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Field-driven magnetic domain wall propagation in ferromagnetic nanostrips with trapezoidal cross section has been
systematically investigated by means of micromagnetic simulation. Asymmetric dynamic behaviors of domain wall, de-
pending on the propagation direction, were observed under an external magnetic field. When the domain walls propagate
in the opposite direction along the long axis of the nanostrip, the Walker breakdown fields as well as the average veloc-
ities are different. The asymmetric landscape of demagnetization energies, which arises from the trapezoidal geometry,
is the main origin of the asymmetric propagation behavior. Furthermore, a trapezoid-cross-section nanostrip will become
a nanotube if it is rolled artificially along its long axis, and thus a two-dimensional transverse domain wall will become
a three-dimensional one. Interestingly, it is found that the asymmetric behaviors observed in two-dimensional nanostrips
with trapezoidal cross section are similar with some dynamic properties occurring in three-dimensional nanotubes.
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1. Introduction

Control and understanding of the magnetic domain wall
(DW) motion are essential for future realization of spintronic
devices, such as DW logic circuits and DW memories.!!=!
With the development of lithography techniques, the DW
dynamic behavior can be confined and manipulated on var-
ious patterned ferromagnetic nanowires, such as nanostrip,
nanotube, and nanocylinder. Many works have shown that
the propagating DW dynamics is significantly affected by
the nanowire geometries and dimensions,?! e.g., the edge
roughness of nanowires can be used to improve the DW
dynamic behavior by suppressing the Walker breakdown
phenomenon. '-14] The Walker breakdown causes an abrupt
change of the DW structure above a critical field, and conse-
quently influences the DW speed and propagation stability.

On the other hand, the lithography technique has prob-
Thus

the so-called rectangular cross section is roughly D-shaped or
15,16

lems, more or less, with fabrication of sharp edges.
trapezoidal.!!>'61 Concerning about the actual situation, it is
essential to investigate the DW dynamic behavior in nanowires
with no sharply shaped edges. In addition, a trapezoid-cross-
section nanostrip will become a nanotube if it is rolled artifi-
cially along its long axis, and thus a two-dimensional trans-
verse DW will become a three-dimensional DW. As it will be
unveiled later, the dynamic properties of a DW in trapezoid-
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cross-section nanostrip behaves similarly as it in a three-
dimensional nanotube. The asymmetric dynamic behaviors
in such as the asymmetric energy landscape!!”! and the dif-
ferent Walker breakdown field!!+!8] have been reported when
the DW propagates in a nanotube. However, little is known
about the dynamic correlation between the two-dimensional
and three-dimensional transverse DW.[!®1 Furthermore, for the
reason of easy fabrication, magnetic nanostrips are currently
the most common choice in applications in such as DW guides.
In this work, with changing of the external magnetic field
strength as well as switching of the field direction, DW dy-
namic behaviors are investigated in ferromagnetic nanostrips
with trapezoidal cross section.

2. Micromagnetic simulations

To investigate the propagation direction dependent asym-
metric dynamic behaviors of a DW, the micromagnetic sim-
ulations were performed by Mumax3,/?"! which describes
the magnetization evolution by solving the Landau-Lifshitz—

Gilbert equation?!!
dM o dM
M M x Htr Zmx &2
dl |,}/| X Cf‘f+ MS X dt I

where M is the magnetization, M is the saturation magneti-
zation, Hg is the effective magnetic field, ¥ is the gyromag-
neic ratio, and o is a phenomenological damping parameter.
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The strength of the external magnetic field (Hcx;) was changed
from 10 Oe to 50 Oe. The length of the nanostrip is fixed at
6000 nm, and thickness A varies from 5 nm to 8 nm. The bot-
tom length of cross section is fixed at 50 nm, and the value a
varies from 5 nm to 10 nm to change the slope of both edges of
the nanostrip, as shown in Fig. 1. Here material parameters of
permalloy were considered with the exchange stiffness coeffi-
cient of Aex = 13 x 10712 J/m, the saturation magnetization of
M, = 8.6 x 10° A/m, and zero magnetocrystalline anisotropy.
In all the simulations, the unit cell dimension of 2 x 1 x 2 nm?>
and the Gilbert damping constant of & = 0.01 were used. To
smooth the edge, the cell at the geometry edge is further di-
vided into 8 x 8 x 8 =512 small ones. Before applying the ex-
ternal magnetic field, a head-to-head transverse DW has been
initially positioned at the center of ferromagnetic nanostrip.
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Fig. 1. (a) The geometry and dimension of the trapezoid-cross-section
nanostrip. The external magnetic field direction is denoted by the ar-
rows on the top. A head-to-head transverse DW is initially positioned
in the center of the nanostrip, and its direction is denoted by the ar-
rows inside. The cross section of the nanostrip is shown at the bottom.
(b) The schematic diagrams of the nanotube unrolled into a trapezoid-
cross-section nanostrip when it is cut along the long axis.

3. Results and discussion

After energy relaxation process, a series of simulations
with constant magnetic field were performed. The DW motion
under horizontal driving field (z-axis) has been explored with
variation of the field strength and directions. Figure 2 shows
the DW displacement in the case of a = 10 and 2 = 5 nm
driven by the magnetic field of Hey = £10 Oe (Fig 2(a)),
£35 Oe (Fig. 2(b)) and £50 Oe (Fig. 2(c)). At the low field
region (10 Oe), the DW moves along opposite directions with
the same average velocity v = 316 m/s. When the driving
field up to 35 Oe, the behaviors of the DW propagating along
4z directions are completely different. Driven by the right
(+z) direction field, the DW moves quickly with the average
speed 600 m/s for the DW maintains the transverse structure
throughout the whole propagation process. While driven by
the left (—z) direction field, a Walker breakdown phenomenon
is clearly observed, characterized by the DW backward motion
which occurs when the DW inner spin structure transforms
from transverse wall to anti-vortex wall,[?2] leading to the de-
cline of the DW average speed (312 m/s). Further increasing
the driving field to 50 Oe, the Walker breakdown behaviors
have been observed in both propagation directions, as shown
in Fig. 2(c). The initial DW state is a transverse wall along
+x direction, let us define it as 7(7), and the opposite one as
T(]). The Walker breakdown here is an periodic transforma-
tion: T (1) — anti-vortex wall with up core (V) — T(]) —
anti-vortex wall with down core (V @) — T (1), as illustrated
in Fig. 2(c) (black curve, driven by +z direction field and red,
—z direction field). The images of transverse/anti-vortex DW
in xz-plane are shown in the figures beside the symbols. As
shown in Fig. 2(c), the DW propagation patterns in both di-
rections return to the synchronous state after each cycle of
transformation, as well as the displacement, the instantaneous
speed and average speed.
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Fig. 2. The absolute value of DW displacement varies with time driven by (a) £10 Oe, (b) +35 Oe and (c) +50 Oe magnetic field in the case of
a =10, h =5 nm. In (a), the red and black curves coincide. The symbols 1, |, and (), @ represent the spin structure of transverse and anti-vortex
DWs in xz-plane (top view), and the corresponding images is illustrated beside the symbols. The arrows inside the images as well as the color map
represent the in-plane magnetization directions. The white/black dot in the images indicates an upward/downward anti-vortex core.

Normally, the (anti-) vortex wall avoids the creation of
surface magnetic charges/®¥ and reduces the magnetostatic
energy, as compared with the transverse wall. On the other
hand, the curling spin structure of the (anti-) vortex wall will
inevitably increase its exchange energy, while the spin struc-

ture of transverse wall will decrease it. From the energy point
of view, the Walker breakdown is a kind of competition be-
tween demagnetizing field energy Egemag and exchange energy
Ex, and ultimately determined by the minimized combination
of these two energies. Under the action of external magnetic
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field torque, which is the cross product between the DW mag-
netization and the field, the direction of DW magnetization
will be tilted along the normal direction of the nanostrip plane
(y-direction), leading to magnetic charges accumulate on the
upper and lower surfaces of the nanostrips.!?*! The cross sec-
tion of the nanostrip is trapezoidal, therefor the upper surface
is narrow and the lower surface is wide. Consequently the
magnetic charge density on the surface must not be the same,
which means that there is a gradient distribution of the demag-
netizing field in nanostrip along the normal direction of the
nanostrip plane (y-direction).

In order to prove that, the nanostrip was artificially di-
vided into 5 layers with 1 nm thick per layer in the case of
a =10 nm, &7 = 5 nm, as illustrated in the inset of Fig. 3(c).
Driven by +£10 Oe magnetic field, no Walker breakdown is
observed as shown in Fig. 2(a). DWs propagate with trans-
verse wall and a little bit tilting up/down, as sketched by the
red/gray big arrow in Fig. 3(a). The upward/downward tilt-
ing is caused by the field torque 7 (black/gray small arrow),

(a)

which is generated by the external magnetic field, exerts on
the local magnetization M of the DW. As a consequence, a
demagnetizing field (Hy) is developed (black/gray dotted ar-
row), which, in turn, generated a torque on M to push the DW
to propagate horizontally (along the nanostrip long axis).>*]
The y-component demagnetizing field Hy , of each layer was
plotted in Fig. 3(b) (under 10 Oe field) and Fig. 3(c) (under
—10 Oe field), respectively. Clearly, the difference of Hg,, be-
tween neighboring layers for the 10 Oe case is much larger
than that in the —10 Oe case. From the figures, it is observed
that the Hy , strength increases gradually, and goes into a satu-
ration (stable) state 2—3 ns after the magnetic field is turned on.
In the stable region, e.g., from 3 ns to 7 ns in the figures, the
difference of Hy, between layer 1 and layer 5 is 9 Oe when
the M tilts up, and 1 Oe when the M tilts down. Therefore,
it is expected that the demagnetizing field energies Egemag are
not equal in these two cases, so does the exchange energy Fey,
since these two energies constraint each other during the DW
propagation.
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Fig. 3. The schematic diagrams of the directions of the local magnetization M. The magnetic torque 7 on M and the demagnetizing field Hy
(cross section view) is shown on the left panel of (a). The snapshots of the y-component demagnetizing field (Hy ) distribution around the DW
(cross section view) at t = 5 ns driving by £10 Oe fields are illustrated on the right panel of (a). The color bar indicates the Hy, value. The
nanostrip is artificially divided into 5 layers as shown in the inset of (c). The Hy,, for different layers is shown in (b) driven by +10 Oe field

and (c) —10 Oe field in the case of @ = 10 nm and 7 = 5 nm.

Since the Walker breakdown behavior is an periodic
transformation process of (T(1) — V(O/Q) — T({) —
V(®/(®) — T(1)) DW structures, the mechanism of asym-
metric Walker breakdown along both the propagation direc-
tions is most readily explained by considering one period of
Walker breakdown. Two periods of Egemag as well as Eex vary-
ing with time, driven by 50 Oe magnetic field, are plotted in
Fig. 4(a). It is obviously observed that the Egemag profile in

the first half period (0—4.2 ns) is not the same as that in the
following half period (4.2-8.2 ns), and so does the Ex profile.
However, the profiles of both Egemag and Eex in neighboring
two half periods are expected to be the same in the rectangle-
cross-section nanostrip. The sum of these two energies varies
with time as plotted in Fig. 4(b). The energy landscape con-
sists of two minima when transverse wall is formed, and two

different energy maxima when anti-vortex wall is formed. In
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the presence of external magnetic field, the DW periodically
overcomes these two energy barriers, which explains the peri-
odic coincidences in Fig. 2(c).
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Fig. 4. (a) The Egemag and Eex profiles versus time driven by 50 Oe
magnetic field. (b) The sum of Egemag and Eex versus time. The snap-
shots of anti-vortex walls and transverse walls in xz-plane (top view) are
shown on the top and bottom of (b), respectively. The arrows inside the
snapshots as well as the color map represent the in-plane magnetization
directions.

The trapezoid-cross-section nanostrip becomes a nan-
otube as we artificially roll it along its long axis as illustrated in
Fig. 1(b). Interestingly, it is found that the asymmetric behav-
iors, e.g., the asymmetric energy landscape!'”! and the differ-
ent Walker breakdown fields,[14!8] observed in the trapezoid-
cross-section nanostrip are similar with some dynamic prop-
erties occurring in nanotubes.!"*!7-18] Tt is worth mentioning
that in the case of a nanotube, two energy barriers correspond-
ing to the DW inner spins point outward and inward of the
radius. If the nanotube is artificially unrolled into a nanos-
trip, then two energy barriers corresponding to the DW spins
point toward the wide (bottom, here) and narrow (upper) sur-
face. These are exactly the cases that two energy barriers occur
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when anti-vortex core points downward/upward in this work.
The threshold fields when DW overcomes the two energy bar-
riers are defined as chiral field and Walker field in Ref. [18].
These two fields are both the Walker fields actually, which are
merely two different perspectives on the same effect.

We further investigated the effects generated from the
thickness as well as the slop of the edge of nanostrip through
the variation of the average velocity v under different driving
fields. The results in the casesof a = h=5nm,a=h =8 nm
and a = 10 nm, A = 5 nm are shown in Figs. 5(a), 5(b), and
5(c), respectively. According to the results, the difference of
the Walker fields can be seen when the DW propagates along
the opposite directions from the figures. Overall, in the low
field region (the left part of gray region in Fig. 5) the DWs
move with transverse wall and the same average velocity along
opposite propagation directions. In the high field region (the
right part of gray region), Walker breakdown is observed in
both the directions, giving an average velocity independent of
the propagation direction as well. In the medium field region
(the gray region) the difference occurs, where Walker break-
down is observed in one direction, but not in the opposite di-
rection (see Fig. 2(b)). In other words, within a special mag-
netic field region, the forward (+z direction) and backward
(—z direction) average velocities of the DW are different and
this effect can be used to fabricate a DW diode. In addition,
the difference between these two Walker fields are broadened
with the crease of the value a given the same thickness (com-
paring Figs. 5(a) and 5(c)). While with the same edge slope
(Figs. 5(a) and 5(b)), the asymmetric property strongly de-
pends on the thickness. It is necessary to notice that in the
medium field region, the DW average velocities are similar,
e.g., the 33-39 Oe cases in Fig. 5(c), after Walker breakdown
instead of gradual decrease when DW propagates along —z
direction (red curves). This is because the nanostrip is not in-
finitely long (6000 nm, here). Sometimes, the DW propagates
out of the nanostrip within one period of Walker breakdown,
such as the case shown in Fig. 2(b). Thus, the average veloc-
ity (= 3000 nm/propagating time) calculated in a finitely long
nanowire is not as accurate as in a infinitely long nanowire.

a=10 nm, h=5 nm

cht/Oe

Hexi/Oe

Hexi/Oe

Fig. 5. The DW average velocity v under different magnetic fields in the cases of (a) a =h =5 nm, (b) a =h =8 nm and (¢c) a = 10 nm, & = 5 nm.
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In addition, the conclusion that the dynamic behavior of
DW motion is asymmetric in a trapezoid-cross-section nanos-
trip is based on the field-driven motion of a head-to-head DW,
and the DW motion exhibits the same asymmetric behavior in
the case of the tail-to-tail DW.

4. Conclusion

In summary, the asymmetric dynamic behaviors of DW
motion have been systematically investigated in a trapezoid-
cross-section nanostrip by means of micromagnetic simula-
tion. It is found that the asymmetric behaviors originate from
the asymmetric energy landscape, which arises from the trape-
zoidal geometry. As a consequence, the asymmetry strongly
depends on the thickness and the edge slope of the nanostrip.
In addition, it is found that the asymmetric behaviors observed
in the trapezoid-cross-section nanostrip are similar with the
asymmetric properties occurring in a nanotube.
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