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We report on a micromagnetic study on the dynamics of current-driven helical domain wall (DW) in
cylindrical NiFe nanowires. The helical DW is a three-dimensional transition region between magnet-
izations with clockwise and anticlockwise vortex orientations. A minimum current density is needed
to overcome an intrinsic pinning to drive the helical DW, and the propagation along the nanowire is
accompanied by a rotational motion. As the driving current strength is increased, the rotation ceases
while the DW propagates at an increased velocity. However, a velocity barrier is experienced which
results in the decrease of the DW mobility. Throughout its motion, the propagated helical DW main-
tains a stable profile without showing any sign of structural breakdown even at relatively high driving
current. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4919045]

Magnetic domain wall (DW) propagation in planar nano-
wires has been intensively studied both experimentally'~ and
theoretically®™® with a focus to realize DW-based memory
devices. One of the major technological limitations that are
faced when using the planar nanowires is the occurrence of
the Walker breakdown phenomenon, where the DW profile
starts to break down under the application of high current or
field.”® Therefore, the maximum velocity at which a DW
can propagate in planar nanowires without changing the DW
profile is restricted by the Walker limit. In cylindrical nano-
wires, it has been predicted that Walker breakdown is absent
due to the geometrical symmetry of the cylindrical nano-
wires. Consequently, the DW profile in the cylindrical nano-
wire remains stable as it is allowed to rotate within the
nanowire.”'® Moreover, different types of DWs can be
obtained depending on the diameters of the cylindrical nano-
wires. At a diameter of 350 nm, a three-dimensional helical
DW is expected to form,'"'* while at diameters between 40
and 50nm, a Bloch-point DW or a transverse DW is
observed."*™'> Although the DW dynamics in planar nano-
wires are relatively well understood,'®™'® there is very lim-
ited research work reported on the dynamics of the three-
dimensional helical DWs.

In this work, the dynamics of current-driven helical
DWs in cylindrical NiFe nanowires are investigated. Our
simulation findings show that a minimum current density is
needed to overcome the intrinsic pinning to drive the helical
DW, in contrast to the transverse DW.'® The helical DW
motion can be categorized into two distinct regions: low and
high current density regimes. At low current density, the hel-
ical domain wall undergoes a rotation during its propagation,
while at high current density, this rotation ceases. We also
show that there is no limit on the maximum velocity of the
helical DW due to the suppression of Walker breakdown.
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However, a velocity barrier is experienced which results in a
decrease in the DW mobility. In addition, we have investi-
gated the current-driven depinning mechanisms of the helical
DW in modulated nanowire which shows a greater depend-
ence on the modulation depth rather than on the modulation
length.

The dynamics of helical DW in the 350-nm-diameter
cylindrical nanowire are studied by means of the Object
Oriented Micromagnetic Framework (OOMMEF),' with the
addition of the spin transfer torque (STT) term to the Landau—
Lifshitz—Gilbert equation.’® The material parameters used in
the simulations correspond to permalloy (NiggFe,(). The satu-
ration magnetization (M) =860 x 10° A/m, exchange stiff-
ness constant (A,,) = 1.3 x 10~ "' J/m, and magnetocrystalline
anisotropy (k) =0. The Gilbert damping constant («) and the
non-adiabatic constant (f3) are fixed at 0.005 and 0.04, respec-
tively.?'® Recent measurements indicate the f to be between
0.08 and 0.15,23*25 and the helical domain wall dynamics do
not show any significant difference for all f values consid-
ered. A 350-nm-diameter cylindrical nanowire with a length
of 2 um was used and a unit cell size of 10nm X 5nm x 5nm
was chosen for all simulations.'" Selected simulations with
smaller cell size of S5nm X 5nm x 5nm were also performed
to observe the effect of the cell size on the simulation; simi-
lar results were obtained but with prolonged simulation
time. Additional simulations were also performed on a
micromagnetic simulation program with thermal fluctuations,
Mumax® (Ref. 27), to confirm the stability and dynamics of
the helical DW at different temperatures (between 0K and
300K). Simulations that do not involve thermal function
produced by both Mumax® and OOMMF show consistent
results.

Fig. 1(a) shows the simulated magnetization configura-
tion of the 350-nm-diameter cylindrical nanowire. At relaxa-
tion state, a three-dimensional vortex magnetization with
anticlockwise and clockwise orientations is formed at the op-
posite ends of the nanowire, as shown in the cross sectional

© 2015 AIP Publishing LLC
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FIG. 1. (a) The magnetization configurations of a cylindrical NiFe nanowire
with a diameter of 350 nm. Cross sectional view of the three-dimensional
magnetization configurations showing anticlockwise (i) and clockwise (iii)
vortex orientations at the ends of the nanowire, and the two vortices are con-
nected via a gradual rotation of magnetization at the nanowire center, thus
forming the helical DW (ii). (b) The extracted perpendicular stray field com-
ponent of the nanowire is plotted against the x-axis of the nanowire, indicat-
ing a strong stray field in the perpendicular direction from the helical DW.

view in Figs. 1(a-i) and 1(a-iii), respectively. The two vorti-
ces gradually extend towards the center of the cylindrical
nanowire and are eventually connected via the helical
DW,'"12 a5 shown in Fig. 1(a-ii). The helical DW is in a sta-
ble state at the dimension of 350 nm.'"'> From the discre-
tized magnetization M(r;) of the cylindrical nanowire, the
demagnetization field H(r;) is expressed as

H(r;) ==Y N(r; — rj)M(ry), (1)

J

where N is the demagnetization tensor at each point in the
nanowire.'>*® The stray field H(r;) created by the helical
DW can then be calculated by applying the convolution theo-
rem to Eq. (1)

H(r;) = —F '[F(N) - F(M)). )

Fig. 1(b) shows the calculated stray field profile of the nano-
wire along a line parallel to the x axis and at a distance of
10 nm from the nanowire surface. At the helical DW, the cal-
culated peak stray field is approximately 1.8 x 10°> A/m.
When a spin-polarized current is applied, the helical
DW moves in the direction of the conduction electron flow
due to the localized momentum transfer from the STT.? Fig.
2(a) shows the average helical DW velocity as a function of
current density, which is determined by analyzing the time
taken by the helical DW to travel from x=0nm to
x=3800nm. A minimum current density (/;) for the helical
DW to overcome its intrinsic pinning is found to be
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FIG. 2. (a) The average velocity of the helical DW with respect to the applied
current density. Inset shows the close up data of the helical DW velocity for
the range of applied current density 4.3-7.1 x 10'' A/m®. (b) A schematic
illustration of the current driven helical DW motion. The cross sections indi-
cate the orientation of the helical DW at successive moments in time. The yel-
low arrow illustrates the orientation of the helical DW (i) with a rotational
motion at low current density (5.0 x 10" A/m* < J < 6.6 x 10"' A/m?) and (ii)
without a rotation at high current density (/ > 6.6 x 10'' A/m?). (c) The dis-
placement of the helical DW with respect to time, for J=15.0 x 10“A/m2,
6.6 x 10" A/m?, and 21.9 x 10'' A/m? indicating the linear and non-linear
motion of the helical DW.

5.0 x 10" A/mz, whereby the helical DW remains static with
a current density that is lower than J;. The helical DW
motion can be categorized into two distinct regions: low and
high current density regimes. When a low current density is
applied, i.e., 5.0-6.6 x 10"" A/m?, a sharp slope of the helical
DW velocity curve was observed, which is similar to the
pre-breakdown regime in Walker’s model.*® At high current
densities, i.e., >6.6 x 10" A/m?, the helical DW velocity
increases near linearly thereafter without any discernable
limit.

Figs. 2(b-1) and 2(b-ii) show the cross sections of the
helical DW at successive moments in time with low and high
current densities, respectively. At low current densities, the
helical DW is observed to rotate about the nanowire axis as
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it propagates in the nanowire. At high current densities, this
rotation is found to be non-existent while the helical DW
profile remains stable. This behavior is further illustrated in
the DW displacement as a function of time, which shows
that the instantaneous velocity of the helical DW becomes
more uniform as the current density is increased, as shown in
Fig. 2(c). The non-uniform helical DW velocity at low cur-
rent density can be attributed to the loss in the energy due to
its rotation, which deters the helical DW from Walker break-
down.? At high current densities, the helical DW moves line-
arly with an increasing velocity due to the disappearance of
the helical DW rotation. However, there is a sudden drop in
the slope of the helical DW velocity curve, i.e., decrease in
DW mobility owing to the suppressed Walker breakdown.*®
The helical DW profile is also observed to be stable even up
t0 5.0 x 10'* A/m”.

Multiple helical DWs can be formed in a single 350-nm-
diameter cylindrical nanowire during the relaxation process
by introducing modulations along the nanowire. The modu-
lations function to separate the magnetization configuration
of the nanowire into different regions. With the modulation
length /< 100nm, the magnetization configuration of the
diameter-modulated nanowire is similar to that of an
unmodulated nanowire, where the anticlockwise and clock-
wise orientations are connected via a single helical DW, as
shown in Fig. 1(a). However, when [ is increased to 200 nm,
an additional helical DW can be formed on the left and right
sides of the modulation, as shown in Fig. 3(a). The simula-
tion results revealed that a minimum /> 100 nm is required
to allow the modulation to behave as a separator for the mag-
netization within the nanowire. For every n modulations
with / > 100 nm, there will be 2n + 1 helical DWs formed in
the cylindrical nanowire. The number of helical DWs formed
is then found to be dependent on the modulation length and
proportional to the number of modulations. Thus, it is possi-
ble to control the number of helical DWs that are present in
the nanowire by varying the dimensions and number of
modulations.

To investigate the depinning mechanism of the helical
DW in a modulated cylindrical nanowire, spin-polarized cur-
rent is applied to drive the helical DW across the modula-
tions with different dimensions. First, d was kept constant at
250 nm while / was varied from 0 nm to 400 nm. The current
density within the modulation is adjusted accordingly to the
diameter of the modulation. The modulation is constructed
cylindrically symmetric, concentric, and at the center with
respect to the nanowire. A single helical DW was initially
relaxed on the left, which is then driven across the modula-
tion to the right of the nanowire. As shown in Fig. 3(b), the
depinning current density increases sharply when the modu-
lation is introduced and becomes relatively constant at the
threshold depinning current density (J;,~ 10.1 x 10" A/m?)
for /> 200 nm. For the helical DW to pass through the modu-
lation, first it has to shrink to fit into the modulation and
then expand back as it leaves the modulation. However, at
[ <200nm, the pinning potential from the left and the right
side of the modulation overlaps with each other, resulting in
a larger overall pinning strength of the modulation.

J. Appl. Phys. 117, 17A747 (2015)
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FIG. 3. (a) The magnetization configuration of a diameter-modulated cylin-
drical NiFe nanowire. The modulation has a length (/) of 200 nm and a diam-
eter of 250 nm at the center. The nanowire is shown to possess three helical
DWs on the left of the nanowire, in the modulation, and on the right of the
nanowire. (b) Helical DW depinning current density as a function of the
modulation length (/). The inset is the illustration of the modulated nanowire
with a modulation length of /. (c) Helical DW depinning current density as a
function of the modulation depth (d). The inset is the illustration of the
modulated nanowire with a modulation depth of d.

Next, / was kept constant at 100 nm while the modula-
tion diameter was varied between 240 nm and 350 nm. The
depth of the modulation (d) is defined as the difference in di-
ameter between the nanowire and the modulation. Similarly,
a single helical DW was initially relaxed on the left, which is
then driven across the modulation to the right of the nano-
wire. As shown in Fig. 3(c), the depinning current density
increases with a deeper modulation. However, a minimum
d>60nm is needed for the pinning of helical DW to be sig-
nificant. With d < 60 nm, the modulated cylindrical nanowire
behaves like an unmodulated cylindrical nanowire, and the
helical DW is able to move across the modulation without
any significant pinning. At d=90nm, the current density
inside the modulation is approximately twice of that in the
nanowire, which aids in decreasing the depinning current
density of the helical DW. However, as d > 110 nm, the pin-
ning strength of the modulation starts to overwhelm the
depinning force from the applied current, which results in a
higher depinning current density. This shows that the pinning
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strength of the modulation is largely dependent on d as com-
pared to /. The phenomenon of the increase in the depinning
current density at deeper modulation is also observed in pla-
nar nanowires,31 and hence the modulation acts as an adjust-
able pinning site for the helical DW.

In conclusion, our simulation findings predict some
intrigued dynamics properties of a three-dimensional helical
domain wall in 350-nm-diameter cylindrical NiFe nanowire
when the motion is induced by the current-driven spin torque
transfer effect. Unlike transverse DW, the helical DW has an
intrinsic pinning to overcome before a motion can be initi-
ated. The minimum current density for overcoming such pin-
ning is estimated to be 5.0 x 10'" A/m. The velocity of the
helical DW is found to be non-linear at lower current
strength (<6.6 x 10" A/m?), and the propagation is also
found to be accompanied by a rotational motion. At higher
current strength, the DW propagates with a higher velocity
but the rotational motion ceases. The profile of the helical
DW remains stable at high current density with no sign of
structural breakdown but with a decrease in DW mobility
due to the suppression of Walker breakdown. In diameter-
modulated nanowires, where multiple helical DWs can be
stabilized, the DW pinning strength is found to be largely de-
pendent on the modulation depth.
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