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Static and dynamic behavior of 360◦ domain walls in patterned thin films

A. L. Gonzalez Oyarce,1,* Y. Nakatani,2 and C. H. W. Barnes1

1Cavendish Laboratory, Thin Film Magnetism Group, Cambridge, CB3 0HE, United Kingdom
2University of Electro-communications, Chofu 182-8585, Japan

(Received 2 March 2013; published 4 June 2013)

We study the static and dynamic behavior of transverse domain walls and 360◦ domain walls in a thin film of
isotropic material including pinning effects caused by geometric defects in the form of triangular antinotches. In
terms of the static interaction, our model reduces the domain walls to sources of magnetic charge, allowing an
electrostatic-like description of their interaction. Such a concept was applied to both of these magnetic textures
allowing us to estimate the shortest distance between the antinotches at which the domains walls can be located,
while still being pinned. Regarding the domain walls’ dynamical behavior, accurate micromagnetic simulations
of our system were performed, characterizing their recombination times as well as showing that triangular notches
allow the coherent movement of single and arrays of 360◦ domain walls by pulses of spin current. This behavior
could not be observed in single transverse walls given the long-range interaction that they present, impeding
coherent domain wall motion. These findings allow us to estimate the maximum 360◦ domain wall density,
observing an increase by a factor of four when compared to systems based on single transverse domain walls,
which potentially gives our system important industrial applications.
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I. INTRODUCTION

The use of transverse domain walls (TDWs) in magnetic
nanostructures has found some important applications in data
storage devices.1–7 The memory device proposed by Konishi1

uses two vertical block lines to represent 1 bit, which is based
on an oval racetrack where the domain walls were written and
read in different segments of the track, whereas the racetrack
memory proposed by Parkin et al.8 is based on plane TDWs
that are driven along open tracks. The limitation of TDWs
is the long-range stray field that they produce, making them
susceptible to interactions with other magnetic and geometric
structures over a range of several microns.2,9–13 In an effort
to overcome this problem, a composite object made of two
TDWs, the 360◦ domain wall (360◦ DW) has been proposed
as an alternative, by Gonzalez et al.14 and Muratov et al.15

The general behavior of 360◦ DWs is described in Refs. 14
and 16–18, their weaker stray field as compared to TDWs
being one of their main characteristics,9,19 as the 360◦ DWs are
composed of two TDWs, forming an almost closed magnetic
flux structure.20,21

In this paper we use a Permalloy (Py) patterned surface
with triangular notches placed every 235, 352, or 470 nm,
center-to-center distance, with 360◦ DWs already nucleated
at the notches as shown in Fig. 1. The distance between the
notches is approximately one, one and a half, and two times
the 360◦ DW length. Using the interaction model developed
by Allwood et al.,12,22 which considers TDWs as magnetic
textures composed only of magnetic charges centered at their
middle point, we were able to describe the static behavior
of TDWs and 360◦ DWs in this system. Allwood et al.6

experimentally established that transverse domain walls could
be modeled as point sources of magnetic charge, and that
the interaction between two TDWs is analogous to electric
charges interacting. Based on this concept, we compared the
interaction between two TDWs with the interaction between
a pair of 360◦ DWs, finding that it mainly originates from
the stray field produced by these magnetic textures. It is

important to note that for shorter distances, which is close
to two domain wall lengths in the case of 360◦ DWs, the
model loses validity. At these distances the interaction between
the domain walls modifies their structure, and short-range
interactions such as the exchange energy become relevant.
From this analysis we can estimate the minimum distance at
which two 360◦ DWs can be nucleated while still being pinned
by the triangular notches. In terms of the dynamic behavior
of TDWs and 360◦ DWs we characterized the movement of
a single 360◦ DW under a spin current in the patterned Py
stripe, and then we expanded the description to an array of
four TDWs or four 360◦ DWs, finding that only 360◦ DWs are
suitable for manipulation under these conditions. Moreover,
we characterized their typical recombination times, finding
the DW-to-DW distances at which the 360◦ DWs could be
unpinned from the antinotches and moved from one position
to another in a coherent fashion.

This proposed system could be the basis for a device where
binary bits could be determined by the presence or absence of
360◦ DWs. In this report we achieve a DW density ∼4 times
higher compared to the devices reported by Parkin,3 where
only 1 TDW per micron can be stored and manipulated. At
domain wall densities higher than 1 TDWs per micron, the
TDWs interact, combining or annihilating depending on their
chirality.20 Furthermore, in a device with these characteristics
there could be two possible ways of injecting 360◦ DWs into
the patterned structure. The first one could be to nucleate them
locally on top of the antinotches,23 having the advantage of
creating any arrangement of 360◦ DWs which could be moved
across the patterned structure. Alternatively 360◦ DW injection
could be accomplished by nucleating them at the ends of the
stripe with a specially designed pad and then transferring them
to the notches. This technique has already been demonstrated
by Ross et al.24 and Diegel et al.25 using a circular structure
attached to a Py nanostripe, where they were able to inject 360◦
DWs (and/or any multiplier of a TDWs) into the nanostripe.
Regarding the pinning properties of this system, we found
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FIG. 1. (Color online) Graphical representation of the initial
conditions, where four 360◦ DWs were placed in the notches, which
later were moved using a spin current.

that for the deeper notches a higher spin current was needed to
unpin the walls, but this also implied that a shorter spin current
pulse had to be used in order to accurately move the 360◦ DWs
from one stable position to the next. Moreover, our proposed
system uses a current of ∼5 pA/m, which is close to what
could be obtained under standard experimental conditions.

The remainder of this paper is organized as follows. In
Sec. II we describe the parameters and numerical methods used
in this study. Furthermore, in Sec. III, we present the results
of the static regime, notch characterization, and the dynamical
regime. Finally, in Sec. IV, we summarize the highlights of
our findings and give an outlook of this research.

II. METHODOLOGY AND SIMULATION DETAILS

In this paper we simulated a Py stripe with a thickness
4 nm, width 100 nm, with periodic boundary conditions in
the x direction, with no magnetocrystalline anisotropy, and
patterned with 7 triangular notches. The cell size used for
the simulations was of 4.0 nm in the x direction and 2.5 nm
in the y direction. The initial state assumed a number of
360◦ DWs nucleated at the notches, as shown in Fig. 1. The
simulations were carried out using the simulations package
OOMMF and its extension for spin current26–29 which is based
on the micromagnetic energy functional E(M), Eq. (1),

E(M) =
∫

�

(
A

M2
s

|∇M|2 − μ0HZ · M
)

d3r

+μ0

∫
R3

Hd (r) · M(r)d3r, (1)

with Hd , the demagnetizing field, given by Hd = −∇�,

� = − 1

4π

∫
V

ρ(r′)
|r − r′|d

3r′ + 1

4π

∫
�

σ (r′)
|r − r′|dr′. (2)

In Eq. (1) the first term is the exchange energy, the
second, the Zeeman energy, and the third term corresponds
to the demagnetizing energy. Furthermore, in Eq. (2), ρ(r) =
−∇ · Ms(r) and σ (r) = Ms(r) · n are the volume and surface
magnetic charges, respectively.30 The values of the constants
used are the standard for Py, where A is the exchange constant
with a value of 13 pJ/m, Ms = 860 kA/m; moreover, we
considered K = μoM

2
s /2. Hence Lex , the exchange length, is

defined by Lex = √
A/K = 5.289 nm.31

As we are interested in studying the dynamical behavior
of the 360◦ DWs in such patterned structures, we applied a
spin-polarized current in the shape of a time step function
in order to induce the translational motion of the walls,
as homogeneous magnetic fields are not capable of moving
this kind of magnetic texture.32 The time evolution of the
system is based on the description given by Eq. (3), which
is the Landau-Lifshitz-Gilbert including the spin current non-
adiabatical term,33 where H is obtained from H = −∇E(M).

The parameters α and β are the damping parameter and the
non-adiabatical spin transfer torque, respectively, being set to
α = 0.01 and β = 2α = 0.02; see Eq. (3). Furthermore, in
order to describe the effect of the spin current on the pinned
360◦ DWs, we varied the amplitude, the duration of the pulse,
and the relaxation time after the pulse was applied:

ṁ = γ0H × m + αm × ṁ − (u · ∇)m + βm × [(u · ∇)m].

(3)

III. RESULTS

In this notched patterned system we address the static and
dynamic interaction between TDWs as well as between 360◦
DWs. Having a complete description will not only allow us to
have a better understanding of the inherent properties of these
magnetic domain walls, but it will also allow the calculation
of the minimum distances at which the DWs can be located
while still being pinned by the triangular notches. In order
to accomplish such goals, we identified two regimes. The first
regime corresponds to the static case where DWs are located at
the notches and their interaction with each other comes mainly
from their demagnetizing field. The second regime is the
dynamical case where the DWs have translational movement in
addition to their interaction through the demagnetizing field.
In order to have a better comprehension of the behavior of
DWs in this system, the pinning effects of the notches were
characterized. We address the static regime first in Sec. III A,
the notch characterization in Sec. III B, and then the dynamical
regime of single and multiple 360◦ DWs in Secs. III C–III E.

A. Static regime

The static regime comprises the behavior of domain walls
when they are pinned at the notches. In this section we
compare the interaction energy of the 360◦ DWs with the
TDW case. From this analysis we can estimate the minimum
distance at which two 360◦ DWs can be nucleated, while still
being pinned by the triangular notches. To carry out such
comparison, we consider the simplified picture where the
TDWs and 360◦ DWs are structures made only of surface and
volume magnetic charges, named σ and π , respectively,12,22

as shown in Fig. 2. In the case of two interacting TDWs we
discarded the contribution of the π charges as they provide
a dipole Coulomb-type effective potential, which decreases
faster over distances when compared with the monopole
Coulomb-type of the σ charges. The interaction energy be-
tween two σ charges, by Emon, which resembles the interaction
of two electric monopoles, is given by Emon = σiσj

4πμ0

, where

FIG. 2. (Color online) Graphical representation of the charge
model superimposed to the typical distribution of the magnetization
across a 360◦ DW. The magnetization in the −y direction is shown
in blue and the magnetization in the +y direction is shown in red.
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FIG. 3. (Color online) Demagnetizing energy in function of the
separation between two TDWs and two 360◦ DWs. The zero of such
energy was adjusted in order to make the comparison.

σi = ±2μ0Mswt , w being the width of the stripe, t its
thickness, and 
 the distance between the TDWs.12,22 In the
case of 360◦ DWs, we again discarded the contribution of the π

charges, as shown in Fig. 2, because they provide an effective
quadrupole potential Coulomb type that decreases faster in
magnitude when compared to the effective dipole interaction
generated by the σ charges. The interaction energy between
two 360◦ DWs is then modeled as Edip = − σiσj

4πμ0
3 .12,22 The
results of such calculations are shown in Fig. 3.

The results shown in Fig. 3(a) show that the proposed model
of two interacting TDWs is consistent with the simulations;
i.e., the demagnetizing energy is decreased as walls come
closer. On the other hand, while the extreme values for the
demagnetizing energy of two 360◦ DWs are in agreement
with the σ charge dipole model proposed, the results provide
some evidence that the interaction of two 360◦ DWs at shorter
distances is of a more complex nature and thus requires a more
robust model, probably including the deformation of each wall
induced by the interaction. The evidence presented shows that
the pinning potential of the notches located at 235 nm, 1 DW
length, is sufficient to overcome the interaction between TDWs
and 360◦ DWs, holding such DWs in place. Moreover, as the
walls are compressed at the notches the magnetic charge is
diminished by a quarter, reducing the effective attractive force
by ∼0.56, from 0.726 eV to 0.407 eV. This is lower than
the depinning energy for the three types of notches used; see
Table I.

B. Notch characterization

The notches used in this system had depths of 6.25 or
12.5 nm, and widths of 117 or 171 nm. It is worth noting that

TABLE I. Summary of geometrical and energetic properties of
the notches used. The values of the depinning current are for isolated
notches. For notches of depth 25.00 nm the 360◦ DWs were destroyed
before being unpinned; hence there is neither value for the depinning
current nor the pulse duration.

Depth Width Depinning Pulse Energy
(nm) (nm) u (m/s) duration (ns) well (eV)

6.25 117.0 250 ± 25 2.5 ± 0.25 0.68
171.0 250 ± 25 2.5 ± 0.25 0.69

12.50 117.0 350 ± 25 3 ± 0.5 1.7
171.0 350 ± 25 3 ± 0.5 1.8

25.00 117.0 4.3
171.0 4.5

notches of depth 25 nm were also used, but the 360◦ DWs
were destroyed before being unpinned. In the characterization
of the notches there are two regimes to bear in mind, the first
being where there is only an isolated notch and the second,
where there is an array of such structures. In the case of an
isolated notch, the length of the spin current pulse required to
unpin the wall is higher than in the case where there is an array
of notches. In the case of a single notch, the wall is considered
to be unpinned when it breaks interaction with the notch and
moves freely in the direction of the spin current; this occurs at
distances above five hundred nanometers. On the other hand,
when there is a patterned structure with several notches on it,
the length of the pulse is reduced because it is only necessary
to move the DWs from one notch to another, as the DWs
will get trapped at the next notch. Furthermore, in the case of
several walls the interaction between DWs becomes relevant
to the fabrication and design of DW-based devices. In Table I
the values for the depinning spin current velocities and pulse
duration needed are tabulated for isolated notches. Moreover,
we consider “writing” as the time it takes to move one domain
wall from one notch to another, since the presence or absence of
such DWs in the notches is the basis of having a 1/0 bit. On the
other hand, the term “reading” applies to the time that it takes
for the wall to relax at the notch, as that time would be used to
read the presence of absence of the 360◦ DWs at the notches.

C. Single 360◦ DW dynamics

We first considered the case of a single 360◦ DW, which
we were able to accurately move through our system using
nanosecond pulses of current. The pulse length and the spin
current velocity were dependent on the depth and separation
between the notches used. For example while notches of depth
6.25 nm and separation 235 nm required a pulse of length 2.5 ns
and u = 300 m/s, a notch of depth 12.5 nm and separation
352 nm required a pulse of u = 400 m/s and a pulse duration
of 1.25 ns. Furthermore, we found that the time for the wall
to relax at the notch was approximately 3–4 ns. A typical
example of this behavior is shown in Fig. 4. It is worth noting
as well that DW annihilation in the steady-state regime occurs
at u = 560 m/s, for α = 0.01 and β = 0.02. This behavior is
similar to what was reported in Ref. 32. Moreover, we observed
that for values close to the critical spin current velocity of up to
700 m/s, the typical length up to which the DW annihilates is
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FIG. 4. (Color online) (a) Single DW movement, notch separation
470 nm, depth 12.5 nm, width 117 nm, u = 450.0 ms, pulse length
1.0 ns, and relaxation 3.0 ns. The magnetization pointing −y is shown
in green and the magnetization pointing +y is shown in orange.
(b) 360◦ DW position in time. The jumps in the position demarcate
the DW movement when the spin current pulse is applied, until the
next stable position is achieved. (c) Total energy of a single 360◦ DW
during the process shown in Fig. 4(a). This shows how the notches
act like potential wells for the pinning of the DWs.

about 3–4 μm. This typical annihilation length is 7 to 17 times
the notch separation used in this report. This feature opens the
possibility for the use of higher spin current velocities than the
critical spin current in the steady state.

D. Multiple DW dynamics

For an array of four DWs, we were able to move them
coherently using a spin current pulse, as shown in Fig. 5. We

FIG. 5. (Color online) (a) Snapshots of coherent multiple 360◦

DW movement, with notch separation 470 nm, depth 12.5 nm, width
117 nm, u = 500.0 m/s, a pulse duration of 0.50 ns, and relaxation
of 3.5 ns. In stages (3) and (5) it is possible to see that the walls
are not exactly at the notch position. This is due to the relaxation
stage bordering at its lower limit, whereas if there had been shorter
relaxation time, the DWs would not have had enough time to stabilize
at the notch, hence breaking the coherent motion. The magnetization
pointing −y is shown in green and the magnetization pointing +y

is shown in orange. (b) Position of multiple 360◦ DWs in time. The
jumps in the position demarcate the DW movement when the spin
current pulse is applied, until the next stable position at the notches
is achieved.

observed a similar behavior when the stripe width was changed
to 50 nm or 200 nm. This feature could be exploited to achieve
an even greater DW density if this system is scaled to other
dimensions.

On the other hand under the same conditions that are shown
in Fig. 5, TDWs were not able to move in a synchronized way,
as shown in Fig. 6, being annihilated instead. Finally, it was
found that the minimum time for two 360◦ DWs to move and
stabilize at the notches was 2.5 ns at a distance of 235 nm; on
the other hand a distance of 1 μm and 8 ns were in the case of
two TDWs.

E. Dynamical regime

In the dynamical regime we can estimate a maximum pulse
duration for a given initial distance of two DWs, either TDWs
or 360◦ DWs. Such an estimate is made based on the time
that it takes for the DWs to recombine while the spin current
is being applied, as shown in Fig. 7. It is worth noting that
this analysis is valid if at the end of the pulse the DWs are
located in the vicinity of a notch, which occurs for most cases
for pulses between 0.75 and 1 ns. Once the DWs are pinned by
the notch the description of the static regime becomes valid.
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FIG. 6. (Color online) Notch width 117 nm, depth 12.5 nm,
u = 500.0 m/s, spin current pulse duration 0.50 ns, and relaxation
3.5 ns. (a) Snapshots of multiple TDWs’ movement from one notch
to another. The two TDWs, unlike their 360◦ DW counterpart, rapidly
annihilate after the spin current pulse is applied, taking about 0.9 ns
to disappear under these conditions. The magnetization pointing +y

is shown in red and the magnetization pointing −y is shown in blue.
(b) DW position of the four walls depicted in (a), as they come closer
and annihilate.

Although we do not take into account the notches during
the recombination of the DWs, we can estimate it from our
analysis as we are only interested in the dynamical regime
where the DWs are moving outside the effect of the notches.
In the case that the duration of the spin current pulse is longer
than our estimate, the DWs would interact, recombining before
they are pinned at the notches. Such behavior is undesirable
in a system of these characteristics. We limited the analysis
to a maximum time of 2 ns, which is almost twice the
maximum time required for one 360◦ DW to reach the next
notch.

In Fig. 7(a) we can see that for two 360◦ DWs initially
located at about their static equilibrium distance, ∼250 nm,
when the spin current pulse is applied they rebound with each
other as they achieve their equilibrium distance. When the
initial distance is increased to 300 nm, the recombination time
is ∼0.6 ns; hence for such initial DW separation the time that
it takes for them to move from one notch to another has to
be shorter than this threshold in order to not allow the walls
to recombine. For initial distances higher than 400 nm, the
spin pulse could be applied up to 1.2 ns without the walls
recombining during the process. Finally, we found that the
recombination time was not heavily dependent on the velocity
of the spin current used, varying at most 0.1 ns in the range of
100 to 700 m/s.

In Fig. 7(b) we can see how the annihilation of TDWs also
depends on the initial distance. For the time duration of the spin
current pulses, most of the separations ended in annihilation,

FIG. 7. (Color online) Recombination time for (a) 360◦ DWs and
(b) TDWs and for different initial distance 
, and a spin current of
u = 400 m/s.

although according to 7(b) when they are further away than
500 nm the DWs should be conserved. However, this does take
not into account the simulations we performed considering a
sequence of spin current pulses and the more important fact
that the interaction of the walls does affect the pinning location
of a TDW. For this reason, we can state that for these length
scales TDWs are not suitable.

IV. CONCLUSIONS

In this paper we reported the static and dynamic behavior
of TDWs and 360◦ DWs in a patterned nanostripe. Using
the model developed by Allwood et al.,12,22 we described the
interaction between two TDWs and then between two 360◦
DWs, which was found to be dominated by the effect of their
stray field. In the case of two TDWs the validity of the model
spans most of the distances explored. On the other hand for
360◦ DWs at distances lower than two domain wall lengths the
interaction changes abruptly, having its origins most probably
in the deformation induced by the interaction between walls.
Based on this phenomen we were able to estimate the
shortest distance at which we could locate the notches and
still have reliable control over the DW movement. On the
other hand, based on the data obtained during the movement
of DWs we estimated the cycling times for the system
proposed.

Moreover, in terms of the parameters involved in the
coherent domain wall motion, relevant factors were the depth
and width of the notches, which controlled the spin current
depinning value. A change in almost one and a half times
the width resulted in only a 5% increase in the value of
the depinning current, although a change of twice the depth
reported about a 50% change. Using these values we applied
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the same principles to an array of 360◦ DWs, achieving
coherent DW motion. The description of the interaction of
TDWs and 360◦ DWs allowed us to conclude that given the
reduction of stray fields from the 360◦ DWs, their density
can be a factor of four larger than in devices based on single
transverse domain walls. This increase in density translates
to a 50% reduction in write times which potentially gives
our system important industrial applications. In terms of the
outlook of this research, one of the main challenges ahead
is to develop such a mechanism that allows us to locally
nucleate 360◦ DWs which would allow us to have better
control over the features involved in the nucleation of the
360◦ DWs.
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