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Abstract

We report the topology-mediated modulation of a twisted domain wall speed in a thick
perpendicularly magnetized system. By exploiting the topological robustness of the direction
of the Bloch wall component in the twisted domain wall, we show that the domain wall speed
either increases or decreases depending on whether the transverse magnetic field is parallel or
antiparallel to the Bloch wall component. The decrease in the speed is maintained until the
antiparallel transverse reaches ~0.3 T, indicating that the twisted domain wall can offer wide
controllability supported by the topological robustness. We also demonstrate that the
transverse magnetic field suppresses the Walker breakdown, allowing high mobility domain

wall motion for a wide range of perpendicular driving fields.
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I. Introduction

The ability to control magnetic domain wall (DW) motion enables the development of DW
motion-based applications such as DW logic and memory devices [1,2]. So far, the DWs in an
ultrathin system with perpendicular magnetic anisotropy have shown the most promising
features in terms of mobility [3-6] as well as controllability [7-9]. Generally, the system
consists of an ultrathin magnetic layer and heavy-metal layers, with strong spin-orbit
interaction [10]. The DWs in such an effective two-dimensional system normally show the
chiral Néel character, which is induced by the interfacial Dzyaloshinskii-Moriya interaction
(DMI) [10-17]. For such chiral Néel DWs, the DW motion can be manipulated by applying in-
plane magnetic fields which rotate the DW magnetization from the DMI-preferred direction
[12-16]. The alteration from the preferred structure then leads to change in the DW energy,
efficiency of the spin-torques, and/or chiral damping, resulting in the change of DW dynamics

[18,19].

In the meantime, a three-dimensional DW structure in a multilayered magnetic system has
attracted renewed interest in association with the realization of room-temperature magnetic
skyrmions. Due to the increased influence of dipolar fields in the magnetic multilayers [20-
23], stray-field skyrmion bubbles [24-26] with increased magnetic volume, can be stabilized
at room temperature. Also, the dipolar field effect in a magnetic multilayered system or a thick
ferrimagnetic system leads to an interesting topological DW structure, so-called the twisted
DW, along the vertical dimension [21,26-29]. Figure 1(a) shows schematic illustrations of two
ground states of the twisted DW. The circulating nature of the dipolar field tends to align the
magnetizations on top and bottom surfaces to the opposite Néel configurations, forming the
flux-closure magnetic configuration. It is interesting to note that the Néel configurations are
stabilized even without the DMI. Also, continuously connecting the opposite Néel walls along
the vertical direction requires 180° rotation of the magnetization with a Bloch wall component
in the middle layer. Since there is no preferred sense of rotation, the Bloch wall component in
the twisted DW can have either +y or -y-component with the same lowest energy level [21-
26,30,31]. The side view (i.e. the x-z plane) of the twisted DW is analogous to the

combination of the in-plane curling magnetization and vortex core of magnetic vortices, of

which topology is characterized by the topological charge Q = J' Qo -d A = £1/2 where Qgens
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normal vector [32-35]. Therefore, it can be expected that the twisted DW also shows the
topology-originated unique static and dynamic properties such as topological robustness. Due
to the non-trivial topology, once one of the Bloch wall components of the twisted DW is set,

it is impossible to continuously reverse the Bloch wall component to the opposite direction.

The robustness of the Bloch wall component in the twisted DW then can provide an
additional way of controlling the DW dynamics by applying a transverse magnetic field. As
depicted in Fig. 1(b), when the transverse field B, is parallel to the Bloch wall component, the
twisted DW will be stable whereas the twisted DW will become unstable for antiparallel B,. In
a similar fashion to the asymmetric DW motion where an in-plane magnetic field modulates
the DMlI-preferred DW structure [13], this relative alignment between the Bloch wall

component and B, can lead to the variation of the dynamics of the twisted DW.

In this work, we study the influence of the transverse magnetic field B, on the twisted DW
motion using micromagnetic simulation. We find that, when the twisted DW is driven by a
perpendicular magnetic field B, the DW speed either increases or decreases depending on
whether B, is parallel or antiparallel to the Bloch wall component of the twisted DW,
respectively, allowing one to control the twisted DW motions. We reveal that, owing to the
non-trivial topology of the twisted DW, the decreasing trend of the DW speed for the B,
antiparallel to the Bloch wall component is sustained for much stronger B, that is a distinct
feature from the case of the DW in the two-dimensional magnetic system. When the B, is
applied, the Walker breakdown is suppressed, thus enabling high mobility DW motion for a

wide driving field range.

II. Methods

For this study, micromagnetic numerical simulations are performed using the Object
Oriented MicroMagnetic Framework (OOMMTF) software [36]. The OOMMEF code yields the
time evolution of the unit magnetization (m) in each simulation cell by solving the Landau-
Lifshitz-Gilbert (LLG) equation [37,38], gt—m= -|y|mx By +a mxgt—m, where YV is the
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gyromagnetic ratio, By is the effective magnetic field, and @ is the damping constant. B.g
includes all the fields coming from external magnetic fields, the uniaxial anisotropy, the
demagnetizing effect, and the exchange interaction. Note that, to study the topological effect
only by the dipolar fields, the DMI is excluded in our simulation. Material parameters used in
the simulation are as follows [21,39]: saturation magnetization M, = 8 x 10° A/m, exchange
stiffness constant A, = 3.5 x 10" J/m, uniaxial perpendicular anisotropy K = 8 x 10° J/m’,
and Gilbert damping constant o = 0.5. We employed a nanowire of the length L = 2,000 nm,
the width W = 200 nm, and the thickness 4 = 55 nm. The thickness is about 9 times of the
exchange length /,, = VA /K = 6.614 nm and the cell size is chosen to be 2.5 x 2.5 x 2.5 nm?,
allowing the stabilization of the twisted DW with smoothly rotating magnetization along the
vertical direction through 22 layers in twisted DW. With the simulation parameters, we
successfully stabilized the twisted DW in the nanowire as shown in Fig. 1(b), and the Bloch
wall component is initially aligned into the positive y-direction. One may assume that the
twisted DW is stabilized in a thick magnetic system. However, it can occur in multilayered

ultrathin magnetic films with multilayer repeats more than 3 [28].

I11. Results

To investigate the dynamics of the twisted DW, we applied the transverse magnetic field B,
to induce the change in the DW speed during the motion of the twisted DW by +B, (Fig. 1(b)).
The DW speed is measured by tracking the DW position as a function of time. The DW
position is determined by fitting the m, component along the x-axis with the function
m, =tanh((x-q|/A| where g is the DW position and A is the average DW width of all the
layers. Since the DW motion is affected by the ends of the nanowire, the DW motion near the
middle of the nanowire is considered.

Figure 2(a) shows the moving distance of the DW as a function of time for parallel and
antiparallel alignments of B,. Note that the parallel B, stands for +B, since the initial Bloch
wall component is in the +y-direction. As the slope, i.e., the DW speed, reflects, the
application of B, indeed modifies the speed of the twisted DW. The DW speed Vpw with
respect to B, for various values of B, is summarized in Fig. 2(b). In the lower B, regime, the
Vpw increases linearly with B, without experiencing dynamic deformation in the DW

structure. Once the perpendicular magnetic field exceeds a threshold field, the Vpw suddenly
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drops followed by a linear increase with reduced mobility [3-5,40-45]. In the second linear
regime, the twisted DW shows precessional motion. The sudden drop of the Vpw is so-called
the Walker breakdown which is related to the onset of the precession of the DW
magnetization. This behavior is previously shown in the current-driven motion of the twisted
DW in multilayers [28]. In our simulations, this typical transition from the steady motion to

the precessional motion is commonly observed for all values of B,.

In the meantime, we found that the application of the B, significantly modifies the Vpw. As
shown in the zoomed image of the red box in Fig. 2(b), before the Walker breakdown, the
positive B, (dot symbols) increases the Vpw while the negative B, (square symbol) decreases
the Vpw which is in line with our motivation of this work. Interestingly, we also found that the
application of the B, suppresses the appearance of the Walker breakdown. Figure 2(c)
indicates a threshold perpendicular magnetic field which triggers the Walker breakdown
(Bwsg). It clearly shows that as the positive B, (circle dots) becomes stronger, the By increases.
That is, the B, makes the steady motion region of DW structure be more widened, leading to

the extension of the high mobility region to high magnetic fields.

The suppression of the Walker breakdown can qualitatively be understood by the
stabilization of the DW structure by the application of B,. In general, the driving force B,
tends to rotate the DW magnetization. As the rotation increases, the demagnetizing field effect
inside the DW accordingly increases, resulting in a finite equilibrium tilt angle for the steady
DW motion. Stronger B,, however, allows the DW to overcome the energy barrier imposed by
the DW demagnetizing fields, leading to the DW precession [44]. A similar behavior is also
observed in a two-dimensional perpendicularly magnetized system in which the same
stabilization mechanism is basically working [45]. In the twisted DW, it is observed that the
precession first starts from the Bloch wall component in the middle layer where surface-
volume stray field interaction is minimized [28]. Thus, the transverse field B, can efficiently
pin the Bloch wall component in the middle layer, inhibiting the Walker breakdown. Note
that, in Fig. 2(c), the antiparallel B, also suppresses the Walker breakdown. This result may
seem counter-intuitive, however, we find that it is related to the reversal of the Bloch wall

component prior to the Walker breakdown. This will be discussed in the subsequent parts.

To more clearly see the influence of the B, on the twisted DW motion, we plotted the Vpw

5
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for various values of B, as a function of the transverse fields B, as shown in Fig. 3(a). When
the B, is in the steady motion region (B, < 0.13 T), the Vpw shows apparent B, dependence:
Vpw either increases or decreases depending on the direction of B, that is in line with the
result shown in Fig. 2(a). Interestingly, the decreasing trend of Vpw for negative B, persists
down to ~ —0.3 T, which is 15 % of the anisotropy field, for B, = 0.025 T, indicating that the
combination of the twisted DW and the transverse field B, provides wide controllability of
Vpw. Further increasing the magnitude of the negative B,, leads to a sudden jump in the Vpw,
which is related to the reversal of the Bloch wall component in the twisted DW as shown in
Fig. 3(b). Once the Bloch wall component is reversed in the direction of the negative B,, the

situation becomes the same as the positive B, case.
IV. Discussion

Such behaviors are unique to the twisted DW, which is obvious when compared to the DW
in a two-dimensional plane. Figure 3(c) shows Vpw of a Bloch wall in a single layer with
respect to B,. Here, all the simulation parameters are identical to those of the twisted DW
except that only single layer is taken for the Bloch wall case. Clearly, the Vpw is nearly
independent of the sign of B, in Fig. 3(c), meaning that the DW magnetization in the Bloch
wall in the single layer is easily reversed by the B, while the twisted DW structure is robust to
the B,. Meanwhile, there have been studies on the modulation of the DW speed by the
transverse field [46-50]. However, these works focused on DWs in in-plane magnetized
systems, and the range of the transverse field leading to the decrease in the DW speed is
narrow. In this regard, our results on the twisted DW can be distinguished from the previous

studies.

To understand the robustness of the twisted DW to the B,, we investigated the detailed
reversal mechanism of the Bloch wall component for B, = -0.3 T and B, = 0.025 T (Fig. 4(a))
along with the spatial distribution of Q,.,, on surfaces in the three-dimensional system (Fig.
4(b)). The yellow and green surfaces indicate isosurface with m, > +0.9 and m, < -0.9,
respectively. The initial Bloch wall component is aligned in the positive y-direction (¢ = 0.00
ns). Owing to its unique configuration analogous to the magnetic vortices, the initial Q of the
twisted DW is not zero. Q.. 1s localized on the right and left side surfaces with opposite signs

due to the opposite direction of the surface normal vector as shown as color codes on the left
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and right sides in Fig. 4(a). This implies that the twisted DW contains the non-trivial

topological spin texture.

As time passes, the initial Bloch components move towards the bottom surfaces of the
medium while the twisted DW propagates in the x-direction. Interestingly, there is an
asymmetry in the downward motion of the Bloch wall components. The Bloch wall
component on the right urface is more shifted compared to that on the left surface. At = 1.43
ns, the Bloch wall component on the right surface reaches the bottom surfaces. Subsequently,
the Bloch wall component on the bottom surfaces moves in the —y-direction, and,
simultaneously, the Bloch component with negative y-direction, start to emerge from the right
surface (snapshot at r = 1.49 ns). The presence of these two opposite Bloch components
results in more localized Q,.,, on the bottom surface by forming the DW-skyrmion (red
rectangle) which exhibits non-trivial topology [51-53]. The DW-skyrmion moves in the —y-
direction (snapshot at r = 1.67 ns), and is suddenly annihilated by the injection of the Bloch
point (magenta circle) (snapshot at # = 1.69 ns). The injection of the Bloch point indicates the
discontinuous deformation which allows a break of continuity of the magnetization with
sudden change in Q.. The formed Bloch point moves in the —y-direction with triggering the
reversal of the Bloch component from the positive y-direction into the negative y-direction. As
the Bloch point escapes through the left side surfaces, the Bloch wall component of the

twisted DW is aligned in the negative y-direction.

The time-evolution of the topological charge Q of the twisted DW on each surface of the
simulation region is also investigated. As shown in Fig. 4(b), the Q of the twisted DW was
obtained by integrating of Q. over the top (Q,,, violet line), bottom (Qy,, dark yellow line),
left (Q,, orange line) and right (Q,,, green line) surfaces. It clearly shows that the formation
of the DW-skyrmion on the bottom surface results in the decreases of Q,;, with involving the

reversal of the Bloch component on the right surface (¢ ~ 1.49 ns).

To examine the role of the Bloch point during the reversal process, the summation of Q on
all surfaces (XQuut = QuptOror+Qis+0,i,) Was investigated (Fig.4(c)). It should be noted that
L,z 1s zero as long as there is no Bloch point within the simulation region. However, Fig.
4(c) shows that XQ,,,; steeply increases and decreases. One can find that the initial increase of

20,y from zero to +1 is due to the change of O, from —1 to 0. This is attributed to the
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transformation of the DW-skyrmion into the Bloch point on the bottom surface. XQ,,, then
shows a sudden decrease to 0, which is resulted from the change of Q. by AQ ~ 1, signaling
the escape of the Bloch point and the reversal of the Bloch wall component. from +y-direction

to —y-direction.

Overall, the results in Fig. 4 show that, during the reversal process of the Bloch wall
component of the twisted DW, the change in Q occurs and it is triggered by the nucleation and
annihilation of the topologically non-trivial spin textures, i.e., the Bloch point and the DW-
skyrmion. Since the formation of the topologically non-trivial spin textures occurs by
overcoming a huge energy barrier dictated by the non-trivial topology [54, 55], one can
conclude that the robustness of the twisted DW and, thus, the wide controllability of Vpw is
attributed to the topology-originated energy barrier between the two twisted DWs having

opposite Bloch components.

Note that in Fig. 3(a) the required transverse field B, for the Bloch wall component reversal
decreases as the B, increases (dashed circle). This is related to the increasing destabilization
of the twisted DW structure with B,. As the twisted DW approaches the Walker breakdown
with increasing B,, reversing the Bloch wall component by the antiparallel B, can be easily
achieved. In Fig. 3(a), the Bloch wall component reversal in the twisted DW is accomplished
prior to the onset of the Walker breakdown (B, < 0.13 T, circle symbols). Thus, the Bloch
wall component is already parallel to the negative B, before the Walker breakdown. This
explains why the negative B, also suppresses the Walker breakdown, which is already
mentioned in Fig. 2(c). Once the DW precession starts (B, > 0.13 T, triangle symbols), there is
no difference between positive and negative B, cases, resulting in symmetric Vpw with respect

to the B, = 0 T as displayed in Fig. 3(a).

Finally, we provide qualitative understanding of the observed B, dependence on Vpw.
Although the twisted DW is too complex to be thoroughly explained by the one-dimensional
DW model, the qualitative dynamics can be well understood using the one-dimensional
model. In the one-dimensional model [44,45], the steady DW speed Vpw is proportional to the
DW width A. We calculated the DW width A of the twisted DW with respect to the B, at B, =
0 T as displayed in Fig. 4. The A of the twisted DW is obtained by averaging values of A of

each line profile. The parallel B, (antiparallel B,) results in broadening (narrowing) of the DW
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width A because that is the way of reducing the Zeeman energy. One can see that the A and
Vpw with respect to B, show a similar shape, indicating the relationship between the observed

variation of Vpw and A by the transverse field B, [45-50].

V. Conclusion

In summary, we investigated the influence of the B, on the twisted DW motion using
micromagnetic simulation. We found that, depending on whether B, is parallel or antiparallel
to the Bloch wall component of the twisted DW, the DW speed is either promoted or
suppressed, enabling one to manipulate the twisted DW motion. Due to the topological nature
of the twisted DW, remarkable controllability is obtained in a wide range of B, (~ 0.3 T),
that is a distinct feature from that of the Bloch wall in a single magnetic layer. In addition, we
found that the application of B, can suppress the Walker breakdown of the twisted DW. The
versatile controllability of the twisted DW dynamics thus points to utilization of the twisted

DW for future DW motion based spintronic devices.
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FIG. 1. (a) Schematic illustrations of the two twisted DWs with different Bloch wall
component in the middle layer. (b) Conceptual diagram of the simulations along with the

simulation dimensions.
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FIG. 2. (a) The moving distance of the twisted DWs as a function of the time for B, = +0.25
T (red line) and —0.25 T (black line). The slope indicates the DW speed Vpw. (b) Vpw with
respect to B, for various B,. The enlarged figure more clearly illustrates the speed difference in

the steady motion region. (c) Threshold perpendicular magnetic field Bwg as a function of B,.
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7 B.. (b) Snapshots of the magnetization configuration in the middle layer during the field-
the Bloch wall in a two-dimensional system with respect to the B, for various values of B,.
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FIG. 4. (a) Three-dimensional visualization of the magnetization configurations of twisted
DW (left) and spatial distribution of Q,.,, over surfaces of medium (right). The yellow and
green surfaces indicate isosurfaces with m, > +0.9 and m, < —0.9, respectively. (b) The
time-evolution of the topological charge Q on surfaces of medium and (c) the summation of

Q on all surfaces of medium XQ,,,; = Q1op+ Qo+ Qiep+Orig -
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