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Abstract

In this work, the current-induced domain wall (DW) motion driven by spin Hall effect (SHE) is theoretically inves-
tigated via an atomistic model. The SHE is taken into account in the atomistic model as a Slonczewski torque term.
We first consider a bilayer system consisting of a ferromagnetic layer (FM) adjacent to a heavy metal (HM). To study
the effect of spin Hall angle and FM thickness on DW motion in perpendicularly magnetized FM, an in-plane current
is injected into HM. The results show that the critical current density, DW velocity and DW displacement strongly
depend on the spin Hall angle and thickness of FM. To demonstrate the efficiency of SOT, we also study the DW
motion driven by spin-transfer torque (STT) in a FM/NM/FM system by injecting a charge current perpendicularly to
the plane of the structure. The DW velocity and DW displacement of two cases are compared. At the same current
density, it is clearly observed that the DW in the presence of SOT is more easily moved with higher velocity and DW
displacement. In addition, the critical current density of SHE driven case is smaller compared with spin torque case.
To move the DW with the velocity of 100 m/s, the injected current density required for the STT case could be 10
times as high as the SHE case. The proposed model can be used to optimize all factors for spintronic device design
with low power consumption, fast speed and high endurance such as the DW-based devices and the perpendicularly
magnetized SOT-MRAM.
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1. Introduction of the strong interaction between the spin current and
the local magnetization gradient within the DW giving
rise to a large STT. Recently, materials with perpendic-
ular magnetic anisotropy (PMA) originating from the
interfacial anisotropy between a ferromagnetic transi-
tion metal and an insulator [11, 10, 12], for example
CoFeB/MgO, have become of great interest owing to
their high anisotropy resulting in narrow DW. It also
has been reported that a DW in nanowire with PMA is
more easily displaced with lower current density than
that with in-plane anisotropy. STT effect seems to be

Domain wall (DW) motion in nanowires with in-
plane magnetic anisotropy driven by injecting spin po-
larized current has been intensively studied over the past
decade [1, 2, 3, 4, 5, 6, 7, 8] due to its possible ap-
plications in DW-based spintronics devices compatible
with low power consumption, high speed operation and
high density storage such as the racetrack memory and
MRAM [9, 10]. DW motion is induced by spin torque
arising from the s-d exchange interaction between the

conduction electrons and the local magnetization within
the DW. The spin torque contributed from the adia-
batic and non-adiabatic torques is determined by the
relative angle between the spin of the conduction elec-
trons and local magnetization implying the disappear-
ance of spin torque in collinear systems [7, 8]. DW mo-
tion tends to be easily initiated in narrow DW because
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more efficient in perpendicularly magnetized material
since higher DW velocities are observed [13, 14]. How-
ever, STT becomes limited in a number of ways. The
critical current density required to initiate DW motion
in PMA nanowire is decreased, but the Joule heating
still constrains the application of current-induced DW
motion driven by STT.

The spin Hall effect (SHE) has been proposed as an
alternative mechanism for fast current-induce DW mo-
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tion [15, 16, 17, 18, 19, 20]. Ryuet al. [21] and Emori et
al. [22] experimentally demonstrated the enhancement
of current-induced torque in a bilayer system, consisting
of a heavy metal (such as Pt or Ta) and a ferromagnet.
The mechanism behind the SHE can be described by in-
jecting in-plane current into a nonmagnetic heavy metal
in which the spin up and spin down electrons are scat-
tered in opposite directions. This scattering results in
pure spin current flowing into the ferromagnetic layer
in the perpendicular direction to the injected electrical
current. It can be another source of spin torque acting
on the magnetization in the ferromagnet [22]. SHE of-
fers a more efficient route to control magnetization since
it evidently shows that SHE exhibits larger magnitude
than the STT. It would be an essential step towards the
magnetoelectric control of spintronic devices.

In this work, we firstly investigate the influence of
SHE on DW motion in perpendicularly magnetized
FM/HM structure by means of atomistic model. To ob-
serve the dynamic of magnetization in presence of SHE,
the SHE is taken into account the atomistic model as the
Slonczewski torque. We also study the effect of spin
Hall angle and thickness of ferromagnet on the criti-
cal current density which is the minimum current den-
sity required to initiate DW motion. In addition, we
demonstrate the efficiency of SHE by making a com-
parison with DW motion driven by STT in a trilayer
system where the charge current is perpendicularly in-
jected into the plane. These investigations show that
SHE offers the possibility to manipulate the magneti-
zation within DW by injecting in-plane current into the
heavy metal adjacent to the ferromagnetic layer. This
gives rise to increased efficiency of spin torque switch-
ing. The atomistic model including SHE can be used as
the powerful tool to optimize all crucial parameters for
SHE-based device design and it becomes increasingly
important with further scaling of device dimensions es-
pecially for the application of CoFeB/MgO-based MTJ
where the magnetic properties of interface and bulk are
different [23, 24].

2. Model Description

In general, the spin-orbit torque field arising from
both the Rashba and spin Hall effects. The former is
phenomenon related to the interfacial spin-orbit cou-
pling and the latter is the bulk effect depending on the
thickness of the heavy metal [25]. In this work, we now
consider the effect of the spin current arising from the
SHE on the magnetization dynamics. The spin current
leads to a spin-orbit torque due to SHE acting on the lo-
cal magnetization which is qualitatively different from

the spin torque. To observe the magnetization dynamic
in the presence of SHE, it can be represented as an ad-
ditional spin torque in the LLG equation in the Slon-
czewski form as follows [26, 27, 28, 29, 30],

oS oS
5 = —YS X Befr + S % 5 —YBsu[S x (S x o)) (1)
where Bsy = % is the spin Hall field, Ogy is the

spin Hall angle which is the ratio of the spin current den-
sity due to SHE and the electrical current density (j,),
t is the thickness of ferromagnetic layer and ¢ denotes
SHE spin direction.

For the convenient integration, the above equa-
tion can be converted into the Landau-Lifshitz-Gilbert
(LLG) form,

B Y g p W
o (lJrocz)SXBeff (1+0c2)[SX(SXBeff)]
YoBsh YBsu
+m(SXG)—m[SX(SXG)],
2

where S is the local normalized spin moment, 7y is the
absolute gyromagnetic ratio and « is the damping con-
stant. The effective field, B, is the contribution of
the exchange field, the anisotropy field, the external ap-
plied field and the demagnetizing field. Apart from the
damped precessional motion arising from the effective
field, the presence of the spin Hall effect in the last two
terms in Eq. (2) leads to an additional torque acting on
the local magnetization. This shows that the SHE can
be another source of precessional and damping motion
of the magnetization. Similar to the STT, the torque
due to SHE can either increase or decrease the natural
damping of effective field depending on the sign of spin
Hall angle. The faster relaxation toward the direction of
the effective field can be occurred in the case that the
damping torque due to SHE is in the same direction as
the natural damping.

The effective field acting on the local spin moment in
Eq. (2) can be determined from a classical spin Hamil-
tonian representing the energies of the magnetic system.
The spin Hamiltonian in Eq. (3) includes the contribu-
tion of the exchange energy, magnetic anisotropy en-
ergy, external applied field and the interfacial DMI en-
ergy [31, 27, 30] written as

B= *Zjijsi'sj*kuZ(Si'e)zf|,Us|Zsi'Bapp
i<j i i
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where J;; is the nearest neighbor exchange integral be-
tween spin sites i and j, S; is the local normalized spin



moment, S; is the normalized spin moment of the neigh-
boring atom at site j, k, is the uniaxial anisotropy con-
stant, e is the unit vector of the easy axis and |us]| is
the magnitude of the spin moment and D is the DMI
(Dzyaloshinskii-Moriya interaction) parameter.

In addition, the demagnetizing field can be taken into
account in the model by adopting a micromagnetic dis-
cretization approach [31, 5] since its calculation is time
consuming. The magnetic moment of each macrocell is
determined by the summation of the atomic spins within
the cell. The demagnetizing field of macrocell k con-
taining spin i is given by

Ho 3(up )b — | Ho ke
Buipy = 0 Y [ ZHCTRTH T O Bk g
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and
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where y; is the vector of the magnetic moment in the
macrocell site /, ug is the permeability of free space, V
is the volume of the macrocell, ry; is the distance and £y
the corresponding unit vector between macrocell sites k
and [/ and ngy,,, is the number of atoms in each macro-
cell. It is worthwhile to note that the dipolar field with
in each cell is taken as representative of all spins within
the cell.

Consequently the effective local field which includes
exchange, anisotropy, external fields, spin torque field,
DMI field and the demagnetization contribution acting
on the spin site i in the atomistic model is given by

1 0B
Betri = —m TS, +Baip - (6)

To investigate the dynamical magnetization behav-
ior including the effect of the SHE, the local effec-
tive field from the above equation is substituted into
Eq. (2) and the solution of the standard LLG equation
is solved numerically by implementing the Heun inte-
gration scheme.

3. Results and discussion

In order to understand and compare the effect of STT
and SHE on DW motion, we apply the proposed model
to the bilayer system of FM/HM to study the effect of
SHE. We have carried out a parametric investigation
of the effects of the spin Hall angle and current den-
sity and the thickness dependence of DW motion. Sub-
sequently, to show the efficiency of new path way of
current-induced DW motion, we make a comparison of

the DW motion driven by SHE in the bilayer system
with the STT in the trilayer system. Our findings are
qualitatively consistent with experiment.

3.1. DW motion driven by SHE: parametric studies

We initially perform the simulations of current-
induced DW motion driven by the SHE in the bilayer
system consisting of a ferromagnet (FM) with per-
pendicular magnetic anisotropy (PMA) adjacent to the
heavy metal (HM) as demonstrated in Fig. 1. The HM
thickness is assumed to be infinite and the SHE is the
major contribution to the SOT field [25]. We consider
the ferromagnetic film with dimensions of 60 x 30 X
0.9 nm3. The magnetic properties of the ferromagnetic
film (Co) used in this paper are as follows: a uniaxial
anisotropy constant of k, = 6.69 x 10724J /atom with
the easy axis in z direction and the exchange integral of
6.06 x 10~2!J /link. The magnetization structure within
DW can be obtained by means of the atomistic simu-
lation by pinning the magnetization at the boundary of
the structure in the easy axis direction, +z, to force the
formation of a DW aligned in the xz plane. It is worth
noting that the presence of PMA contribution from the
interface is not considered explicitly.

Figure 1: (Color online) Schematic illustration of the bilayer system
of FM/HM: The arrows represent the direction of the magnetization
within the DW in the ferromagnet.

The effect of SHE can be highlighted by performing
atomistic model simulations in the absence of the con-
tributions of STT and DMI. The spin current generated
in HM via the spin-orbit interaction at the interface of
FM/HM diffuses into the adjacent FM. We note that the
SHE switching mechanism arises from the spin current
flowing into the FM. This subsequently gives rise to the
SHE acting on the magnetization. The magnitude of the
SHE efficiency naturally depends on the spin current
diffusing into the FM layer which is characterized by
the spin Hall angle (Osp). Experimental studies report
the important role of FM/HM interface to the intrinsic
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Figure 2: (Color online) DW motion in bilayer system of FM/NM
with different spin Hall angles (a) time dependence of DW displace-
ment (b) initial DW velocity and (c) the critical current density as a
function of spin Hall angle

value of Osy [28, 29]. In this section, we therefore con-
sider the influence of different interfaces of FM/HM on
DW motion by introducing a charge current density of
5MA/ cm? into the heavy metal layer along the x direc-
tion and varying the value of Ogy in the range of 0.05-
0.2. It is worthwhile to note that the injected current
density of 5 MA /cm? is greater than the critical current
density to ensure that the DW motion is allowed.

DW motion driven by SHE is monitored by observ-
ing the displacement of the DW center from the initial
position. Subsequently, the initial DW velocity can be
calculated from the rate of change of the uniform DW
displacement in the first 0.1 ns as demonstrated in Fig.
2 (a) and (b). We note that the finite size of the com-

putational cell limits the DW displacement. The results
show that the spin Hall angle representing the strength
of the spin orbit coupling at the interface of FM/HM
strongly affects the DW motion. For values of the spin
Hall angle below 0.1, the DW has uniform translation to
a finite DW displacement without any precession. For
a high value of spin Hall angle, the DW can be easily
moved with higher displacement and velocity after the
introduction of spin current arising from the charge cur-
rent injected into the HM layer.

In addition, we also observe the DW motion with os-
cillatory behavior around a finite DW displacement at a
high frequency in the order of 200-300 GHz as shown in
Fig. 2 (a) (inset). The oscillatory behavior of DW which
can be applied for spin-torque oscillator is also observed
in the previous studies [32, 33, 34]. This results from
the out-of-plane component of magnetization due to the
nonadiabatic torque of SHE. We also found the defor-
mation of DW from the Néel wall to the Bloch wall.
Interestingly, the appearance of DW displacement oscil-
lation at high frequency of 300 GHz can be achieved by
injecting current density of 5 MA /cm? which is much
lower than the STT driven case in the previous study re-
quired a high current density up to 1000 MA /cm? [8].
This confirms that the SHE is more efficient to drive
DW motion with larger velocities than the STT driven
case. To improve the performance of the DW-based de-
vices with high operating speed and low critical current
density, this can be obtained by increasing spin Hall an-
gle as clearly seen in Fig. 2 (c). The calculated critical
current density in the range of 1 to 3 MA/cm? is in a
good agreement with the experimental reports [35, 36].
This verifies the validity of proposed model.

The next case of interest is the effect of injected cur-
rent density on DW motion by applying a charge current
density ranging from 1 to 100 MA /cm? into the bilayer
system of FM/HM with Oy = 0.15 at zero temperature.
It is important to note that the critical current density of
this case is approximately 1 MA/ cm?. The effect of in-
jected current density gives the similar results with that
of spin Hall angle because the generated spin current
diffusing into the ferromagnet is related with these two
parameters. The high spin-polarized current can be ob-
tained by using the material of HM with high spin Hall
angle or injecting high charge current density. As a re-
sult in Fig. 3 (a), the DW motion can be initiated after
the introduction of a current density above the critical
value. For a high charge current density yielding high
spin polarized current, the oscillatory behavior of the
DW can be observed. The cause of the oscillation can
be described that there is spin torque due to SHE acting
on the magnetization within DW resulting in DW mo-
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Figure 3: (Color online) (a) The time-dependent variation of the DW

displacement for different current densities (b) DW displacement at
equilibrium for different current densities and spin Hall angles

tion. Subsequently, the DW reaches and interacts with
the strong pinning sites at the boundary. The frequency
of the oscillation can be increased with increasing in-
jected current density. However, the amplitude of the
oscillation decreases and the equilibrium state without
any precession can be appeared in the case of inject-
ing very high current density. It is also found that the
DW reaches the precessional steady state rapidly with
high velocity over 400 m/s consistent with the previous
reports [37]. Furthermore, the effect of current density
and spin Hall angle on the DW displacement at the equi-
librium are considered. As expected, increasing spin
Hall angle and injected in-plane charge current density
yielding higher transverse spin current in the adjacent
ferromagnet results in the spin torque acting on the mag-
netization of ferromagnet and it consequently increases
the DW displacement at equilibrium.

The magnitude of SHE depending on several
parameters as expressed in the relation Bgsy =
hOsuj.V /(2eust). We then investigate the FM thickness
dependence of DW motion in HM/FM system with dif-
ferent spin Hall angles. Fig. 4 (a), (b) and (c) show the
DW displacment, DW velocity and equilibration time
as a function of FM thickness varied from 0.3 to 1.1
nm. The in-plane current density of 100 MA /cm? is in-
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Figure 4: (Color online) Thickness dependence of (a) DW displace-
ment, (b) DW velocity and (c) equilibration time for the SHE DW
driven case with charge current density of 100 MA /cm? for different
spin Hall angles

jected into the bilayer structure. The reduction of DW
displacement and velocity can be observed when the
thickness of FM is increased. This can be explained
from the expression in Eq. (1) that the field arising from
SHE is inversely proportional to the thickness of FM.
This results in high SHE exerted on the magnetization
within DW. In addition, for the thin film structure with
high spin Hall angle, the high spin current can be gen-
erated and diffused into the ferromagnetic layer. The
DW motion with high velocity and displacement can
be achieved. Eventually, the DW can reach equilibrium
rapidly which can be seen from the equilibration time.



3.2. Direct comparison: STT and SHE driven cases

For a better understanding of the efficiency of SHE in
driving DW, we complete our study by performing ad-
ditional investigation of DW motion driven by the STT
in the Co/Cu/Co structure. In this work, we focus on
the current perpendicular to plane (CPP) geometry in-
stead of current in plane (CIP) geometry. This is due
that a strong spin-dependent scattering in CPP geome-
try yields higher magnitude of STT. As shown in Fig.
5, the first and second FMs are regarded as the pinned
layer (PL) and free layer (FL) respectively. The charge
current is injected perpendicularly to the plane of the
structure. To investigate the magnetization dynamic in
the presence of STT, the effect of STT can be considered
as the additional field arising from the s-d exchange in-
teraction between the local magnetization and the spin
accumulation into the effective field as shown in Eq. (7),

oS Y
P ms X (Beff+Jsdm)
Yo
m[s X (S X (Beff+]sdm))]7 (7)

where Jyq is the s-d exchange energy between electron
spin and local spin moment and m is the spin accumu-
lation.

The general solution of the spin accumulation in
the basis coordinate system consists of the longitudinal
(m) and transverse (m, ) components which are paral-
lel and perpendicular to the local magnetization given

obt
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Figure 5: (Color online) The trilayer system consisting of two ferro-
magnetic layers separated by the nonmagnet (spacer layer): the tail-
to-tail DW is formed in the xz plane of the free layer.
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Figure 6: (Color online) (a) DW displacement and (b) velocity as a
function of current density for the conventional STT and SHE driven
cases

by [8, 38],
my(x) = [my(ee) 4 [m (0) —my (ee)] e/t By
my5(x) = 2e ¥ [ucos(kyx) —vsin(kox)| by
m; 3(x) = 2e "1 [usin(kox) +veos(kax)] b3,
(®)
with

(k1 £iky) = /A ik, 2

where mH(oo) is the spin accumulation at the equilib-
rium, the length scale A; is defined as Ay = /2hDy/J
and Ay denotes the spin relaxation length. The coeffi-
cients m|(0), u and v are constants which can be deter-
mined from the interface condition of the continuity of
spin current.

The effect of current density on DW motion driven
by the STT in a trilayer system and SHE in a bilayer
system are investigated. We then make a direct compar-
ison of DW displacement and velocity obtained from
two cases. For the SHE driven case, we consider the
HM/Co system with the spin Hall angle of 0.15. We
perform the simulations by injecting charge current per-
pendicular to the plane for the STT driven case and in
plane for the SHE driven case with the density from 1



to 100 MA/cm?. The dynamic of the magnetization
within DW in the presence of the SHE can be obtained
by using Eq. (2) as mentioned previously and the atom-
istic model coupled with the spin accumulation model
in Eq. (7) is used for the STT driven case. Interestingly,
it is found that the critical current density of the SHE
driven case is lower than that of the STT driven case.
As a result demonstrated in Fig. 6, at the same current
density the SHE driven case gives a higher value of DW
velocity and displacement compared with STT driven
case. The results show that the DW under the SHE can
propagates faster with higher efficiency. Furthermore,
to move the DW with the velocity of 100 m/s, the in-
jected current density required for the STT case could
be 10 times as high as the SHE case. This confirms
that the SHE induced spin transfer torque promotes a
fast-current induced DW motion. Our finding is con-
sistent with previous report [20, 26] indicating that the
DW motion driven by SHE can be observed for a Néel
DW in perpendicularly magnetized strip. The investiga-
tion of current-induced DW motion driven by SHE pro-
poses the new possibility to improve the performance
of the next-generation DW-based SHE devices with a
lower current density and higher efficiency. However, it
is important to note that the efficiency of SHE for the
application of magnetization reversal in MTJ could be
different from the case of DW motion.

4. Conclusions

In summary, we theoretically study the current-
induced DW motion in perpendicularly magnetized fer-
romagnet for two cases: the STT driven case and the
SHE driven case. We perform the simulations for para-
metric studies by using the atomistic model. The results
show that SHE provides higher efficiency of spin torque
and a low current density to drive DW motion than the
STT. The SHE is very promising to improve the per-
formance of next-generation spintronic devices by us-
ing the appropriate materials with high spin Hall angle
for HM/FM structure. To design spintronic device com-
patible with low power consumption, high speed opera-
tion and high density storage, the proposed model could
be the useful tool to optimise important factors such as
film thickness, spin hall angle and current density. It
also provides a better understanding of the mechanisms
governing the underlying physics behind the current in-
duced DW motion driven by SHE.
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