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Abstract

We study the thermal gradient (TG) induced domain wall (DW) dynamics in a uniaxial
nanowire in the framework of the Stochastic-Landau—Lifshitz—Gilbert equation. TG drives the
DW in a certain direction, and DW (linear and rotational) velocities increase with TG linearly,
which can be explained by the magnonic angular momentum transfer to the DW. Interestingly,
from Gilbert damping dependence of DW dynamics for fixed TG, we find that the DW velocity
is significantly smaller even for lower damping, and DW velocity increases with damping (for a
certain range of damping) and reaches a maximal value for critical damping which is contrary to
our usual desire. This can be attributed to the formation of standing spin wave (SSW) modes
(from the superposition of the spin waves and their reflection) together with travelling spin wave
(TSW) modes. SSW does not carry any net energy/momentum to the DW, while TSW does.
Damping o compels the spin current polarization to align with the local spin, which reduces the
magnon propagation length and thus « hinders to generate SSWs, and contrarily the number of
TSWs increases, which leads to the increment of DW speed with damping. For a similar reason,
we observe that DW velocity increases with nanowire length and becomes saturated to maximal
value for a certain length. Therefore, these findings may enhance the fundamental understanding
as well as provide a way of utilizing the Joule heat in the spintronics (e.g. racetrack memory)
devices.

Keywords: magnetic domain wall dynamics, Gilbert damping, standing spin waves,
magnonic spin transfer torque
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1. Introduction

Achieving fast and energy-efficient controlling of domain wall
(DW) in magnetic nanostructure has drawn much attention
because of its potential applications in spintronics devices
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such as in data storage devices [1-3] and logic operations
[4, 5]. Conventionally, there are several steering knobs,
namely, magnetic fields [6—11], microwaves [12-15], and
spin-polarized currents [16—19], to steer DW in magnetic
nanostructures. But these steering knobs are suffering from
certain limitations in device applications. Particularly, under
an external magnetic field, DW propagation is achieved due
to energy dissipation for Gilbert damping. The DW velocity is
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proportional to the rate of energy dissipation, which is estim-
ated by the DW structure [7, 8]. However, the magnetic field
is not able to drive DWs synchronously [9, 10, 20]. Whereas
a spin-polarized current is able to drive a DW, or a series of
DWs in a certain direction with the mechanism of spin-transfer
torque (STT) [21-24]. But, the requirement of high current
density is a bottleneck as it, due to Joule-heating, leads to
the rising of temperature of the device significantly [16, 17,
20]. Consequently, the devices are suffering from stability,
error rate and lifetime issues [25]. To overcome these chal-
lenges, spin-wave spin current or magnons generated by the
thermal gradient (TG) emerges as a potential way of inducing
DW motion [26, 27]. The recent studies [28, 29] reported that
TG can generate a spin-voltage or the spin-wave spin current
in a ferromagnetic nanowire which shows the possibility to
lengthen the lifetime, reduce the error rate and improve the
stability of the memory device by harvesting the Joule heat.
Purposely, considering the thermal effects as a driving force,
it is necessary to improve the transport theories based on the
interplay among charge, spin and heat current [26]. Therefore,
the study of TG-driven DW dynamics is significant not only
for spintronics device applications but also for intuitive phys-
ics comprehension of how the spin-wave spin current interacts
with magnetic DW [30, 31]. Presently, in order to attribute the
physical mechanism of the TG-driven DW dynamics, two the-
ories of different origins are prevailing, namely, microscopic
(magnonic theory) theory [32-36] and macroscopic (thermo-
dynamic theory) theory [37-40]. According to the microscopic
theory, under TG, the magnons are generated in the region
of higher temperature and propagate to the lower temperat-
ure region, and thus a magnonic spin current is induced. Dur-
ing the passing of magnons through the DW, magnons give a
magnonic STT on the DW. Thus, TG drives the DW toward the
hotter region (opposite to the direction of magnonic spin cur-
rent) of the nanowire [30, 34, 41]. On the other hand, the ther-
modynamic theory says that, in order to get the system with
minimal free energy, TG generates an entropic force which
leads the DW to the hotter end [37, 38].

However, recent studies demonstrated that the TG-induced
magnons could drive the DW either towards the hotter region if
the magnons are transmitted [33, 35, 41, 42] or towards colder
region if the magnons are reflected [36, 43, 44] from the DW.
Magnon reflection or transmission relies on magnon frequency
[32], the system under investigation [42] and Dzyaloshinskii—
Moriya interaction [44]. In the case of the DW propagation
toward the hotter region, TG (which generates spin-wave spin
current) induces DW propagation due to magnonic STT rather
than the energy dissipation [42]. So, the physical reason for the
DW motion is the magnonic STT (carried by spin-wave spin
current) to the DW. Under this physical mechanism, i.e. TG,
the fast and energy-efficient DW speed significantly relies on
the damping coefficient since it is related to the propagation
length of spin waves. For the lower damping, the propagation
length is larger. Hence the DW speed is larger which is desired
for device applications. However, for lower damping, there
is a probability of exciting the standing spin waves (SSWs),

which do not carry net energy/momentum, together with the
travelling spin waves (TSWs) in the nanowire of finite length.
Therefore, it is meaningful to understand how the excited spin
wave modes for different o and nanowire length can affect
the DW dynamics along a nanowire under TG. We found that
the DW propagates toward the hotter region of the nanowire
with accompanying DW-plane rotation around the easy x-axis.
The DW (linear and rotational) speeds increase with TG lin-
early. These observations can be attributed to the mechanism
of the magnonic STT to the DW [32, 33, 42]. Interestingly, we
observed that the DW speed increases with a (for the range
of o~ 0.0005 to 0.001), and it reaches a maximal value for
certain damping, referred to as critical damping (o). With a
further increment of o, DW speed decreases monotonically.
Usually, the DW speed should decrease with «, since the spin-
wave/magnon propagation length is inversely proportional to
a. However, for a lower o, DW speed is smaller. This is
because, with lower «, the formation of more SSWs (from the
superposition of spin waves and their reflection at the bound-
ary) rather than the TSWs. The SSW does not carry any spin
angular momentum/magnonic STT to the DW, while the TSW
does. With the increment of a (from 0.0005 to 0.001), DW
speed shows an increasing trend. This is because the magnon
propagation length decreases with «, and thus « hinders to
generate the SSWs, and contrarily the TSWs increase, which
leads the increment of DW speed. We also observed that DW
speed vgimy increases with nanowire length (L,) and becomes
saturated to maximal (indicated by horizontal dotted lines) for
a certain L,. The reason is that the distance between two ends
increases with L, so that the spin waves are abated before
reflection, i.e. the number of SSWs reduces; contrarily, the
number of TSWs increases, and thus DW speed increases.
Therefore, the above obtained DW dynamics in nanowires
under TG might be useful for the fundamental understanding
and to optimize the damping coefficient and nanowire length
for applications in spintronics devices.

2. Analytical model and method

We consider a magnetic nanowire (square cross-section) in
which, initially, a DW is placed at the center to avoid the
boundary effect of the nanowire as shown in figure 1. L, and
L, x L, are length and cross-sectional area of the nanowire,
respectively. The DW width A is larger than the dimension of
L, and L., but much smaller than L,. The nanowire with square
cross-section geometry is referred to as the uniaxial nanowire,
which we have studied here. Before applying the TG, we
relax the system to a minimal energy state and remove sur-
face charges from the left and right sides of the nanowire. We
keep the spin of the left and right edges rigid to obtain a fixed
boundary condition. Here, we employ constant TG, rather than
localized Gaussian temperature, to obtain steady-state DW
dynamics [42]. So, a constant TG, which can be generated by a
Peltier Cooler, in reality, [27], is applied along the nanowire.
Here, the applied temperature (0 K-716 K (max)) is below
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Figure 1. Schematic figure of a magnetic nanowire containing a
head-to-head DW at the center of the nanowires under a temperature
gradient, V, T. The region of the sample that is colder (hotter) is
represented by the blue (red) color.

the Curie temperature 7.. Since the main focus of this study
is to investigate the magnonic effects on DW dynamics under
TG, we consider the spin waves explicitly. The material para-
meters, namely, exchange constant, crystalline anisotropy, sat-
uration magnetization, and Gilbert damping are assumed to
be constant. Indeed, the atomistic magnetic moments do not
change much with temperature. At the atomistic level, the
exchange constant (which comes from the Pauli-exclusion-
principle) and the crystalline anisotropy (which comes from
the spin—orbit-coupling) weakly rely on the temperature due
to the vibration of atoms [42, 45].

The magnetization dynamics is governed by the stochastic
Landau-Lifshitz—Gilbert (LLG) equation [46—48],

dm

om
5 = mx (hegr +hg) + am x ——, (D

ot

where m = M/M; is the magnetization direction, M; is the

saturation magnetization, « is the Gilbert damping coeffi-

24 &’ m +
2

cient, and + is the gyromagnetic ratio. heg = Tl 20 B2
2K,

A m,X + hgipol is the effective field, where A is the exchange
stifftness constant, x, (o = 1,2,3) denote Cartesian coordin-
ates x, y, z, K is the easy-axis anisotropy, hg;pole is the dipolar
field, and hy, is the thermal stochastic field.

MUMAX3 (micromagnetic simulation package) [48] has
been used to solve the stochastic LLG equation in which we
use the adaptive Heun solver. To obtain stability and efficient
calculation [42], the time step is chosen 10™!* s for the unit
cell size (2 x 2 x 2) nm?. The time step 10~ s is required
to choose for unit cell smaller than (2 x 2 x 2) nm?. The
saturation-magnetization M = 8 x 10> Am~! and exchange-
stiffness-constant A =13 x 1072 Jm~! are considered to
mimic permalloy in this study. The thermal field follows the
Gaussian process characterized by the following statistics [42,
49, 50]

<hth,ip(t)> =0,

2k Tl'Oé,'
(i (D jo 1+ A1) = =2 =2038,06(A1) (@)

YoM

where i and j represent the micromagnetic unit cells, and p,
q represent the Cartesian components of the thermal field. T;
and «; denote temperature and the Gilbert damping at cell i,
respectively, and a is the unit cell size. kg is the Boltzmann
constant. With the discrete time step A¢, the thermal/random
field can be represented as

ZOékBT
hnip, = _— 3
thii.p 77\, yuoMga’ At 3)

where 7 is a random number which satisfies the normal distri-
bution with zero average.

TG (V,T) generates magnetization deviation at different
positions from their equilibrium orientations, and thus small
transverse components #1, and m; are obtained. The transverse
components vary with local temperature and fluctuate spatially
and temporally, which leads to a magnonic spin current [41].
The DW interacts with this magnonic spin current. Using the
spin continuity equation obtained from equation (1), the spin
current density along the x-direction due to exchange interac-
tion, discarding the term of spin current containing the damp-
ing coefficient because of negligibly small contribution, is
found as below (for details refer to appendix)

2vA om

TOMS m x o @

J(x) =
J(x) can be computed numerically [33, 50] from numeric-
ally simulated data. For lower damping, the spin current con-
tributions from damping and thermal field are relatively small.
In addition, importantly, the spin-current contribution (from
the damping term) should neutralize the spin-current contribu-
tion (from the thermal field term) for an average over a longer
time according to the fluctuation-dissipation theorem [46]. So,
the net contribution of the damping term and the thermal field
term is negligibly small.
To find the DW velocity, vy, from the net spin current
density, the x-component of equation (A4) is integrated over a
space which encloses the DW at the center,

1 Lx/z am
= — X dx 5
Vnsc ) \/_LX/2 ot ( )
1
= E (]x;left - Jx;righl) (6)

where the fluctuations in the domains are assumed to be small.
Jytefts Jxiright TEPresent the x-components of the spin current on
the left- and right-sides of the DW. The equation (6) clearly
reveals that the DW will move opposite to the spin current
direction.

3. Numerical results

We first investigate the DW dynamics in the nanowire of length
L, = 2048 nm under TG, V,T. Purposely, 15 random traject-
ories of DW propagation are simulated for each V,T while
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Figure 2. The model parameters are My = 8 X 10° Am_l,
A=13x10""2Jm" @ =0.002 and K, = 500 Jm >, With the
configuration Ly = 2048 nm, Ly, = L; = 4 nm (a) DW velocity Vgimu
obtained from simulations (red line) and vnsc computed from the net
spin current (blue line) as a function of V,T. Inset: TG dependence
of DW rotational velocity (black line). (b) The spatial dependence
of spin current densities Ji(x) for various V,T. x =0 is chosen as
the DW center.

other parameters are kept fixed. Then we take the statistical
ensemble average to obtain the time-dependent average DW
position, and hence DW velocity vgm, and rotational velo-
city (d¢/dr, where ¢ is tilted angle of DW-plane) are estim-
ated. It is observed that the DW moves toward the hotter
region accompanying DW-plane rotation around the easy x-
axis. The DW-plane of head-to-head DW (tail-to-tail DW)
rotates counter-clock (clock) wise around the x-axis during
DW propagation. Figure 2(a) shows vgimy (red line) as a func-
tion V, T while inset of figure 2(a) demonstrates d¢/dz (black
line) with V, T. The DW speeds change with V, T linearly. The
Walker breakdown limit is absent as the uniaxial nanowire is
studied here.

Later on, we calculate DW velocity v, from the net spin
current density J,(x), which comes from the TSWs only.
Purposely, the J(x) is calculated using the equation (4).
Figure 2(b) shows the spatial distribution of J,(x) (ensemble
averaged) with DW at the center x =0 for different TGs. At
the DW center, the sign of the spin current density J,(x) is
suddenly changed, which indicates the evidence of angular-
momentum transfer from the spin current to the DW. The spin
current polarization alters its sign since the magnetizations of
the two domains are separated by the DW in the opposite direc-
tions. In order to calculate the DW speed v,sc from spin current
Jy(x) (using equation (6)), we take the averages of J,(x) over
x € [-2A,—A]andx € [A,2A] while A is referred to the DW
width which is 60 nm in this study.

The vps (blue line) as a function of TG is presented in
figure 2(a). It is mentioned that v,s. almost coincides with the
simulated velocity vgimy (open squares) estimated directly from
the DW propagation with time along x-direction. However,
there is a small discrepancy at a higher TG, which is attributed
to the contribution from stochastic fields and the dipolar field.
The above findings are similar and agree with the microscopic
theory (magnonic STT) [32, 33, 36, 41, 42].

Then, we investigate, for fixed V, T, L, = 1024 nm, the DW
dynamics as a function of damping coefficient a (ranging from

Figure 3. (a) DW velocity vgmy, computed from simulations (red
line) and vys computed from the net spin current (blue line) as a
function of «. (b) The spatial dependence of spin current densities
J(x) for varied . x =0 is chosen as the DW center. The model
parameters in (a) and (b) are, Ly = 1024 nm, Ly = L; = 4 nm,
V,.T=0.2Knm " and K, = 500 Jm .

0.0005 to 0.006). The obtained results of DW speed vgimyu(red
line) for different o are shown in figure 3(a). It is interest-
ingly observed that the vgy,, is smaller for lower damping
(a ~ 0.0005) and vgy, increases and becomes maximal for a
certain «, referred to as critical damping o, (indicated by the
dotted circle in figure 3(a)) and then decreases monotonically
with a. Usually, for the range 0.002 to 0.006), the decreasing
trend of vgim, With « is desired since o compels the spin cur-
rent polarization to align with the local spin, which reduces
the magnon propagation length and hence the amount of spin
angular momentum deposited on a DW is decreased with a.
However, this study focuses on why v, is smaller for lower
(a ~0.0005) and vgy, increases and becomes maximal for a
certain «, although the magnon propagation length is larger
for lower a. To explain this observation, we recall the basic
physics of generating SSWs in the nanowire with fixed bound-
aries. With the lower damping (. ~ 0.0005), some modes of
spin waves (whose propagation length is larger than the dis-
tance between two boundaries) can reflect from the bound-
ary and superpose with the incoming spin waves and thus, the
SSWs are formed together with the TSWs. It is well known
that the SSW does not carry any net energy/momentum to DW,
whereas TSW does. Consequently, with lower «, the amount
of spin angular momentum deposited on a DW is reduced,
and thus vgn,, becomes smaller. Then if a gradually increases,
the propagation length of spin waves reduces, and hence the
SSW modes are converted to the TSW modes, i.e. the num-
ber of TSW modes which increases the DW speed. Therefore,
for a certain o, the SSW modes are fully converted to the
TSW modes, and hence the DW speeds become maximum.
Then for a further increment of «, the propagation length of
the TSW decreases, and thus DW speed decreases with «
monotonically because of the reduction of magnonic STT to
the DW.

Furthermore, from the figure 3(a), it is noted that, for
a < g, the slope (the rate of change of the DW velocity with
damping) is larger than the slope for o > a.. This observation
indicates that the DW velocity reduction caused by the SSW is
more significant than the spin current attenuation by damping.
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Figure 4. (a) Comparison of the damping-dependent DW velocity
between L, = 1024 nm (red line) and L, = 2048 nm (black line).
DW velocity vsimu (red/black lines) computed from micromagnetic
simulations and v (orange/blue line) computed from the net spin
current. (b) The spatial dependence of spin current densities Jx(x)
for varied « for Ly = 2048 nm. x =0 is chosen as the DW center.
The model parameters in (a) and (b) are, L, = 1024 or 2048 nm,
Ly=L,=4nm, V,T=02Knm™' and K, = 500 Jm >,

To justify the above explanation numerically, it is required
to separate the contribution of TSW modes from SSW modes.
However, the expression of spin current density J,(x), refers
to (4), which comes from the TSWs contribution. We can cal-
culate the average J,(x) from simulated data, and hence DW
velocity vy can be calculated using the equation (6). So, we
estimated the average spin current density J,(x), along x- dir-
ection (as described previously) for different «. The spatial
distribution of J,(x) for different « are shown in figure 3(b). It
is mentioned that the J,(x) is smaller for lower damping, and
its value increases till a certain value and then decreases with o
which was expected according to the above explanation. And
thus, we find the DW speeds (blue line) vy for different a,
which are shown in figure 3(a). The DW speed v, agrees well
with the v, except small discrepancy that we have explained
previously.

In order to give justification in terms of nanowire length
by keeping the same V,T= 0.2 Knm~!, i.e. by keeping the
same propagation length of spin waves/magnons, we choose
the longer length of the nanowire, since with the increase the
distance between boundaries of the two ends, the generating of
SSW modes would be reduced, and contrarily the TSW would
be increased. Thus, the DW speed should be increased. Pur-
posely, with the same V, 7= 0.2 Knm~! and other paramet-
ers, we investigate DW dynamics in the nanowire of length,
L, =2048 nm as a function of o (~0.001 to 0.006). In the
figure 4(a), the black line (for L, = 2048 nm) and the red line
(for L, = 1024 nm) show the comparison of DW speed as a
function of o

It is noted that DW speed is significantly larger for the
length L, = 2048 nm compared to the L, = 1024 nm. Notice-
ably, for L, = 2048 nm, DW speed increases till & = 0.001
(maximal vgp, indicated by black dotted line), and then shows
the usual decreasing trend with «. However, for L, = 1024 nm,
DW speed increases till « =0.003 (indicated by the red dot-
ted line) and then decreases with a monotonically. That is,
the critical point (at which vg,, is maximal) shifts to lower «,
which is consistent with the explanation. These observations
can be explained as, for fixed «, the number of SSWs is smaller

Figure 5. (a) Comparison of the length-dependent DW velocity
between o = 0.001 (black line) and oo = 0.002 (red line). DW
velocity vsimy computed from micromagnetic simulations (black/red
circles) and vnsc computed from the net spin current (orange/blue
circles). (b) The spatial dependence of spin current densities Jx (x)
for varied L, for a =0.001. x =0 is chosen as the DW center. The
model parameters in (a) and (b) are, Ly = L, = 4 nm, o =0.001 or
0.002, V,T=0.1 Knm ™! and K, = 500 T m~.

for longer L, = 2048 nm and vice versa. This is why, with a
small increment of « (e.g. 0.001) for L, = 2048, the SSWs
are eliminated, and DW speed becomes maximum, and then
DW speed started to decrease with « as the usual trend. For
L, = 2048, we also estimated the J,(x) for different «v, and the
spatial distributions for different v are shown in figure 4(b).
We find the DW speeds vy, (orange/blue line) for different
«, which are shown in figure 4(a). The vy, (orange/blue line)
agrees well with the v, (black/red line).

Previously, we found that vy, increases with L,. There-
fore, it is expected that vy, should be maximal for a certain
length which is referred to as L, and larger than L,,, the vy
would be constant. We study the DW dynamics in the nanowire
of L, =512, 1024, 2048, 3072, 4096, 5120, 6144, 7168 nm
under V,7=0.1 Knm~! for two different . The obtained
veimu (black line for a = 0.001 and red line for o« = 0.002)
as a function of L, are demonstrated in figure 5(a). In both
cases, it is observed that v, increases gradually till a cer-
tain L, and then becomes saturated to maximal speed (indic-
ated by the horizontal dotted lines), which is expected. Since
the number of SSWs gradually decreases, and the number
of TSWs increases with L,, DW speed increases. For each
L., we also estimated the J,(x) for different L, and the spa-
tial distributions for different L, are shown in figure 5(b). We
find J,(x) increases with L,, and thus the v (orange line for
«a =0.001 and blue line for o = 0.002) increases with L, which
are shown in figure 5(a). The vy agrees well with the vy, as
expected.

Lastly, we would like to see whether uniaxial anisotropy
K, affects the excited SSW modes. Purposely, we study,
for fixed V,T, L, = 2048 nm, the DW dynamics as a func-
tion of o for two different uniaxial anisotropy K, i.e. 10*
and 10° J m—3. The obtained vy, as a function of « are
presented by red (for K, = 10* ] m~3) and black (for K, =
10° T m™3) lines in the figure 6. In both cases, Vg, 1S max-
imal for & =0.001, i.e. damping dependence of vy, for two
different K, shows similar trend. We can say uniaxial aniso-
tropy K, does not affect the formation/elimination of SSW
modes which is expected as K is not related to the magnon
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Figure 6. Damping dependence of DW speeds vgimy for

Ky =10*J m™? (red line) and Ky = 10° J m~? (black line). DW
velocity vsimy computed from micromagnetic simulations (red/black
line) and vpse computed from the net spin current (blue/orange line).
The model parameters are, L, = 2048 nm, Ly, = L; = 4 nm, and
V.I=0.1 Knm™'.

propagation length. However, for the damping range (0.001—
0.006), Vgimu are smaller for K, = 10° T m~3 than that for K, =
10* J m~3. This is because the larger K, increases the energy
gap, referring to the relation wy = lj);(/[ (AK* + K,), where, k
is the wavenumber. Thus, the number of magnons decreases
since exciting magnons is harder. So, the spin current dens-
ity decreases with the increase of K. To justify it, we estim-
ated the vy for different K, (calculated from net spin current
density) with varies damping and presented by blue (for K
= 10* J m~3) and orange (for K, = 10° J m~?) lines in the
figure 6. The vgpin and vye Show good agreement.

4. Discussions and conclusions

Here we investigate the DW dynamics in uniaxial nanowires
under TG. We found that the DW propagates toward the hot-
ter region of the nanowire with accompanying DW-plane rota-
tion around the easy axis. The DW (linear and rotational)
speeds increase with TG linearly. These observations are sim-
ilar to the studies [32, 33, 42], and the reason is attributed
to the mechanism of the magnonic STT to the DW. Interest-
ingly, we observed that the DW speed increases with « (for
the range of a ~ 0.0005 to 0.001) to a maximal value and
then decrease, monotonically with «.. Usually, the DW speed
should decrease with « since the spin-wave/magnon propaga-
tion length is inversely proportional to «.

However, for a lower o, DW speed is smaller. This is
because, with lower «r, more SSW modes are formed (from the
superposition of spin waves and their reflection at the bound-
ary) rather than TSWs. The SSW does not carry any spin
angular momentum/magnonic STT to the DW, while the TSW
does. With the increment of « (from 0.0005 to 0.001), DW
speed shows an increasing trend. This is because the magnon
propagation length decreases with «, and thus « hinders the
generation the SSWs, and, contrarily, the number of TSWs
increases, which leads the increment of DW speed. We also
observed that DW speed v, increases with L, and becomes
saturated to maximal (indicated by horizontal dotted lines) for
a certain L,. The reason is that the distance between two ends
increases with L,, which reduces the formation of the SSWs;
contrarily, the number of TSWs increases and thus DW speed

increases. Similar findings are expected for the biaxial (rectan-
gular cross-section) nanowire. Therefore, the above findings
of DW dynamics in nanowires under TG may be useful for
the fundamental understanding and to optimize the damping
coefficient and nanowire length for applications in spintronics
devices.
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Appendix. Calculation of Jy(x) and vy,
In this appendix, we show the derivation of the spin current

density J,(x) and the DW velocity vy from spin current dens-
ity in equation (6). The LLG equation is given by,

om om
ﬁz—vmxheff“ramXE (Al)
where,
24 0? 2K,
b — 0’m k. (A2)

oM Ox? poMs

Om

5t in the second term of

Substituting the expression of
equation (A1), we get,

om
(14 a?) = = —ym x hegr — ay(m x m x hg).

ot

Now, substituting the expression of heg from equation (A2)
in equation (A3), we get,

(A3)

om
1 2
(14+a%) o
" 24 *m 2K, .
= —ym nyx
7 oM Ox? oM
( { 24 ®m 2K, A])
—ay(mxmx > mx
poM Ox poMs
27A O*m 29K,
S ol (m B ol m,(m X X)
20vA H? 207K,
— a;\yl ( X8T>_ QL m, (m X m X X)
oM X HoMs
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2vA 0 om 29K, R
=— — X — | = m,(m X X)
,u,()MS Ox Ox ,U/OMS
2avA 0 om
- mx — (mx —
oM Ox ox
207K, . .
- my [m(m-x) —x(m-m
s Im(m ) —(m )]
o) 29K, . aJ
=——- my(mXxXx)—almx —
ox  poM; Ox
2avK. 2avK 20K,
_ &(m)% _ l)mxfc— ay xmxm)zcmyy_i_ ary xm)zcmz2
poMs oM oM
where, J(x) = ig’;‘,‘m X %—';‘ is magnetization current due to

exchange interaction, also referred as the spin-wave spin
current [33] which can be calculated from the simulated data.
For lower damping, i.e. a ~ 0.0005-0.006, the terms multi-
plied with damping coefficient are neglected and (1 + o) = 1.

By taking the x-components of the above equation, we
obtain,

om,  0J;
% = ax (A4)

The DW position is defined as,

x(0) = 2 ((m) +1)
ox()  L.dm)
- ot = Vsimu =5 ot

where, Vsimy 1S the DW velocity calculated from the change of
DW position.
The average value of m, is,

Now,

Lo A7
im a. dx
Ym0 o /—LX/Z L™
1 (k2 omy,
= =— dx
Vnsc 2/_va/2 or
N 1 /L*/Z 0l
Vnsc ) iy O
1
= Vnge = _5 (Jx,left - Jx;right)

where, vps 1S the DW velocity calculated from the net spin
current density.
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