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Magnetization dynamics induced by the Rashba
effect in ferromagnetic films†
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Manipulating the magnetization of ferromagnets by the current-induced spin–orbit torque has great

potential application in the design of low energy consumption spintronic devices. Normally, an external

magnetic field is needed for the reversal of current assisted magnetization by the spin–orbit torque.

Recently, the switching of magnetization driven by the spin–orbit torque in the absence of an external

magnetic field was reported in a Ta/Co20Fe60B20/TaOx system with lateral structural asymmetry. To

understand the physics behind this experiment, we performed first principles calculations on the potential

profile at the interface between the ferromagnetic film and the wedge-shaped deposited metal oxide in

the Ta/Co/TaO system. This revealed that the lateral structural asymmetry generates two additional

Rashba interactions which can reduce the minimum external field required to reverse the magnetization.

In addition, we derived the Landau–Lifshitz–Gilbert equation from a quantum transport perspective and

numerically investigated the magnetization dynamics in ferromagnetic films induced by Rashba inter-

actions including those generated by lateral asymmetry. Our theoretical simulation provides microscopic

explanations of experimental observations of magnetization switching in the absence of an external field

of devices with lateral structural asymmetry.

1. Introduction

Magnetization switching of spintronic devices is the key to
read or write information in memories and logic circuits.
Instead of traditional external magnetic fields, the spin torque
generated by local electric currents has opened a new pathway
to efficiently control magnetization since the discovery of spin
transfer torque. This has accelerated the development of high-
performance data storage devices and has reduced energy
consumption.1–3 Spin transfer torque originates from the
transfer of local spin angular momentum between a pinned
and a free ferromagnet separated by a thin insulator.4

Recently, an alternative way to produce spin torque by the
spin–orbit coupling in ferromagnetic layers lacking structural
inversion symmetry has been proposed theoretically5–8 and
realized experimentally.9–17 Such spin–orbit torque is induced

by the nonequilibrium spin polarization of conduction elec-
trons due to s–d exchange interactions.5

The pioneering experiments of magnetization switching on
AlOx/Co/Pt heterostructures by current-induced spin–orbit
torque have shown that the in-plane current injection induces
transverse spin accumulation since the conduction electrons
experience an effective field HR = αR( j × ẑ) from the Rashba
interactions, where αR is the Rashba constant, j is the unit
vector of the in-plane current density and ẑ is the perpendi-
cular unit vector.9,10 Indeed, an effective switching field
orthogonal to the directions of both the magnetization and
the Rashba field HR was observed. The switching of magnetiza-
tion by spin–orbit torque has also been studied in symmetric
structures such as Pt/ferromagnet/Pt, in which the spin Hall
effect is dominant for current-induced switching.18 In these
experiments, an in-plane external magnetic field along the
current direction was required for the deterministic switching
of magnetization. Recently, the switching of the magnetization
of Ta/Co20Fe60B20/TaOx driven by spin–orbit torque in the
absence of an external magnetic field was reported by introdu-
cing lateral structural asymmetry which may generate an
additional perpendicular field-like spin–orbit torque when
current flows through the device.15 Moreover, field-free switch-
ing of magnetization has been realized in antiferromagnetic/
ferromagnetic/oxide structures,19 and also observed in hybrid
ferromagnetic/ferroelectric structures by using the electric
field produced in substrates to control the spin–orbit torque.20
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Despite intensive experimental studies, most of the theore-
tical investigations based on the Landau–Lifshitz–Gilbert
(LLG) equation treat the magnetization dynamics on a semi-
classical level.21–25 It was shown that the Rashba interactions
can generate an intrinsic torque, namely, the spin–orbit
torque in the LLG equation, due to a nonequilibrium spin
density.5,6 Based on the LLG equation, the macrospin simu-
lation23 shows magnetization switching in ferromagnetic films
with perpendicular anisotropy which agrees well with experi-
mental observations.10 However, it is not quite clear to what
extent the semiclassical macrospin description based on the
LLG equation remains valid for ultrafast magnetization switch-
ing of nanostructures. Moreover, the magnetization dynamics
with structural asymmetry can only be explained by consider-
ing additional torques in the LLG equation whose mecha-
nisms are still not clear.15 Therefore, a quantum theory to
understand the spin–orbit torque in a system with Rashba
interactions is essential to study the magnetization dynamics
in nanomagnets.

In this paper, we have developed a stochastic LLG equation
using the non-equilibrium Green’s function technique from
the perspective of quantum transport and study the magneti-
zation dynamics due to the spin–orbit torque of ferromagnetic
films. In order to understand the effect of wedge-shaped metal
oxide on the magnetization switching, two different types of
Rashba interactions are proposed due to the potential profile
at the interface between the metal oxide and the ferromagnetic
film obtained from first-principles calculation. Both of them
can reduce the minimum external field along the current
direction required for deterministic magnetization switching,

and this provides physical explanations for the experimental
observations of field-free magnetization switching due to
lateral structural asymmetry.

2. Computational methods

The device we propose consists of a 2 nm × 2 nm cobalt film
sandwiched between two semi-infinite normal leads, as shown
in Fig. 1(a). An external magnetic field By along the y-axis was
applied. The initial localized magnetization is assumed to
slightly deviate from the z-axis with θ = 5° and ϕ = 0°. The
dynamics of magnetization are governed by the following sto-
chastic LLG equation which was obtained using the non-equi-
librium Green’s function formalism from the perspective of
quantum transport (see detailed derivation in ESI†)

dm
dt

¼ �m� JsC þ γBþ γ

M
@mUaniðmÞ

h i
: ð1Þ

Here, m is the magnetization unit vector. J is the exchange
interaction describing the coupling of the electron levels with
the magnetization, γ is the gyromagnetic ratio of the localized
spin, B is the external magnetic field, Uani is the uniaxial an-
isotropy, M is the magnetization saturation magnitude, and V

is the system volume. The first term of the RHS of eqn (1) is
proportional to the current induced spin–orbit torque. The
total electron spin is sC = sð0ÞC + sð1ÞC of which the two com-
ponents are given by

sð0ÞC ¼ � i
2

ð
dE
2π

Tr½σG,
f �; ð2Þ

Fig. 1 (a) Schematic diagram of a Co film connected with two semi-infinite leads. (b) Phase diagram of the magnetization switching with different
external magnetic fields and current densities. Region I: External field-induced reversal. Region II: Reversal induced by both the external field and
current-induced spin–orbit torque. Region III: Current-induced reversal. (c) Motion of magnetization switching (blue line) in the presence of both a
current and a magnetic field with j = 5.5 × 108 A cm−2 and By = 0.4 T. The green and orange arrows indicate the initial and final magnetization,
respectively. (d) Time-dependence of the current-induced field-like and damping-like effective field, and the z-component of the magnetization mz.
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and

sð1ÞC ¼ J
2

M
γ

� �ð
dE
2π

ReTr½Ga
fG

a
f σG

,
f σ� � ṁ; ð3Þ

respectively. In the above, GrðaÞ
f and G<

f are the frozen retarded
(advanced) and lesser Green’s functions in the adiabatic limit,
respectively. Here, sð0ÞC and sð1ÞC are the zero-order and first-
order terms of sC with respect of time, respectively. σ is the
Pauli matrix, and m̂ = dm/dt. Then, the current-induced spin–
orbit torque can be given as TR = −JS × sC with the localized

spin S ¼ M
γ
m, which consists of a field-like component γHFLm

× ( j × ẑ) and a damping-like component γHDLm × [m × ( j × ẑ)].
Here, HFL and HDL represent the strengths of the current-
induced field-like and damping-like effective fields,
respectively.

A tight binding calculation was performed to study the
magnetization dynamics of the Co film which was discretized
into a square lattice. The lattice spacing was chosen to be a =
0.1 nm,26,27 and hence the coupling strength between the

neighbouring sites was t ¼ ℏ2

2m*a
¼ 3:814 eV, where m* ≈ me =

9.1 × 10−31 kg is the effective mass. Here, the lattice spacing
was set to be significantly smaller than the Fermi wavelength
of Co to reduce the tight-binding dispersion to the quadratic
one so that our model was a good approximation to simulate
the Co film. For simplicity, the coupling between the leads and
the central region was set to be tL,R = 0.8t. The Fermi energy
was assumed to be that of the Co bulk which is 7.38 eV,26 and
the exchange energy was set to be J = 0.1 eV.28 The temperature
was fixed at 300 K. It was found that the Rashba constant αR
ranges from 4 × 10−11 to 3 × 10−10 eV m at the interfaces of
heavy metal systems.29,30 Therefore, we assumed αR = 10−10 eV
m with the corresponding Rashba spin–orbit coupling

tso ¼ αR
2a

¼ 0:5 eV for the system without lateral structural asym-

metry. The saturation magnitude of the Co layer is M = 1.09 ×
106 A m−1 from which the localized spin can be calculated
through S = MV/γ. Here, V is the volume of the Co layer and
γ ≈ γe = 1.76 × 1011 Hz T−1 is the gyromagnetic ratio which is
assumed to be that of free electrons. The anisotropy energy
was chosen to be D = 8.3 × 10−4 eV which corresponds to an
effective magnetic field of BK = 0.92 T in the z-direction.9 The
whole tight binding Hamiltonian can be found in the ESI.†

3. Results and discussion

Fig. 1(b) shows a calculated phase diagram of the minimum
magnetic field required to switch the magnetization under
different current densities and applied magnetic fields. Three
regions are clearly manifested. In region I, it is found that the
minimum magnetic field required by the magnetization
switching does not depend on the current density and the
reversal of magnetization occurs at the coercive field |Bc| =
0.84 T close to the anisotropic magnetic field, and this agrees

with previous macrospin studies.12,23 Once the current density
exceeds 0.46 × 108 A cm−2, the system enters region II where
the minimum external field required to switch the magnetiza-
tion gradually decreases with increasing current density,
which implies that the reversal of the magnetization is also
assisted by the current-induced spin–orbit torque. The typical
dynamics of the magnetization switching in the presence of
both an applied bias and a magnetic field are presented in
Fig. 1(c). Our numerical results show that when the magnetiza-
tion approaches the xy plane, the spin–orbit torque nearly
vanishes and this is the reason why an external field is still
required to overcome the perpendicular magnetic anisotropy.
Finally, the magnetization maintains precession after reversal.
The behavior of the magnetization dynamics obtained by us
agrees well with that of the experimental data.10 It was also
found that the reversal of magnetization is very fast. For
instance, the switching time is about 80 ps for the case with
j = 5.5 × 108 A cm−2 and By = 0.4 T. In Region III, the coercivity
almost vanishes when the current density exceeds 6.2 × 108

A cm−2. However, it is worth noting that a tiny external mag-
netic field along the current direction is still needed for a
deterministic switching of magnetization.

In order to understand the switching of magnetization
due to the spin–orbit torque in the absence of an external
field, we propose two mechanisms directly due to structural
asymmetry, as in ref. 15, induced by the variation of thick-
ness, perpendicular to the transport direction, of the metal
oxide (wedge-shaped) deposited on top of the ferromagnetic
film, namely, the two mechanisms correspond to two
different types of Rashba interaction whose physical origin
will be discussed in the next section. The first type of Rashba
interaction is of the form g(x)(ẑ × p)·σ with g(x) as a linear
function of x and p the electron momentum operator. In the
tight binding representation, g(x) = [αR,0 + (αR,x − αR,0)x/L]/2a
where a is the lattice spacing and L is the sample size along
the x direction. The second type of Rashba term is assumed
to be [ΔαR/2a](x̂ × p)·σ to generate an additional field-like
effective field HFL′

z along the z-axis. The magnetization
dynamics with the two different types of Rashba interactions
were studied for the system under a current density of j =
5.5 × 108 A cm−2. Fig. 2(a) shows the reduction of the
minimum magnetic field to achieve the switching of magneti-
zation due to the first type of Rashba interaction. In the cal-
culation, we fix αR,x0 = 0.5 × 10−10 eV m at one side of the Co
film and vary the Rashba constant αR,x at the other side along
the x-direction due to the Rashba term g(x)(ẑ × p)·σ. The
Rashba interaction in the absence of structural asymmetry
was set to be αR = 10−10 eV m. It was found that the minimum
field required to switch the magnetization decreases quadra-
tically with an increasing gradient of the Rashba interaction
along the x-direction. When we set the average Rashba con-
stant along the x-axis to be same as that along the y-axis,
namely, αR,x = 1.5 × 10−10 eV m, the minimum external field
was found to be 0.33 T, which is smaller than that (0.4 T) of
the case with a uniform Rashba constant as shown in
Fig. 1(b). Once αR,x exceeds 1.7 × 10−10 eV m with a Rashba
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gradient (αR,x − αR,0)/L of 0.6 eV, the reversal of magnetization
can be induced by an applied bias in the absence of an exter-
nal field. We also propose a second Rashba interaction,
motivated by the experimental results due to breaking struc-
tural symmetry.15 Such a Rashba interaction can indeed
assist magnetization reversal, as shown in Fig. 2(b). For
instance, the minimum external field significantly decreases
due to an increase of ΔαR, and it reduces to 0.31 T when we
add a very small Rashba interaction with ΔαR = 5 × 10−12

eV m. Once ΔαR reaches 2.6 × 10−11 eV m, the magnetization
switching is dominated by the current-induced spin–orbit
torque without the assistance of the external field, which is
in agreement with an experimental report of switching in the
absence of magnetic fields.15 In the following, we will show
that both mechanisms are rooted in the same origin, i.e., the
structural asymmetry of the system.

We have studied two systems with or without structural
asymmetry along the x-direction. For the latter system, what we
found is as follows. At the beginning stage of the magnetiza-
tion dynamics where M was mainly along the z-direction, the
current-induced torque originated from the spin–orbit field
and the external magnetic field is the main contributor for the
reversal of magnetization. The torque from the anisotropy
field was relatively small and did not contribute much to the
magnetization switching. Our numerical results show that at
this stage, the effective spin–orbit field HR almost points to the
x-direction. As a result, the spin–orbit torque TR ∼ HR × M
almost points to the y-direction which agrees with the semi-
classical theory for Rashba torque.5 Combined with the exter-
nal magnetic field, the action of the current on the magnetiza-
tion can be considered as an effective perpendicular field Bz ≈
HR × By.

10 With the assistance of this effective perpendicular
field, the magnetization starts to go downward. The field-like
(HFL) and damping-like (HDL) components of the current-
induced effective spin–orbit field are plotted in Fig. 1(d). We
see that when the magnetization remains in the upper hemi-
sphere, both the field-like and damping-like effective fields
give torques with −z components to help switch the magneti-
zation. It was found that HFL increases rapidly once an external
bias is applied while HDL increases first and then starts to
decrease, indicating that the field-like effective field contrib-
utes more significantly to the magnetization switch. Once M
goes across the xy plane, HFL and HDL start to oscillate around
about 30 mT and −30 mT at approximately 90 ps, respectively.
The magnetization then processes in the lower hemisphere
due to the competition between the damping-like and field-
like effective fields.

Concerning the Rashba spin–orbit interaction in the system
with lateral structural asymmetry, we would like to understand
the nature of the magnetization switching in the absence of an
external field, in particular, the origin of the two mechanisms
discussed above. Since the Rashba interaction is proportional
to the potential gradient, we first calculated the potential
barrier of the ferromagnetic film as a function of the thickness
of the metal oxide using density functional theory (DFT). In
our simulation, the Co film was sandwiched between different
layers of TaO and 4 atomic layers of Ta along the z-direction,
as shown in the inset of Fig. 3. The DFT calculations were per-
formed using the projector augmented wave method as
implemented in the Vienna ab initio simulation package.31,32

The exchange and correlation were approximated using the
generalized gradient approximation (GGA) with the Perdew–
Burke–Ernzerhof (PBE) functional.33 A plane-wave basis set
with the kinetic energy cutoff of 450 eV was employed. The
3 × 3 supercell of TaO and 4 × 4 supercells of Co and Ta were
used to match the lattice constant. We use 4 atomic layers for
both Co and Ta films in the simulation box. The k-mesh of
3 × 3 × 1 was chosen to sample the first Brillouin zone.

Fig. 3 shows that the potential, V, at the interface between
the TaO and Co films increases monotonically with the thick-
ness, d, of the TaO film. For qualitative discussion, we assume
that the interfacial potential, V, has linear dependence on d so

Fig. 2 (a) The minimum magnetic field required to reverse the magneti-
zation with a linear Rashba constant along the x-axis with a different
Rashba constant αR at one side of the Co film. The Rashba constant at
the other side was fixed to be 0.5 × 10−10 eV m. (b) The minimum mag-
netic field required to reverse the magnetization with an additional
Rashba term ΔαR(x̂ × p)·σ. The current densities of all system were set to
be j = 5.5 × 108 A cm−2. Insets: schematic diagrams of the different
spin–orbit interactions.
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that when a wedge-shaped TaO layer is deposited on the Co
films of the TaO/Co/Ta device, the interfacial potential, V, will
depend on x in a linear fashion V(x) = a1x + b1, from which we
have ∇xV = a1x̂. The potential gradient along the z-direction is

estimated to be ∇ zV ¼ VðxÞ � V0

lz
ẑ where V0 is the potential at

the interface between the Co and Ta films and lz is the thick-
ness of the Co film. Therefore, from the definition of the
Rashba interaction Hso ∝ (∇V × p)·σ,34 we find two contri-
butions: (1) g(x)(ẑ × p)·σ with g(x) as a linear function of x, and
(2) (x̂ × p)·σ. We see that the two scenarios studied in Fig. 2(a)
and (b) naturally arise from the wedge-shaped TaO layer. Note
that both Rashba interactions break the mirror symmetry
along the transverse direction (x-direction) which agrees with
the symmetry-based argument discussed in ref. 15. It is worth
noting that the oxygen content of the metal oxide is non-
uniform due to the varied thicknesses in experiments15 which
would further affect the interfacial potential.

4. Conclusions

In summary, we have developed a microscopic theory to under-
stand the phenomenon of magnetization switching due to
spin–orbit torque in a system with lateral structural asymmetry
without an external magnetic field. In particular, to under-
stand the effect of wedge-shaped metal oxide on the magneti-
zation switching, two different types of Rashba interactions
were proposed due to the potential profile along the transverse
direction at the interface between the metal oxide and the
ferromagnetic film obtained from DFT calculations. It was
found that the minimum external field required to reverse the
magnetization can be reduced to zero by either type of Rashba

interaction of the form (1) g(x)(ẑ × p)·σ with g(x) as a linear
function or (2) (x̂ × p)·σ. To simulate magnetization switching
due to these Rashba interactions, we have developed a stochas-
tic LLG equation using the non-equilibrium Green’s function
technique and studied the magnetization dynamics due to the
spin–orbit torque of the ferromagnetic films from the perspec-
tive of quantum transport. Three regions were clearly mani-
fested for the current assisted magnetization reversal in the
presence of an external magnetic field. At the beginning of the
magnetization switching, the current-induced spin–orbit
torque almost points perpendicular to the transport direction,
which agrees with the semiclassical theory. Our simulations
provide physical explanations for the experimental obser-
vations of the reversal of magnetization in the absence of
an external field with the lateral structural asymmetry of
devices.15

It is worth mentioning that the Edelstein effect was mainly
considered in our simulation which produces a transverse
nonequilibrium spin density along the x-direction and then
generates a field-like torque. Recently, the spin Hall torque
induced by the spin Hall effect has been extensively studied in
the current-induced magnetization switching in ferromagnetic
layers.12,13,18 The spin Hall torque acts predominantly as a
damping-like torque and its magnitude greatly depends on the
spin Hall angle of heavy metals and the interface conduc-
tances between ferromagnets and heavy metals. If one can
obtain the tight-binding Hamiltonian of a heavy metal/ferro-
magnet interface fitted to the electronic structures from first
principles studies, this can be combined with our theory to
study the spin–orbit and spin Hall torques simultaneously in a
three-dimensional device with at least four probes.
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