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Abstract

We have carried out a systematic study on domain wall (DW) pinning at an anti-notch in a
NigoFeyo nanowire. Micromagnetic studies reveal that the potential polarity experienced by the
DW at the anti-notch is a function of both DW chirality and anti-notch geometry. A transition
in the potential disruption experienced by the DW is observed when the anti-notch
height-to-width ratio (Han/ Wan) is 2. This transition is due to the relative orientation of the
spins in the anti-notch with respect to the transverse component of the DW. When the
anti-notch acts as a potential barrier, the DW undergoes damped oscillations prior to coming to
an equilibrium position. The equilibrium position is a strong function of the anti-notch
dimensions when the Han/ Wan ratio <2 and is constant for Han/ Wan = 2. The effect of the
relative orientation between the spins in the anti-notch and the transverse component of the

DW on the shape of the potential is discussed.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Current-driven domain wall (DW) motion due to the spin
transfer torque effect in ferromagnetic nanowires has attracted
considerable interest due to its promising applications in DW
memory [1] and logic devices [2]. Following the prediction by
Berger [3] the spin torque effect has been extensively studied
both theoretically and experimentally. In ferromagnetic
nanowires two types of DWs are stable: the transverse and
vortex walls. The transverse DWs are stable in narrow
nanowires [5, 6] and can be broadly classified as head to head
(HH) and tail to tail (TT) [4] following their magnetization
orientation. In HH configuration, the two magnetization
components point to each other, and conversely for TT, the
two components point in the opposite directions. In addition,
the transverse DW possesses another degree of freedom, i.e.
the transverse component of the DW which can either point
upwards (HH-U) or downwards (HH-D), perpendicular to
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the wire axis. Artificial defects are usually created in the
ferromagnetic nanowires for introducing a potential energy
landscape that can manipulate the motion of the DW. For
memory applications it is imperative to understand the motion
and pinning of the DW at the artificial defects, so that a total
control of the DW motion in the nanowire structures can be
obtained. Several studies have reported on the motion and
pinning of the DW with notch and anti-notch defects [7-18].
Atkinson et al [8] showed that the pinning and depinning of
the DWs depend on their micromagnetic configuration at a
notch. Petit e al [9, 10] reported on the potential strengths
and potential energy modifications of DW with different
configurations at a T-shaped anti-notch. They showed that the
potential as seen by the DW at a notch/anti-notch is a function
of the DW configuration.

Recent studies on different notch geometries have shown
that the potential strength as seen by the DW is a strong
function of the shape and dimensions. However, the polarity
of the potential does not change. In this work, we show
that for an anti-notch geometry, a crossover in the potential
polarity is observed as the anti-notch dimensions are varied. In
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Figure 1. (a) Schematic diagram of the nanowire with an anti-notch
at the centre. (b) Simulated current distribution through the
nanowire with an anti-notch when the applied current density is

102 Am~2.

field-induced DW motion, the magnetization state at the anti-
notch configuration is affected by the external driving magnetic
field. For current-driven DW motion, the magnetization state
of the anti-notch is not affected by the spin torque current. The
crossover in the potential disruption is observed for the anti-
notch when Han/Wan is 2. This is due to the variation in
the magnetic charges at the anti-notch geometry. A potential
barrier transition from smooth and gradual to abrupt and
steep is observed as the Han/ Wan ratio of the anti-notch is
varied.

2. Micromagnetic simulation

In this study a NiggFeyy nanowire of length 10 um and
thickness 10nm was considered. The chosen width of the
nanowire was 160 nm in order to ensure that transverse DWs
are the only stable DW configurations. To investigate the
DW pinning, an anti-notch was introduced along the nanowire
length. The anti-notch has a rectangular geometry with
width Wan and height Han. The notch was situated at
the middle of the wire 5 um from each edge as depicted in
figure 1(a). The material parameters used in the simulation
were saturation magnetization (M) = 800 x 10°Am™!,
exchange stiffness constant (Ae) = 1.3 x 107" Im~! and
magnetocrystalline anisotropy & = 0. We used the Object
Oriented Micromagnetic Framework code (OOMMF) [19]
extended by incorporating the spin transfer torque term [20] to
the Landau-Lifshitz—Gilbert (LLG) equation to simulate the
DW motion. The unit cell size for all simulations was set to
be Snm x 5nm x 5nm. The LLG equation including the spin
torque can be written as follows:
oM(t) o

= —YoM X Hee + — M x
91 Y0 eff M.

+%M X [(u - V)M]. (1)
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Figure 2. (a) Snap shot image of DW configuration of HH-U when
it approaches an anti-notch of width W = 40 nm and height

Hxn = 200 nm. (b) Snap shot image of DW configuration of HH-D
when it approaches an anti-notch of width Wy = 40 nm and height
Han = 200 nm.

Figure 3. (a) Snap shot image of DW configuration of HH-U when
it approaches an anti-notch of width W,y = 120 nm and height
Han = 200 nm. (b) Snap shot image of DW configuration of HH-D
when it approaches an anti-notch of width Wy = 120 nm and
height Han = 200 nm.

The first term on the right-hand side in the equation relates
to the torque exerted on the magnetization vector M by the
effective magnetic field H.¢ and the second term describes the
Gilbert damping torque, parametrized by the Gilbert damping
constant (o) which is fixed at 0.005 in our simulations. The last
two terms are the spin transfer torque terms which incorporate
the two mechanisms; adiabatic and non-adiabatic torques,
respectively. The non-adiabatic constant g is chosen as 0.04 in



7. Phys. D: Appl. Phys. 44 (2011) 235002

M Chandra Sekhar et al

Table 1. Table representing the equilibrium positions of HH-U and HH-D at an anti-notch of different widths from Wy = 80 to 140nm at a

fixed height of Han = 200 nm.
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our simulations. The effective drift velocity of the conduction
electron spins («) is defined by

§UBP
2e M,
where J is the current density, p is the spin polarization

which is assumed to be 0.7 in our simulations, ug is the Bohr
magnetron and e is the electron charge.

u=1J @

3. Results and discussion

3.1. Anti-notch and current density

To gain an insight into how the anti-notch affects the current
flow through the nanowire, we modelled the structure using
the COMSOL multiphysics modelling software. Shown in
figure 1(b) is the current density distribution in a nanowire with
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an anti-notch, Wan = 160nm and height Hax = 200 nm.
The current flows along the +x direction (left to right) and
the current density is J = 10> Am~2. A similar modelling
was carried out for different notch dimensions and current
densities. Our results reveal that current flows only through
the nanowire with a negligible amount into the anti-notch.
In all our micromagnetic simulations, the current distribution
through the wire was set to be the same as that obtained from
COMSOL.

3.2. Pinning of the DW at anti-notch

3.2.1. Anti-notch width variation. In this section, we
investigate the effect of the anti-notch width on the motion
of current-driven transverse DWs in NigygFe,y nanowires. The
anti-notch width, Way, is varied from 40 to 200 nm, while
the anti-notch height, Hay, is kept at 200nm. The DWs are
driven from left to right along the +x direction in the nanowire.
From our simulation on a nanowire without defects, the Walker
breakdown is observed when the effective conduction electron
drift velocity u = 80ms~!. For all our simulations, we use
a conduction electron drift velocity of u = 70 ms~!, which
corresponds to a current density of J = 1.48 x 10'> Am~2 for
our wire geometry. Shown in figure 2 are the equilibrium DW
positions for HH-U and HH-D at an anti-notch geometry with
Wan = 40 nm. For HH-U, the DW is stable beneath the anti-
notch structure, whereas for HH-D, the DW is pushed away to a
distance Ep from the centre of the anti-notch structure, as seen
in figure 2(b). This difference in equilibrium position is due
to the potential seen by the respective DWs at the anti-notch.
For HH-U, the anti-notch acts as a potential well, whereas
for HH-D the anti-notch is seen as a potential barrier. This
implies that the potential at the anti-notch as seen by the DW
is dependent on the chirality of the DW.

Interestingly, a completely different behaviour is observed
when Wan = 120nm. The equilibrium positions of the DWs
are shown in figure 3. As seen from figure 3(a), there is a
change in the type of the potential disruption seen by the DW
at the anti-notch. The anti-notch acts as a potential barrier for
HH-U and a potential well for HH-D. This implies a change in
the potential landscape of the anti-notch with varying width.
To gain a better understanding of the DW interaction with the
notch, we show the equilibrium positions of the DW at various
anti-notch widths in table 1. We note that the transformation
in the potential landscape occurs when the anti-notch width
Wan = 100nm. The change in the potential polarity of
the anti-notch can be explained by the transformation in the
orientation of the spins along the anti-notch. For an anti-
notch width of Wany < 100nm, the magnetization state
within the anti-notch prefers to align parallel to the y-direction
to minimize the demagnetizing energy as induced by shape
anisotropy. This magnetic configuration within the anti-notch
leads to the formation of magnetic charges oriented in the
y-direction, as depicted in the inset of figure 2(a). These
magnetic charges explain the different potential as seen by
the HHDW with different transverse components. From
figure 2(a) we can clearly observe that when the HH-U reaches
the anti-notch, the transverse spins within the DW are aligned
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Figure 4. The equilibrium position of HH-U from the centre of the
anti-notch as a function of the width of the anti-notch at a fixed
height of 200 nm.

in the same direction as the spins in the anti-notch. The
magnetic charges are of opposite polarity, as seen in the inset of
figure 2(a), which leads to the attraction of the DW beneath the
anti-notch to minimize the demagnetizing energy. Conversely,
for the HH-D, the transverse spins of the DW are aligned in
the opposite direction with the spins of the anti-notch, leading
to a case where magnetic charges are of the same polarity, as
seen in the inset of figure 2(b). This results in the repulsion
between the same magnetic charges giving rise to the formation
of a potential barrier for HH-D. Similar results were observed
in the case of field-induced DW motion at the anti-notch
geometry [9].

For Wan > 100nm, we observed a change in the
polarity of the potential as seen by the DWs at the anti-notch.
This is due to the decrease in the demagnetization factor
along the x-direction in the anti-notch. The magnetization
direction is no longer constrained to the y-direction. The
spins within the anti-notch have a preferential alignment along
the x-direction, adopting the magnetization direction of the
nanowire. The transverse components of the DW are now
aligned orthogonally to the magnetization in the anti-notch.
This leads to the repulsion of the HH-U, due to the interaction
of the positive charges from both the DW and the anti-notch.
The DW is pushed to a distance Ep away from the centre of
the anti-notch. For the HH-D, the opposite charge leads to the
attraction of the DW within the notch, trapping the DW at the
left edge of the anti-notch.

Additionally, when the anti-notch acts as a barrier,
the DW undergoes a damped oscillation prior to reaching the
equilibrium position. Figure 4 shows the variation of the
equilibrium position of HH-U from the centre of the anti-
notch (Wany > 100nm) with increasing anti-notch width.
The equilibrium position moves far from the anti-notch with
increasing anti-notch width. The increase in the distance
between the anti-notch and the HH-U is attributed to the
increase in the potential of the anti-notch with increasing width.
When the anti-notch acts as a potential barrier for the HH-D
(Wan < 100 nm), the equilibrium position is almost stable at
all widths, which is around 70 nm away from the left edge of
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Table 2. Table representing the type of potential disruption observed by the DW at an anti-notch of different heights and widths. All the
heights and widths are in nm. DW chiralities shown in table are HH-U and HH-D.

Height Chirality 100 nm 150nm | 200nm | 250nm | 300nm
Width
-—>S|Z<— Well Well Well Well Well
40 nm
-—)E i S <« Barrier Barrier Barrier Barrier Barrier
=) EIZ Y Barrier Well Well Well Well
60 nm
——>2 i S — Well Barrier Barrier Barrier Barrier
——)S ! 2 S Barrier Barrier Well Well Well
100
——>E i S<— Well Well Barrier Barrier Barrier
i ;!2 o Barrier Barrier Barrier Well Well
120 nm
“"E i ;‘_ Well Well Well Barrier Barrier
— ;!2 e Barrier Barrier Barrier Barrier Well
140 nm
—>Z i S <« Well Well Well Well Barrier
— ;!Z S Barrier Barrier Barrier Barrier Barrier
160 nm
-—)E i S <«— Well Well Well Well Well

the anti-notch. This shows that there is no significant change
in the potential of the anti-notch with the variation of the width
when Way < 100 nm.

3.2.2.  Anti-notch height variation. In this section we
have investigated the effect of the anti-notch height on the

motion of the current-driven transverse DW in the NiggFeyq
nanowire. The anti-notch height was varied from Han = 100
to 300 nm at different widths ranging from Wan = 40 nm to
Wan = 160 nm. The results obtained from our micromagnetic
simulations are summarized in table 2. Our results show that
an anti-notch of heights from Han = 100 to 300 nm acts as
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Figure 5. The equilibrium position of HH-U from the centre of the
anti-notch as a function of the height of the anti-notch at a fixed
width of 160 nm.

a potential well for HH-U and a potential barrier for HH-D
at an anti-notch width Wan = 40nm. Conversely, it acts as a
potential barrier for HH-U and a potential well for HH-D when
anti-notch width Wan = 160nm. However, as the height of
the anti-notch changes from Han = 100 to 300 nm, a transition
in the polarity of the potential is observed at increasing widths
from Wan = 60 to 140nm. By a careful observation of
the potential disruption variation with the dimensions of the
anti-notch, the transition in the potential polarity is seen at
an anti-notch Han/Wan ratio of 2. The transition in the
potential behaviour of the anti-notch is due to the change in the
relative orientation between the spins in the anti-notch and the
nanowire. For Han/ Wan < 2, the spins in the anti-notch and
the wire run almost parallel to each other. However, in the case
of Han/ Wan = 2, the spins in the anti-notch and the wire are
orthogonal to each other. When Han/ Wan < 2, the magnetic
charges at the HH-U and the anti-notch are of the same polarity,
which causes repulsion, resulting in a potential barrier at the
anti-notch. When Han/ Wan = 2, the magnetic charges at the
HH-U and the anti-notch are of opposite polarity, which causes
attraction between them, resulting in a potential well at the anti-
notch. Similar but opposite behaviour is observed in the case
of HH-D. The equilibrium positions from the centre of the
anti-notch are calculated when anti-notch acts as a barrier for
HH-U and HH-D. The variation of the equilibrium position of
HH-U with the anti-notch height is presented in figure 5. The
plot shows that the equilibrium position of HH-U moves away
from the centre of the anti-notch as the height of the anti-notch
increases. This is attributed to the increase in the potential with
the height of the anti-notch for HH-U when Han/Wan < 2.
However, in the case of HH-D, the equilibrium position of the
DW is almost stable with varying height. This stable behaviour
shows that the potential barrier is constant with varying height
of the anti-notch for HH-D when Han/ Wan = 2.
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600 - Ho Way< 2 r-
BY
= = 1 —
=
g A Erl
S
= 500+
=
S
=
=z
2 4004
E 1\-
-
: Hyy Wiy =2
=
= 300-
= { —
= T 5
— ——— _, . - o
200 ——r —————— ———— ——
20 30 40 30 60 70
Conduction electron drift velocity u (nm)
_ () (e)
E 0 E 005
< P
2 9
% -0.05 % 0.00
~ Z
=
£ .00 S 005
-_-= w=70] 5 3 ‘3 w=70 |50 30
5 045 . S 010 -
E 00 2.0x10° aoxt0® ¥ 0o 20x10° 4.010°
- =

Simulation time (s) Simulation time (s)

Figure 6. (a) The equilibrium position of HH-U and HH-D from the
centre of the anti-notch as a function of the current density. (b)) DW
damped oscillations in magnetization as a function of simulation
time for HH-U at various current densities. (c) DW damped
oscillations in magnetization as a function of simulation time for
HH-D at various current densities.

3.3. Variation of the potential with varying current density

The equilibrium position of the DW from an anti-notch
is calculated by varying the current density u from 20 to
70ms~! when the anti-notch acts as a potential barrier for
HH-U (HAN/WAN < 2) and HH-D (HAN/ WAN = 2) The
variation of the equilibrium positions of HH-U and HH-D
with increasing current density is plotted in figure 6(a). For
the anti-notch with Han/ Wan < 2, the equilibrium position
of HH-U moves closer to the centre of the anti-notch as the
current density is increased. However, for the anti-notch with
Han/ Wan 2 2, the equilibrium position of HH-D is almost
constant with increasing current density. The DW undergoes
damped oscillation prior to coming to an equilibrium position
when the anti-notch acts as a barrier. Shown in figures 6(b) and
(c) are the variation of the total magnetization of the structure
with the simulation time at various current densities for HH-U
and HH-D, respectively. The oscillation in the magnetization is
due to the oscillation of the DW displacement. The time period
of the damped oscillation decreases with increasing current
density in the case of the anti-notch with Han/Wan < 2
acting as a barrier, whereas it is constant in the case of
Han/Wan = 2. The decrease in the equilibrium position
and the oscillation period with increasing current density is
attributed to the smooth and gradual potential barrier at the anti-
notch of Han/Wan < 2. The constant equilibrium position
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and oscillation period with increasing current density shows
that the potential barrier is steep with an abrupt increase at the
anti-notch of Han/Wan = 2. It can be broadly understood
that the potential barrier is smooth and gradual if the transverse
spins of the wall are orthogonal to the notch configuration,
whereas the barrier is abrupt and steep when the spins in the
notch are anti-parallel to the transverse component.

4. Conclusion

In summary, the variation of the potential disruption observed
by the DW at an anti-notch is studied as a function of DW
chirality and anti-notch dimensions. Our results reveal that
the potential disruption experienced at the anti-notch is a
function of DW chirality. The polarity of the DW potential,
either well or barrier, is strongly dependent on the anti-notch
dimensions. A transition in the potential disruption at the anti-
notch is observed at an anti-notch height-to-width ratio of 2.
Anincrease in the DW equilibrium position for Han/ Wan < 2
shows an increase in the potential barrier with the height and
width of the anti-notch. The constant equilibrium position of
the DW for Han/Wan = 2 shows that the potential barrier
does not vary with the anti-notch dimensions. The variation
of the equilibrium position and the damped oscillation time
period with current density reveals that the potential barrier is
smooth and gradual when spins in the anti-notch are orthogonal
to the transverse component of the DW. The potential barrier
is steep and abrupt when the spins in the anti-notch are aligned
with the transverse component of the DW.
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