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Reversible magnetic domain reorientation induced by magnetic field pulses of fixed direction
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Nanoscale magnetic domains with controllable configurations could be used for classical and quantum
applications, where the switching of magnetization configurations is an essential operation for information
processing. Here, we report that the magnetic domain reorientation in a notched ferromagnetic nanotrack can
be realized and effectively controlled by applying uniform magnetic field pulses in a fixed in-plane direction
perpendicular to the nanotrack. Our micromagnetic simulation results show that the configurations of magnetic
domains in the notched nanotrack can be switched between a head-to-head state and a tail-to-tail state in a
reversible manner driven by magnetic field pulses, while it is unnecessary to reverse the direction of the magnetic
field. Such a unique magnetic domain reorientation dynamics is found to depend on magnetic parameters and
nanotrack geometries. The reorientation dynamics of magnetic domains also depends on the strength and length
of the applied magnetic-field pulse. In addition, we point out that the notches at the center of the nanotrack
play an important role for the stabilization of the head-to-head and tail-to-tail states during the magnetic
domain reorientation. We also qualitatively explain the field-induced reorientation phenomenon with a simplified
two-dimensional macrospin model. Our results may make it possible to build spintronic devices driven by a
fixed magnetic field. Our findings may also motivate future studies to investigate the classical and quantum
applications based on nanoscale magnetic domains.
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I. INTRODUCTION

The magnetization configurations in nanoscale ferromag-
netic tracks can be used to store binary information and
perform storage functions [1–5]. For example, the magnetic
domain walls in a nanotrack with either in-plane or out-of-
plane magnetization can be driven into motion by magnetic
and electric means [6–22], which is essential for the racetrack-
type memory and relevant logic computing devices [1–5].
Similarly, chiral skyrmionic textures stabilized in nanotracks
may also be used for information storage and processing
[23–36]. The racetrack-type memory applications based on
magnetic domain walls could be driven by the magnetic field
and electric current [1–22], while the skyrmion-based one is
usually driven by the electric current as the skyrmion cannot
be driven into translational motion by a uniform and constant
magnetic field [23–36].

To realize next-generation spintronic applications based on
nonvolatile magnetization configurations, it is still important
to explore and understand the dynamics of magnetization con-
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figurations induced by the most fundamental external stimuli,
such as the magnetic field and electric current. The dynam-
ics of ferromagnetic domain walls in nanotracks controlled
by magnetic field pulses has been investigated for decades,
however, most published reports are focused on the field-
induced or current-induced motion of domain walls [1–22].
In a racetrack-type memory device, the field-induced in-line
motion of domain walls is a key operation for manipulating
the encoded data on the nanotrack, however, domain walls
will be erased and recreated during the write-in and read-out
operations [3–5]. In the same manner, the chiral skyrmionic
textures used in racetrack-type applications may also need
to be frequently created and deleted during the write-in and
read-out operations [25,26,28,30,31,33–35].

A possible solution to avoid frequent creation and deletion
of domain walls in magnetic memory and logic computing ap-
plications is to utilize the magnetic domain reorientation and
switching dynamics in well-designed nanostructures [37–42],
namely, the data write-in and read-out process is based on
the manipulation of the domain configuration instead of the
domain-wall position [37–42] because each data bit is stored
in a single isolated nanostructure or region, so it will be
unnecessary to frequently create, move, and delete domain
walls as the domain-wall position can be fixed during the mag-
netic domain reorientation. However, the magnetic domain
reorientation dynamics driven by magnetic field pulses in
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ferromagnetic nanotracks is still elusive, however, the mag-
netic domain reorientation dynamics could be vital for the
design and development of future applications.

In this paper, we report the magnetic domain reorienta-
tion dynamics in a notched ferromagnetic nanotrack driven
by uniform in-plane magnetic field pulses perpendicular to
the nanotrack, where the configurations of magnetic domains
could be reversibly switched by magnetic-field pulses without
reversing the field direction. Our results could be useful for
the design and development of information processing appli-
cations based on the manipulation of magnetic domains in
nanoscale tracks with modified geometries.

II. METHODS

In this paper, we consider an ultrathin ferromagnetic nan-
otrack with two square notches at the center of the upper and
lower edges along the length direction, as shown in Fig. 4(a).
The default length of the nanotrack in the x direction is equal
to 100 nm, and the default width in the y direction is set to
10 nm. The thickness of the nanotrack is fixed at 1 nm. The
simulation is performed by using the functional micromag-
netics package Object Oriented MicroMagnetic Framework
(OOMMF) [43]. The mesh size in all simulations is set to
1 × 1 × 1 nm3, which ensures good computational accu-
racy. The open boundary conditions are applied in the x and y
directions.

We assumed that the nanotrack is made of typical permal-
loy, and the magnetic parameters are [44] the saturation
magnetization MS = 860 kA m−1, the exchange constant
A = 13 pJ m−1, and the magnetic anisotropy equals zero. In
the simulation, the magnetization dynamics in the permalloy
nanotrack is controlled by the Landau-Lifshitz-Gilbert (LLG)
equation [43],

∂t m = −γ0m × heff + α(m × ∂t m), (1)

where m is the reduced magnetization (i.e., m = M/MS), t is
the time, γ0 is the absolute gyromagnetic ratio, and α is the
Gilbert damping parameter with the default value being 0.3.
heff = − 1

μ0MS
· δε

δm is the effective field, where μ0 and ε are
the vacuum permeability constant and average energy density,
respectively. The energy terms considered in the simulation
include the ferromagnetic exchange energy, the applied mag-
netic field energy, and the demagnetization energy [43], as
expressed in the average energy density below,

ε = A(∇m)2 − μ0MS(m · Ha) − μ0MS

2
(m · Hd), (2)

where A is the ferromagnetic exchange constant, Ha is the
applied magnetic field, and Hd is the demagnetization field.
Note that the magnetic anisotropy energy equals zero in our
model as the permalloy nanotrack has no crystalline magnetic
anisotropy [44], while the demagnetization effect may result
in certain magnetic shape anisotropy.

III. RESULTS AND DISCUSSION

A. A two-dimensional macrospin model

Before discussing the micromagnetic simulation results,
we first analyze the magnetic field-induced switching of the

FIG. 1. Schematic illustration of a two-dimensional macrospin
model describing a single spin driven by a magnetic field pulse.
The angle between the spin vector direction and the +x direction is
defined as θ . The magnetic field pulse is applied in the +y direction.

in-plane magnetization in a nanotrack with a simplified two-
dimensional macrospin model. As depicted in Fig. 1, we
neglect the spatial variation of the magnetization within the
left half of the nanotrack and assume that the magnetization
is described by a two-dimensional single macroscopic spin
vector n = (nx, ny ). We define the angle between the spin
vector direction and the +x direction as θ , and therefore the
spin vector could be expressed as

n = x̂ cos θ + ŷ sin θ. (3)

To mimic the demagnetization effect, we consider a uniaxial
shape magnetic anisotropy with the x axis being the easy axis.
We also consider a magnetic field pulse applied in the +y
direction. Thus, the energy of the system is given as

E = −K cos2 θ − By sin θ, (4)

where K and By are simplified parameters that control
the anisotropy magnitude and magnetic field strength,
respectively. In Fig. 2, it can be seen that the total energy E
reaches its maximum value when θ = 90◦ in the absence of
the magnetic field (i.e., By = 0), while it reaches its minimum
value when θ = 90◦ upon the application of a strong magnetic
field (e.g., By = 2.5). However, it should be noted that
the energy minimum may be found at θ = 0◦ − 90◦ and

FIG. 2. The total energy of the macrospin system as a function of
θ for K = 1 and By = 0 − 2.5. K and By are simplified parameters,
which control the shape anisotropy magnitude and magnetic field
strength, respectively.
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FIG. 3. Field-induced reorientation of a single macrospin. θ as
functions of time for By = 1.0, 2.5, and 3.0. The shape magnetic
anisotropy strength is fixed at K = 0.5. The magnetic field is applied
during t = 0 − 500, as indicated by the gray background.

θ = 90◦ − 180◦, which depends on the competition between
the shape magnetic anisotropy K and applied magnetic field
By. To drive the switching of the spin, the strength of the
applied magnetic field pulse should be large enough to create
an energy profile such as the curve for K = 1 and By = 2.5
in Fig. 2, where θ must reach 90◦ when the magnetic field is
applied for a certain time.

To qualitatively demonstrate the field-induced spin reorien-
tation, we further obtain the Euler-Lagrange equation [45,46]
for the two-dimensional macroscopic model from the La-
grangian

L = −θ̇ + K cos2 θ + By sin θ, (5)

and the Euler-Lagrange equation is given as

d

dt

∂L

∂θ̇
− ∂L

∂θ
= − ∂

∂θ̇

α

2
θ̇2, (6)

with α being the damping parameter. Thus, the LLG equa-
tion is obtained by polar coordinate θ as

θ̇ = −2K

α
sin θ cos θ + By

α
cos θ. (7)

In Fig. 3, we show three representative situations of the field-
induced spin dynamics by numerically solving Eq. (7) with
the simplified assumption that K = α = 0.5. As shown in
Fig. 3, when a relatively weak magnetic field pulse of By = 1
is applied during t = 0 − 500 and the system is relaxed until
t = 2000, it can be seen that the spin vector first rotates
toward the +y direction (i.e., θ → 90◦) but finally relaxes
to its initial direction (i.e., θ = 0◦). This situation suggests
that a weak magnetic field pulse may not be able to trigger a
full 180◦ reorientation of the magnetization in the nanotrack.
When a stronger magnetic field pulse of By = 2.5 is applied
during t = 0 − 500, it shows that the spin vector is magne-
tized to the +y direction soon upon the application of the
pulse (i.e., θ = 90◦). However, we note that θ remains at 90◦
when the magnetic field pulse is turned off. The reason is
due to the symmetry-breaking problem, where the spin vector
direction gets stuck on an unstable equilibrium, namely, the
spin vector is balanced at the maximum energy point and

does not know which direction to rotate. In the micromagnetic
simulations discussed below, the symmetry would be broken
due to the spin precession. Therefore, we apply a relatively
strong magnetic field pulse of By = 3 during t = 0 − 500
and, meanwhile, consider a tiny perturbation of the magnetic
field direction to avoid the symmetry-breaking problem in the
macrospin model. Hence, it can be seen from Fig. 3 that the
spin vector first rotates to the +y direction (i.e., θ = 90◦)
when the magnetic field pulse is turned on, and then rotates to
the −x direction when the magnetic field pulse is turned off.
This situation suggests that a strong magnetic field pulse could
be able to result in a full 180◦ reorientation of the magnetiza-
tion in the nanotrack. The prerequisite is that the magnetic
field pulse is strong and long enough to drive the spin to over-
come the energy barrier due to the shape magnetic anisotropy.

B. Reversible reorientation phenomenon

We computationally demonstrate the typical reversible re-
orientation of magnetic domains in the notched nanotrack
with default geometry and material parameters, where the
magnetization dynamics is driven by in-plane magnetic field
pulses applied in the width direction of the nanotrack, i.e.,
pointing at the +y direction. As shown in Fig. 4(a), the initial
state in the nanotrack at t = 0 ps is a relaxed metastable
head-to-head magnetization configuration, which is defined as
state 0 as it could be used to carry the binary information bit
0, namely, the magnetization in the left half and right half of
the nanotrack are almost aligned along the +x (red) and −x
(blue) directions, respectively. We point out that the read-out
of state 0 could be realized by placing two magnetic tunnel
junction (MTJ) reader sensors upon the left half and right half
of the nanotrack. The two square notches at the center of the
nanotrack are employed to stabilize and fix the position of a
head-to-head or tail-to-tail domain wall at the nanotrack cen-
ter. In this paper, the default length and width of the notch are
equal to 4 nm and 2 nm, respectively. The notches fabricated
at nanotrack edges are usually used to pin domain walls and
affect the domain wall dynamics [47–52]. The domain wall
can exist in the nanotrack without the notches, however, it
may be easily displaced or destroyed if it is not pinned by
the notches, which we will discuss later in this paper.

We apply a single magnetic field pulse in the +y direction
to drive the dynamics of magnetic domains in the nanotrack.
The magnetic field pulse strength is set to By = 100 mT,
and the pulse length is set to τ = 200 ps, which is applied
during t = 20 − 220 ps [see Fig. 4(b)]. It can be seen that
the magnetization in the nanotrack rotates to the +y direction
driven by the magnetic field pulse during t = 20 − 220 ps,
and the magnetization continues to rotate mainly in the
nanotrack plane after the pulse application and finally relaxes
to a tail-to-tail magnetization configuration, as shown in
Fig. 4(a) at t = 1000 ps (see Supplemental Material Video 1
in Ref. [53]). Such a tail-to-tail magnetization configuration is
thus defined as state 1, as it could be used to carry the binary
information bit 1. Therefore, the field-induced reorientation
of magnetic domains leads to a smooth switching from state
0 to state 1, mimicking a unitary NOT operation that is
fundamental to bit manipulation in spintronic information
storage and processing devices.
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FIG. 4. Field-induced reorientation of magnetic domains in a notched nanotrack leading to the switching from state 0 to state 1. (a) Top-
view snapshots showing the magnetization configurations in the notched nanotrack at selected times. The arrows represent the magnetization
directions. The in-plane magnetization component (mx) is color coded: red is pointing at the +x direction, blue is pointing at the −x direction,
and white is pointing at the ±y directions. The initial state 0 is a metastable head-to-head magnetization configuration, while the final state 1 is
a metastable tail-to-tail magnetization configuration. The switching from state 0 to state 1 is realized by the magnetization reorientation driven
by a magnetic field pulse applied at the +y direction. The field strength By = 100 mT and the pulse length τ = 200 ps (i.e., applied during
t = 20 − 220 ps). The system is relaxed until t = 1000 ps. Here, α = 0.3, A = 13 pJ m−1, and MS = 860 kA m−1. (b) The applied magnetic
field strength By as a function of time. (c) The reduced in-plane magnetization components for the left half (mL

x ) and right half (mR
x ) of the

nanotrack as functions of time. (d) The reduced in-plane magnetization component my as a function of time. (e) The reduced out-of-plane
magnetization component mz as a function of time. (f) The total energy as a function of time. (g) The exchange energy as a function of time.
(h) The demagnetization energy as a function of time. (i) The applied magnetic field energy (i.e., Zeeman energy) as a function of time. The
magnetic field pulse duration is indicated by the gray background.

The reorientation of the magnetic domains in the left half
and right half of the nanotrack could be clearly indicated by
the reduced in-plane magnetization components for the left
half (mL

x ) and right half (mR
x ) of the nanotrack, respectively

[see Fig. 4(c)]. During the field-driven reorientation and
relaxation, both the in-plane magnetization component my

[see Fig. 4(d)] and out-of-plane magnetization component
mz [see Fig. 4(e)] also vary with time, however, the variation
amplitude of mz is much smaller as the magnetization lies in

the x-y plane. The time-dependent total energy [see Fig. 4(f)],
exchange energy [see Fig. 4(g)], demagnetization energy
[see Fig. 4(h)], and Zeeman energy [see Fig. 4(i)] are given
in Fig. 4. The total energy, exchange energy, and Zeeman
energy decrease during the field-driven reorientation, while
the demagnetization energy increases during the reorientation
period. When the magnetic field pulse is turned off at
t = 220 ps, the total energy shows a sharp increase and then
decreases to its initial value. The demagnetization energy also
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FIG. 5. Field-induced reorientation of magnetic domains in a notched nanotrack leading to the switching from state 1 to state 0. (a) Top-
view snapshots showing the magnetization configurations in the notched nanotrack at selected times. The arrows represent the magnetization
directions. The in-plane magnetization component (mx) is color coded: Red is pointing at the +x direction, blue is pointing at the −x direction,
and white is pointing at the ±y directions. The initial state 1 is a metastable tail-to-tail magnetization configuration, while the final state 0 is
a metastable head-to-head magnetization configuration. The switching from state 1 to state 0 is realized by the magnetization reorientation
driven by a magnetic field pulse applied at the +y direction. The field strength By = 100 mT and the pulse length τ = 200 ps (i.e., applied
during t = 20 − 220 ps). The system is relaxed until t = 1000 ps. Here, α = 0.3, A = 13 pJ m−1, and MS = 860 kA m−1. (b) The applied
magnetic field strength By as a function of time. (c) The reduced in-plane magnetization components for the left half (mL

x ) and right half (mR
x ) of

the nanotrack as functions of time. (d) The reduced in-plane magnetization component my as a function of time. (e) The reduced out-of-plane
magnetization component mz as a function of time. (f) The total energy as a function of time. (g) The exchange energy as a function of time.
(h) The demagnetization energy as a function of time. (i) The applied magnetic field energy (i.e., Zeeman energy) as a function of time. The
magnetic field pulse duration is indicated by the gray background.

decreases to its initial value. Therefore, it can be seen that the
formation of the tail-to-tail magnetization configuration after
the pulse application is favored by the demagnetization effect,
although the exchange energy will slightly increase due to the
formation of a domain wall structure between the two square
notches.

We also apply the same in-plane magnetic field pulse to
drive the system with state 1 being the initial state, namely,

the initial state is a tail-to-tail magnetization configuration
identical to the one obtained at t = 1000 ps in Fig. 4(a). The
geometric and material parameters are the same as that used
in Fig. 4 and the magnetic-field pulse with By = 100 mT and
τ = 200 ps is also applied at the +y direction. The results are
given in Fig. 5, where we find that the magnetic domain reori-
entation induced by the magnetic field pulse could also lead to
the smooth switching from state 1 to state 0. This means that
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FIG. 6. Reversible reorientation of magnetic domains in a
notched nanotrack leading to the switching between state 0 and state
1 in a controlled manner. (a) The reduced in-plane magnetization
components for the left half (mL

x ) and right half (mR
x ) of the nanotrack

as functions of time. (b) The total energy as a function of time. Here,
α = 0.3, A = 13 pJ m−1, and MS = 860 kA m−1. The field strength
By = 100 mT. The pulse length τ = 200 ps, which is indicated by
the gray background.

the switching between state 0 and state 1 is reversible due to
the magnetic domain reorientation induced by magnetic field
pulses applied at the +y direction.

Hence, as shown in Fig. 6, we demonstrate the reversible
switching between state 0 and state 1 by applying a sequence
of magnetic field pulses to drive the nanotrack with an initial
state of head-to-head magnetization configuration (i.e., state
0), where the direction of magnetic field pulses is fixed at
the +y direction (see Supplemental Material Video 2 in Ref.
[53]). In Fig. 6, it can be seen that the reversible switching
between state 0 and state 1 can be reliably achieved provided
that the spacing between two adjacent pulses is long enough
for the system to fully relax into a metastable state.

C. Geometry and parameter dependence

In Fig. 7, we further study the field-induced reorienta-
tion dynamics of magnetic domains for different strengths
and lengths of the applied magnetic field pulse. The nan-
otrack geometry and magnetic parameters are the same as
that used in Fig. 4. The initial relaxed state is a head-to-head
magnetization configuration referred to as state 0. A single
magnetic-field pulse with strength By and length τ is applied
in the +y direction, and the system is relaxed after the pulse
application until t = 1000 ps. It shows that the switching from
state 0 to state 1 could be realized only when the field strength
By is larger than certain threshold value. For the magnetic field
pulse with a suitable strength that is enough to induce the
magnetic domain reorientation, only certain ranges of pulse
lengths τ could result in the switching from state 0 to state 1.
When a larger By is applied, both the maximum and minimum
values of τ required for the switching will be reduced as a
general trend.

In Fig. 8, we explore the field-induced reorientation dy-
namics of magnetic domains for different intrinsic magnetic
material parameters. The nanotrack geometry and default
magnetic parameters are the same as that used in Fig. 4. The
initial relaxed state is a head-to-head magnetization config-

FIG. 7. Switching phase diagram of a notched nanotrack driven
by a single magnetic field pulse for different pulse lengths τ and field
strength By. The initial relaxed state before the pulse application is
state 0 with a head-to-head magnetization configuration. The mag-
netic field pulse is applied at the +y direction. The switching from
state 0 to state 1 is realized for certain values of τ and By. Here,
α = 0.3, A = 13 pJ m−1, and MS = 860 kA m−1.

uration referred to as state 0. A single magnetic field pulse
with strength By = 100 mT and length τ = 200 ps is applied
in the +y direction during t = 20 − 220 ps. The system is
relaxed after the pulse application until t = 1000 ps. It is
found that the damping parameter α may obviously affect the
magnetic domain reorientation dynamics [see Figs. 8(a) and
8(b)], where we focus on the time-dependent reduced in-plane
magnetization components for the left half mL

x and right half
mR

x of the nanotrack. It shows that the field-induced switching
from state 0 to state 1 could be realized when α = 0.25 − 0.35
or when α = 0.05. For relatively larger α = 0.5, state 0 is not
switched after the pulse application, although the magnetic
domains are reorientated to the +y direction by the field pulse
around t = 220 ps.

As shown in Figs. 8(c) and 8(d), the field-induced orien-
tation of magnetic domains could lead to the a successful
switching from state 0 to state 1 for a wide range of exchange
constants. Similarly, the switching from state 0 to state 1 could
also be realized for a wide range of saturation magnetization.
These results suggest that the sensitivity of the field-induced
reorientation of magnetic domains in the given nanotrack to
damping parameter is higher than that to magnetic parame-
ters, indicating the importance of the magnetization damping
precession on the outcome of switching.

In Fig. 9, we also investigate the effects of nanotrack geom-
etry on the field-induced reorientation dynamics of magnetic
domains as well as the switching between state 0 and state 1.
The magnetic parameters are the same as that used in Fig. 4.
The default nanotrack length is set as l = 100 nm, and the
default nanotrack width is set as w = 10 nm. We note that in
this paper, for the sake of simplicity, the length and width of

064410-6



REVERSIBLE MAGNETIC DOMAIN REORIENTATION … PHYSICAL REVIEW B 108, 064410 (2023)

FIG. 8. Dynamics of magnetic domains driven by a single
magnetic field pulse in notched nanotracks with different mate-
rial parameters. (a) Time-dependent reduced in-plane magnetization
component for the left half of the nanotrack mL

x for different damping
parameters α. (b) Time-dependent reduced in-plane magnetization
component for the right half of the nanotrack mR

x for different α.
(c) Time-dependent mL

x for different exchange constant A. (d) Time-
dependent mR

x for different A. (e) Time-dependent mL
x for different

saturation magnetization MS. (f) Time-dependent mR
x for different

MS. Here, the initial relaxed state before the pulse application is
state 0 with a head-to-head magnetization configuration. The mag-
netic field pulse is applied at the +y direction. The field strength
By = 100 mT, and the pulse length τ = 200 ps (i.e., applied during
t = 20 − 220 ps as indicated by the gray background). The system is
relaxed until t = 1000 ps.

the edge notch is fixed at 4 nm and 2 nm, respectively. The
initial relaxed state is a head-to-head magnetization config-
uration referred to as state 0. A single magnetic field pulse
with strength By = 100 mT and length τ = 200 ps is applied
in the +y direction during t = 20 − 220 ps. The system is
relaxed after the pulse application until t = 1000 ps. It can
be seen from Figs. 9(a) and 9(b) that the field-induced reori-
entation of magnetic domains and its consequential switching
from state 0 to state 1 are only realized in nanotracks with
l = 90−120 nm and w = 10 nm. Also, by fixing the nan-
otrack length at l = 100 nm, the field-induced reorientation of
magnetic domains and its consequential switching from state
0 to state 1 are only realized for nanotracks with w = 10 nm or
w = 20 nm [see Figs. 9(c) and 9(d)]. The different shapes of
the nanotrack will result in different shape anisotropy due to
the demagnetization effect, which may favor different magne-
tization configurations, and may also affect the field-induced
reorientation and switching.

D. Effect of the notches

For the purpose of elucidating the effect of the notches on
the field-induced magnetic domain reorientation dynamics in

FIG. 9. Dynamics of magnetic domains driven by a single mag-
netic field pulse in notched nanotracks with different geometric
parameters. (a) Time-dependent reduced in-plane magnetization
component for the left half of the nanotrack mL

x for different track
lengths l . The track width is fixed at w = 10 nm. (b) Time-dependent
reduced in-plane magnetization component for the right half of the
nanotrack mR

x for different l . (c) Time-dependent mL
x for different

track width w. The track length is fixed at l = 100 nm. (d) Time-
dependent mR

x for different w. Here, the initial relaxed state before
the pulse application is state 0 with a head-to-head magnetization
configuration. The magnetic-field pulse is applied at the +y direction.
The field strength By = 100 mT, and the pulse length τ = 200 ps
(i.e., applied during t = 20 − 220 ps as indicated by the gray back-
ground). The system is relaxed until t = 1000 ps.

the nanotrack, we carry out three simulations with different
nanotrack geometries to compare with each other. In the first
simulation, as shown in Fig. 10(a), the nanotrack geometry
and magnetic parameters are the same as that used in Fig. 4.
The initial relaxed state is a head-to-head magnetization con-
figuration referred to as state 0. A single magnetic field pulse
of B = (0.005, 100, 0) mT is applied to drive the magnetiza-
tion dynamics in the nanotrack, namely, the magnetic field is
applied mainly at the +y direction but with a tiny component
in the +x direction. The magnetic field is applied for 200 ps
during t = 20 − 220 ps, and then the system is relaxed after
the pulse application until t = 1000 ps. Note that we consider
a tiny component of magnetic field in the x direction to mimic
an additional tiny perturbation in the field pulse, which would
highlight the effect of the notches in enhancing the stability
of the domain-wall configuration during the reorientation. It
can be seen that the applied magnetic field pulse drives the
reorientation of magnetic domains and leads to the switching
from state 0 to state 1 after the relaxation (see Supplemental
Material Video 3 in Ref. [53]). The switching from state 0 to
state 1 can also be seen from the time-dependent mL

x and mR
x

of the system [see Fig. 11(a)].
However, the snapshots selected at different times in

Fig. 10(a) show that during the magnetic domain reorienta-
tion, the domain wall structure at the center of the nanotrack
first moves slightly toward the −x direction (i.e., away from
the notches) and then moves toward the +x direction (i.e.,
back to the notches) [cf. Figs. 4(a) and 10(a)]. The domain
wall motion toward the −x direction is caused by the tiny
+x component of the applied magnetic field pulse, while its
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FIG. 10. Field-induced reorientation of magnetic domains in nanotracks with and without the notches. (a) Top-view snapshots showing the
magnetization configurations in a default notched nanotrack at selected times. The arrows represent the magnetization directions. The in-plane
magnetization component (mx) is color coded: Red is pointing at the +x direction, blue is pointing at the −x direction, and white is pointing at
the ±y directions. The initial state 0 is a metastable head-to-head magnetization configuration, while the final state 1 is a metastable tail-to-tail
magnetization configuration. The switching from state 0 to state 1 is realized by the magnetization reorientation driven by a magnetic-field pulse
applied at the +y direction with a tiny component in the +x direction. The magnetic field B = (0.005, 100, 0) mT and the pulse length τ = 200
ps (i.e., applied during t = 20 − 220 ps). The system is relaxed until t = 1000 ps. Here, α = 0.3, A = 13 pJ m−1, and MS = 860 kA m−1. The
reference frame is the same as that in Fig. 4. (b) Top-view snapshots showing the magnetization configurations in a nanotrack without notches
at selected times. The length and width of the nanotrack are the same as that in (a). All material and magnetic field parameters are the same
as that in (a). The initial state is a metastable head-to-head magnetization configuration, while the final state is a stable uniform magnetization
configuration. (c) Top-view snapshots showing the magnetization configurations in two nanotracks without notches at selected times. The
system is the same as that in (a) but the area between the two notches is totally etched away. All material and magnetic field parameters are the
same as that in (a). Treating the two nanotracks as a system, the initial state can be seen as a stable head-to-head magnetization configuration,
while the final state is identical to the initial state.

motion toward the +x direction is due to the attractive inter-
action between the domain wall and the notches.

We note that such a displacement of the domain wall from
the center of the nanotrack could result in the instability of the
head-to-head and tail-to-tail magnetization configurations in a
clean nanotrack without any pinning effect. For example, as
shown in Fig. 10(b), if we remove the notches from the center
of the nanotrack while keeping other parameters unchanged,
the magnetic-field pulse will result in the transition from the
initial head-to-head magnetization configuration to a uniform
ferromagnetic state by driving the domain wall structure out
of the nanotrack (see Supplemental Material Video 4 in Ref.
[53]). The transition is also indicated by the time-dependent

FIG. 11. The reduced in-plane magnetization components for the
left half (mL

x ) and right half (mR
x ) of the nanotrack system as functions

of time. (a) Time-dependent mL
x and mR

x for the system given in
Fig. 10(a). (b) Time-dependent mL

x and mR
x for the system given

in Fig. 10(b). (x) Time-dependent mL
x and mR

x for the system given
in Fig. 10(c). The magnetic field pulse duration is indicated by the
gray background.

mL
x and mR

x of the system [see Fig. 11(b)]. Here we point
out that the reorientation could, in principle, be realized in
a nanotrack without the notches under the exact same proto-
col used in Fig. 4, i.e., B = (0, 100, 0) mT. However, this is
only true when the head-to-head or tail-to-tail domain wall
is initially placed at the exact center of the nanotrack, and
the applied magnetic field is perfectly aligned perpendicularly
to the nanotrack. Otherwise, the head-to-head or tail-to-tail
domain wall could easily be destroyed as demonstrated in
Fig. 10(b).

We also apply the same magnetic-field pulse of B =
(0.005, 100, 0) mT to drive the system where the area between
two notches is totally etched away, as shown in Fig. 10(c). It
can be seen that the initial and relaxed final states of the sys-
tem remain unchanged after the application of the magnetic
field pulse (see Supplemental Material Video 5 in Ref. [53]).
The magnetization dynamics in the left and right parts of the
system are also described by the time-dependent mL

x and mR
x ,

respectively [see Fig. 11(c)].
In Fig. 12, we show the time-dependent total energies for

the three simulations with different nanotrack geometries dis-
cussed above. It shows that the nanotrack with two notches
at the upper and lower edges of the nanotrack center can
realize the field-induced switching between two metastable
states with the same energy (i.e., the head-to-head and tail-to-
tail magnetization configurations). In the nanotrack without
notches, the final state is ground state with an energy lower
than that of the initial metastable state. In the nanotrack sys-
tem with the area between two notches being totally etched
away (i.e., a system of two shorter nanotracks), the initial
and final states are ground states with the energy close to
the ground state in the longer nanotrack without notches.
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FIG. 12. The total energies as a function of time for the three sys-
tems given in Fig. 10. The magnetic field pulse duration is indicated
by the gray background.

We also point out that the demagnetization effect plays an
important role in the stabilization of the head-to-head or tail-
to-tail magnetization configuration in our model. As shown in
Fig. 13, if we turn off the demagnetization in the simulation,
the initial head-to-head magnetization configuration cannot be
relaxed and will evolve into a uniform state during the initial
relaxation before the application of the magnetic-field pulse.
The results discussed in this section suggest that the notches
at the nanotrack center can pin the domain-wall structure and
thus enhance the stability of the head-to-head and tail-to-tail
magnetization configurations, which are important for the re-
alization of the fixed field-induced switching between state 0
and state 1.

E. Implications for classical and quantum applications

The reversible switching between state 0 and state 1 in the
nanotrack without changing the driving field direction may
have important implications for both classical and quantum
spintronic applications. For example, such a controlled re-

FIG. 13. Top-view snapshots showing the initially relaxed mag-
netization configurations in a default notched nanotrack with and
without the demagnetization effect. (a) An ideal head-to-head
magnetization configuration given as the initial state before the re-
laxation. The arrows represent the magnetization directions. The
in-plane magnetization component (mx) is color coded: Red is point-
ing at the +x direction, blue is pointing at the −x direction, and
white is pointing at the ±y directions. (b) The relaxed state for the
system with the demagnetization effect is a metastable head-to-head
magnetization configuration. (c) The relaxed state for the system
without the demagnetization effect is a uniform state magnetized
along the +y direction.

versible single-bit flipping operation driven by magnetic field
applied in a fixed in-plane direction could be used to build
a memory device, where information is stored in arrays of
nanotracks with one bit per track, similar to the bit-patterned
magnetic recording architecture [41].

On the other hand, recent studies have suggested that
nanoscale magnetic textures, including domain walls [54],
merons [55], and skyrmions [56–58], can be used as building
blocks in quantum computation. As the reversible switching
between state 0 and state 1 in the given system could be
realized without reversing the sign of the applied in-plane
magnetic field, the system may also, in principle, make it
possible to build a quantum Pauli-X gate as long as the size of
the nanotrack is of a few nanometers [54] in real experiments,
namely, magnetic textures with dimensions down to a few
nanometers could be quantum objects [54–60].

Note that the Pauli-X gate is a quantum version of the
classical NOT gate, which transforms the pure state |0〉 to
|1〉 and vice versa, namely, the Pauli-X gate is an operation
that can be expressed by the Pauli matrix σx acting on a sin-
gle qubit, for example, σx|0〉 = |0〉〈1|0〉 + |1〉〈0|0〉 = |1〉 and
σx|1〉 = |0〉〈1|1〉 + |1〉〈0|1〉 = |0〉, where σx may correspond
to an in-plane magnetic field with a fixed direction in real
experiments. It should be noted that it is not required to fix the
direction of the driving field in the operation of the classical
NOT gate.

Besides, for a classical system, the reversible switching
between state 0 and state 1 induced by magnetic fields with
a fixed direction may simplify the bit-flipping operation as
only the strength of the magnetic field needs to be programed.
We note that the magnetic field applied in the device plane
could be realized by using a micro coil covering the top and
bottom surfaces of the nanotrack. One may also fabricate a
nanotrack parallel and attached (i.e., underneath or beyond)
to a flat current wire, so the Oersted field in the in-plane
direction could be used to drive the magnetization dynamics
in the nanotrack.

In Fig. 14, we also provide two schematic illustrations
showing possible experimental setups for the initialization,
readout, and reset operations. First, the initial head-to-head
magnetization configuration in the nanotrack could be created
by using two MTJ elements placed upon the left and right
parts of the notched nanotrack, where the fixed layers in
the two MTJ elements have opposite uniform magnetization
configurations as depicted in Fig. 14. By injecting vertical spin
currents through the two MTJ elements, one should be able to
create or reset the head-to-head magnetization configuration
in the notched nanotrack. In addition, the two MTJ elements
could also be used as the readout sensors to detect the tail-
to-tail magnetization configuration in the notched nanotrack
after the magnetic domain reorientation.

IV. CONCLUSION

In conclusion, we have studied the reorientation of head-to-
head and tail-to-tail magnetic domains in a notched nanotrack
driven by in-plane magnetic field pulses, where the direction
of magnetic field is fixed at the +y direction, i.e., perpendicu-
lar to the length direction of the nanotrack. It is found that the
field-induced reorientation of magnetic domains could lead to
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FIG. 14. Schematic illustrations showing possible experimental
setups for the initialization, readout, and reset operations. (a) The
initialization and reset functions could be realized by using two
magnetic tunnel junction (MTJ) elements with fixed layers placed
upon the left and right parts of the notched ferromagnetic nanotrack
(i.e., free layers), respectively. (b) The readout operation could be
realized by using the above-mentioned two MTJ elements as the
readout sensors.

reversible switching between a head-to-head magnetization
configuration and a tail-to-tail magnetization configuration.
The head-to-head and tail-to-tail magnetization configurations
in the nanotrack could be treated as binary bit states 0 and 1,
respectively. Thus, the reversible switching between state 0
and state 1 could be induced by applying in-plane magnetic
field pulses perpendicular to the nanotrack without changing
the direction of the magnetic field. Such a phenomenon is in
stark contrast to typical field-driven and current-driven do-
main switching and domain-wall motion, where the reversible
switching and motion are obtained by reversing the sign of
the driving force. The reorientation dynamics of magnetic
domains depends on both the intrinsic magnetic parameters,
the nanotrack geometry, and the applied magnetic field pulse
profile. The damping parameter and nanotrack geometry may
play important roles on the reorientation dynamics and the
consequential switching between state 0 and state 1, however,
the overall dynamic process (i.e., including the field-driven re-
orientation and zero-field relaxation) is robust to the variations
of magnetic parameters, including the exchange constant and
saturation magnetization, namely, the reorientation operation
is robust for a wide parameter range of exchange constant
and saturation magnetization, although the suitable parame-
ter spaces for the reorientation are not extremely wide for
parameters such as the damping parameter. It should be em-
phasized that the notches at the center of the upper and lower

nanotrack edges could enhance the stability and reliability of
the head-to-head and tail-to-tail magnetization configurations,
especially in the presence of a perturbation in the driving
field. Our results could be important for understanding the
field-driven dynamics of magnetic domains in narrow nan-
otracks with notches, and may also provide a way for the
design of unique spintronic devices. We also believe that our
computational findings will stimulate more theoretical and
experimental efforts to explore magnetization dynamics in
complex and artificial nanostructures.
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