMI in CIDWM, the DMI-related antisymmetric moment struc-
ture at the two boundaries needs to be considered. This antisymmetry is
destroyed in the early stage of the unidirectional CIDWM. For a left-
handed DW moving to the right, the moments at the right side of DW at
the lower boundary are easy to rotate, resulting in a higher initial ve-
locity. At the upper one, the moment rotation at the right side of DW
needs to escape the energy traps of DMI, leading to a lower initial ve-
locity. On the other hand, when the track is wide enough, the moment
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width direction for w = 100 nm (d), 200 nm (h), and 400 nm (1).

structure of DW is significantly changed during the evolution of DW
tilting for reducing DMI and demagnetization energies, resulting in the
temporary reversed moment chirality at one boundary. This enhances
the DMI energy at the edge and prolongs the relaxation process of DW
tilting. Finally, the moment structure of DW at two boundaries recovers
to antisymmetry and the DW tilting becomes stable finally.
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