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A complete understanding of domain wall motion in magnetic nanowires is required to enable future
nanowire based spintronics devices to work reliably. The production process dictates that the samples
are polycrystalline. In this contribution, we present a method to investigate the effects of material
grains on domain wall motion using the GPU-based micromagnetic software package MuMax3. We
use this method to study current-driven vortex domain wall motion in polycrystalline Permalloy
nanowires and find that the influence of material grains is fourfold: an extrinsic pinning at low
current densities, an increasing effective damping with disorder strength, shifts in the Walker
breakdown current density, and the possibility of the vortex core to switch polarity at grain
boundaries. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4883297]

. INTRODUCTION

. . . 1-3
A large number of future spintronics devices -~ are

based on the controlled movement of domain walls through
magnetic nanowires. To achieve this, a thorough under-
standing of domain wall mobility in real nanowires is of
paramount importance. Research has mainly focused on do-
main wall motion in perfect nanowires*> or nanowires with
edge roughness.®’” However, it has recently been recog-
nized that disorder distributed throughout the whole wire,
as present in any real material, can have an important effect
on the domain wall mobility.* ' Due to the imperfect fabri-
cation process, distributed disorder exists on the atomistic
scale (interstitials, vacancies, dislocations, etc.) and on the
level of the material grains. Grain properties as grain size,
thickness, etc., can vary, while the grain boundary corre-
sponds with a misfit of the lattice structure of neighbouring
grains. Numerical'® and experimental''™'? investigations
show that distributed disorder gives rise to local pinning
potentials. For a magnetic vortex in Permalloy, the poten-
tials have a depth of 1 to 5eV,"""'*'* and an interaction
range approximately equal to the vortex core diameter since
the measured potential well is convolved with the vortex
core profile.'""'? Despite some controversy regarding the
nature of the measured disorder,14 a link with the grain
structure of the material is suspected.'''* In this contribu-
tion, a method is presented to simulate polycrystalline
materials in a computationally efficient way, and the influ-
ence on the current-driven mobility of vortex domain walls
is investigated.
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Il. METHODS

We perform micromagnetic simulations using the GPU-
based micromagnetic software package MuMax3,"> which
solves the Landau-Lifshitz equation'® with spin-transfer-tor-
que (STT) contributions'’

8—m*—~mxB + mxa—m
or 0 eff 7 oM Ty
—[u-VIm+ fm x [u- V|m. (1)

Here, m is the space and time varying magnetization
vector field, with a fixed amplitude |m| = 1. Furthermore, y,
denotes the gyromagnetic ratio 1.7595 x 10'" rad/Ts and o is
the dimensionless Gilbert damping constant. The effective
field B¢ is the derivative with respect to m of the energy
density e with contributions of the exchange, anisotropy,
Zeeman, and demagnetizing energy'®
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The last two terms of equation (1) are the STT terms,
taking into account the effects of a spin-polarized current
running through the nanowire. The first STT-term represents
the adiabatic interactions of the conduction electrons with
the local magnetization, while the second term is a smaller
non-adiabatic contribution with size 5. Furthermore, u has
the dimensions of a velocity

P
u_gﬂB

T 2eM, I, 3)

with g the Landé factor, ug the Bohr magneton, e the elec-
tron charge, and P the polarization of the current density J.'°
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In our simulations, we consider head-to-head magnetic
domain walls. To efficiently simulate the domain wall
motion in infinitely long magnetic nanowires, the computa-
tion is restricted to a window centered around the moving
domain wall. To this end, the demagnetizing field introduced
by the magnetic charges at the edges of the window is com-
pensated by an opposite external field. The magnetization
dynamics are evaluated by timestepping equation (1). Every
timestep the simulation window is shifted to keep the domain
wall centered, i.e., to keep the average magnetization compo-
nent along the nanowire axis close to zero.

The grain structure of the polycrystalline material is
implemented using a Voronoi tesselation, in which each
Voronoi cell represents a grain. This approach enables one to
define both edge roughness®*® and material grains.”'
Subdividing the material in grains starts with defining ran-
domly distributed points (Voronoi centers) across the simula-
tion geometry. A Voronoi cell consists of all points closest
to a common Voronoi center. To cover the infinitely long
simulation geometry, we virtually divide the nanowire into a
grid of square tiles, sufficiently large so we can expect at
least a few Voronoi centers per tile. Poisson statistics are
used to determine the number of centers in the tile, while
their positions are uniformly distributed over the tile using a
random number generator with seed based on the tile index.
This way we can map each discretization cell in the moving
computational domain to a Voronoi cell without explicitly
storing the complete tesselation along the wire. Indeed, when
shifting the computational domain, new grains can be
inserted from the sides based on the tile index. Also, as the
simulation window might sometimes move backwards, this
enables grains that previously left the simulation window to
re-enter. Our implementation is sketched in Fig. 1, and an
example is shown in Fig. 2.

Having subdivided the geometry, one can vary the local
material parameters in and between the grains. This way,
grain dependent anisotropy directions can represent the dif-
ferent lattice orientations in grains. However, Permalloy is
specifically designed to minimize the influence of anisotropy
on the magnetization dynamics. The other possibilities are
grain dependent saturation magnetization representing thick-
ness variations between grains® and reduced exchange stiff-
ness at the grain boundaries representing a reduced magnetic
coupling between neighbouring grains.?' It is shown that
both approaches to implement the influence of material
grains on the magnetization dynamics can give rise to static
pinning potentials corresponding to those that are experi-
mentally found for distributed disorder.'® In Sec. III, we
investigate the influence of grains on the domain wall
motion. To discriminate between the influence of thickness
variations and reduced mutual exchange coupling, we treat
them separately, while in real materials both effects are
expected to play a role simultaneously.

We consider Permalloy nanowires of thickness 10nm
and width 400 nm discretized in finite difference cells of size
3.1255 % 3.125 x 10nm>. The simulated time frame is
500 ns while the moving window around the domain wall is
1200 nm wide, and shifts with the domain wall. Material pa-
rameters typical for Permalloy are used: exchange stiffness

J. Appl. Phys. 115, 233903 (2014)
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FIG. 1. The different Voronoi centers (black cells) are generated within the
different tiles, with a random generator that uses the tile indices as a seed.
For each discretization cell, the Voronoi cell to which it belongs is deter-
mined by looking for the closest Voronoi center in its own (dark grey) and
all neighbouring (light grey) tiles. In this way also Voronoi centers outside
the simulation window (blue) are found.

FIG. 2. An example of a nanowire with dimensions 200 nm x 1600 nm sub-
divided into Voronoi cells (grayscale) with average diameter 20 nm.

13x 1072 J/m, saturation magnetization 860 X 10° A/m, and
Gilbert damping oo =0.01 and 0.02. The average diameter of
the Voronoi cells is 10 nm, which corresponds to the thick-
ness of the nanowire. First, the influence of the grain bounda-
ries is studied by reducing the exchange stiffness from 100%
to 30% of the original value in steps of 10%. Second, the
influence of grain thickness fluctuations is studied by varying
the saturation magnetization within the different grains. A
maximum deviation A of the average saturation magnetiza-
tion M is considered from 0% to 25% in steps of 5%. In a
given simulation, the saturation magnetization for each grain
is taken randomly from the set {M;— A, My — A/2, M,
Mg+ AJ2, Mg + A}.

The domain wall motion is driven by spin-polarized
currents. While some experiments based on domain wall
motion?*~*° report values for the degree of non-adiabaticity
B~ o, it was recently shown’® that the scheme used to
extract f§ is compromised by the effects of disorder.
Therefore, we follow experiments suggesting that § > o for
Permalloy?®~* and use f§ =20

The depth of the pinning potentials caused by disorder'”
is an order of magnitude larger than an energy kg T at
T =300K (kg is the Boltzmann constant). Therefore, thermal
effects on the domain wall mobility are negligible and the
nanowires are simulated at a temperature of 0 K.

Ill. RESULTS AND DISCUSSION
A. Non-disordered nanowires

To understand the influence of material grains on do-
main wall motion, we first consider the dynamics in a nano-
wire without disorder. The considered cross-sectional
dimensions of the nanowire dictate that the static equilibrium
domain wall configuration is a vortex wall.>* A vortex wall
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FIG. 3. Velocity vs. applied current density of vortex domain walls in poly-
crystalline nanowires with different reductions of the exchange stiffness at
the grain boundaries. For increasing exchange reductions, a larger extrinsic
pinning takes place, the slope of the mobility curve is reduced, and the
Walker breakdown is shifted towards lower current densities.

(Fig. 4) is a domain wall in which the magnetization rotates
around a vortex core with out-of-plane magnetization. Figure 3
shows that for a non-disordered wire, i.e., without reduction
in exchange coupling or thickness variations, two linear ve-
locity vs. applied current regimes are separated by the
Walker breakdown (WB). Below the Walker breakdown, the
vortex domain wall transforms into a transverse domain wall
that moves along the wire without changing its shape, result-
ing in a constant velocity which is linearly dependent on the
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FIG. 4. Vortex domain wall motion in a non-disordered nanowire. Below
the WB, the vortex wall transforms into a transverse wall with fixed shape
although this is not the equilibrium state in the absence of an applied current.
Above the Walker breakdown, the vortex wall periodically transforms
between vortex and transverse walls.
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FIG. 5. Velocity vs. applied current density of vortex domain walls in poly-
crystalline nanowires with different variations in the saturation magnetiza-
tion. For larger reductions, an extrinsic pinning takes place and the slope of
the mobility curve lowers.

applied current (Fig. 4). Above the Walker breakdown, the
transverse wall is no longer stable and a periodic motion
with successive transformations from vortex to transverse
domain wall structure and vice versa takes place. Since vor-
tex walls move at lower velocity than transverse domain
walls for the same applied current, this results in a sudden
drop in domain wall velocity at the Walker breakdown.
Above the Walker breakdown, the velocity increases again
with growing current densities (Fig. 3).

B. Polycrystalline nanowires

We initialize the magnetization as a transverse domain
wall, as this is the only stable state in non-disordered nano-
wires below the Walker breakdown at non-zero current den-
sities. The mobility of this domain wall is simulated with
different reductions in exchange coupling between the
grains, as shown in Fig. 3. Figure 5 shows similar mobility
curves for grains simulated as variations in the saturation
magnetization. Both Figs. 3 and 5 show that at low current
densities, the disorder is able to pin the magnetic domain
wall. This extrinsic pinning mechanism® gets stronger for
larger reductions in the exchange coupling and larger varia-
tions in saturation magnetization as the depth of the corre-
sponding pinning potential increases. '

Below the Walker breakdown and above the depinning
threshold, the velocity v depends linearly on the current den-
sity J. From the analytical one-dimensional model, it is
known that the slope of this curve is proportional to fi/o.
Disorder in the nanowires makes the medium through which
the domain wall moves more viscous, giving rise to a larger
effective damping paurameter8 Oloff = Oint + Oext- %ine 1S the
Gilbert damping constant that dictates how fast energy is
irreversibly dissipated to the lattice while oy, arises from
energy transfer to other modes by the scattering processes
within the magnetic system,*® for example, the emission of
spin waves. To determine oy, we fit §/o.g to the slope of
the mobility curves as a function of the reduction in the
exchange coupling or the variation in the saturation magnet-
ization for o, =0.01 and ;,,=0.02. Fig. 6 shows in both
cases a similar increase in oy, for a growing average pinning
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FIG. 6. 0., as function of the disorder
strength for two different implementa-
tions of grains: a reduction in exchange
coupling at the grain boundaries or a
variation in the saturation magnetiza-
tion between different grains. o, was
calculated from mobility curves for
%ine = 0.01(red crosses) and o;, =0.02
(blue circles).
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FIG. 7. Effective damping () for different average grain sizes. All values
were determined for o, = 0.02 and AM; = 15%.

strength of the grains. This observation justifies the splitup
of o into a constant intrinsic part, and an extrinsic part
depending on the disorder in the magnetic system. The rela-
tive effect of disorder becomes increasingly important in sys-
tems with a small intrinsic damping. To further investigate
the extrinsic damping, we vary the average grain diameter
and determine o,¢. The results are shown in Fig. 7. We see
that o.g and thus oy increase for larger grain diameters,
which is in correspondence with experimental results.>” This
is explained as follows. Every grain gives rise to a potential
well which contains a discrete spectrum of energy levels.
When the domain wall enters a grain, it excites spin waves.
When the wavelength of these spin waves corresponds to
one of the energy levels, the spin wave remains in the poten-
tial well of the grain and damps out. In larger grains, more
energy levels get excited and the resulting damping is larger.

In Ref. 10, it was shown that a single defect simulated
as either a region with reduced saturation magnetization or
exchange coupling can give rise to equivalent potential
wells. However, depending on the simulation approach, the
collective influence of the ensemble of grains on the domain
wall dynamics differs: only grains simulated with a reduced

Variation in saturation magnetization (%)

mutual exchange coupling have a large effect at and above
the Walker breakdown. Below the Walker breakdown, the
domain wall is of the transverse type. At the Walker break-
down, a vortex core is nucleated at the wire edge. A reduc-
tion in exchange coupling facilitates the nucleation of the
vortex core, explaining the reduction in Walker breakdown
current density in Fig. 3. While above the Walker break-
down, in a non-disordered wire, periodic domain wall trans-
formations (transverse to vortex domain wall and vice versa)
take place, the reduced mutual exchange coupling enables
the vortex core to switch polarization at a grain boundary
and hence follow a trajectory near the middle of the wire, as
illustrated in Fig. 8. Here, the vortex domain wall never
transforms into the transverse domain wall explaining the
reduced domain wall velocity above the Walker breakdown.
This motion resembles the motion of a vortex wall in a non-
disordered wire for ff = ¢, which is elaborated in more detail
in Ref. 38. Both phenomena originate from the large effect
of local exchange stiffness variations on the vortex core sta-
bility. On the contrary, the effect on the core stability of var-
iations in the saturation magnetization is much weaker.
Consequently, the effect on the Walker breakdown current
density is negligible and we do not observe vortex core
switching. Hence, also the domain wall velocity above the
Walker breakdown is hardly affected (Fig. 5).

IV. CONCLUSION

In conclusion, we have presented a computationally effi-
cient method to simulate polycrystalline nanowires and have
employed it to investigate the influence of material grains on
current driven domain wall motion. We discriminate
between the influence of thickness variations and reduced
mutual coupling between grains and find that the influence
of grains on the domain wall dynamics is fourfold. First, an
extrinsic pinning regime at low current densities appears.
Second, under the Walker breakdown, an effective damping
parameter o, lowers the slope of the mobility curves. This
damping parameter consists of a constant intrinsic part and

S I —

FIG. 8. The trajectory of a vortex wall moving through a polycrystalline Permalloy nanowire, 400 nm wide and 10 nm thick. The core is driven by a current
density of 17 x 10'* A/m? which is larger than the Walker breakdown. The exchange coupling at the grain boundaries is reduced to 40% of its original value.
The white/black colors indicate a positive/negative vortex core polarization. The core switches its polarization at a grain boundary and consequently changes
its transverse propagation direction. As a result, the vortex core stays in the body of the nanowire and the domain wall never transforms into a transverse wall.
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an extrinsic part which depends on the disorder strength.
Third, only the reduced exchange coupling between grains
facilitates the nucleation of a vortex core, resulting in a lower
Walker breakdown current density and, fourth, the vortex
core is able to switch its polarization at a grain boundary.
Therefore, above the Walker breakdown, the vortex domain
wall does not transform into a transverse domain wall and
the vortex core continues to move in the body of the nano-
wire. This work complements earlier studies with edge
roughness, which also has an influence on the mobility of the
domain walls.®

We presented specific case studies of current driven do-
main wall motion in Permalloy nanowires. However, the
code is freely available'® and can be used to investigate the
influence of material grains in other micromagnetic systems.
In further research, it could be applied to the influence of
grains on domain wall motion in perpendicular magnetic ani-
sotropy (PMA) materials®® where very large damping is
measured (oe;=0.15 in Ref. 40). This might be due to an
extrinsic damping originating in the polycrystalline structure
of the samples.
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