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Suppression of writing error in a spin-orbit magnetization switching device using fieldlike torque
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Spin-orbit torque (SOT) induced magnetization switching has attracted attention because of its applicability
to a fast writing method in nonvolatile memory. However, it has been clarified that the magnetization switching
is sensitive to the current density, the magnetic field strength, and the initial condition, even at zero temperature
due to back switching, where the magnetization moves close to the switched state in the presence of SOT but is
back to the initial state after turning off the current. Here, we study the SOT-driven magnetization switching
probability at finite temperature through numerical simulation of the Landau-Lifshitz-Gilbert equation. The
switching probability decreases as the electric current density increases, which is in contrast to that found in
the conventional spin-transfer torque devices. The decrease of the switching probability originates from the
combination of the back switching and thermal fluctuation. It is found that the switching probability can be
kept high when fieldlike torque with an appropriate value is introduced. The analysis on the temporal dynamics
indicates that the presence of the fieldlike torque leads to an effective enhancement of the damping torque and
results in a fast relaxation to the switched state, which helps to avoid the back switching.
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I. INTRODUCTION

Magnetization switching driven by spin-orbit torque (SOT)
has attracted attention to manipulate the magnetization in
ferromagnets in nanometer scales [1–3]. SOT originates
from spin current generated by spin-orbit interaction in
nonmagnetic electrodes [4–6]. SOT causes a destabilization
of a perpendicularly magnetized ferromagnet in nanosec-
onds scale, which is faster than that caused by spin-transfer
torque (STT) [7,8] in the conventional two-terminal structures
[9–15]. Therefore, the SOT driven magnetization manipula-
tion is expected to be a writing method for next-generation
magnetoresistive random access memory (MRAM) [16].
However, the SOT driven magnetization switching requires
an additional factor for reliable switching. This is because the
direction of SOT is orthogonal to the easy axis of the per-
pendicularly magnetized ferromagnet, and thus, SOT cannot
choose the relaxed state of the magnetization after turning off
the current deterministically. In the first studies of SOT, ap-
plied magnetic field pointing to an in-plane direction was used
for realizing the deterministic switching [1,2]. After that, var-
ious approaches for magnetic field-free switching have been
proposed, such as utilizing lateral structure asymmetry [17],
tilted magnetic anisotropy [18,19], exchange bias from the
antiferromagnet [20], interlayer exchange coupling [21], STT
assistance [22,23], and SOT from a ferromagnetic electrode
[24–27]. In this work, we focus on the originally proposed
method, i.e., using an in-plane applied magnetic field. This
is because this method is still used widely and provides a
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fundamental but useful insight for understanding the SOT
driven magnetization switching.

The previous works have revealed that the magnetization
switching assisted by the in-plane applied magnetic field be-
comes sensitive to the system parameters [28,29]. This is
because the magnetization starts to precess around the applied
magnetic field after turning off the current, and therefore, it
possibly returns to the initial state; therefore, the switching is
failed. The phenomenon appears both perpendicularly [28,29]
and in-plane [30,31] magnetized ferromagnets and was named
as back switching [31]. The back switching causes the switch-
ing error and reduces the reliability of SOT-MRAM. It would
be desirable to investigate methods to overcome the issues
related to the back switching.

In this work, we study the effect of the back switching on
the SOT-driven magnetization switching by numerically solv-
ing the Landau-Lifshitz-Gilbert (LLG) equation. Note that
our previous work [29] already clarified a condition on the
system parameters to avoid the back switching at zero tem-
perature. We, however, notice that the back switching appears
even for such a set of parameters at finite temperature so
there are thermal fluctuations. It is shown that the switching
probability decreases as the electric current density increases.
This is in contrast to the conventional STT switching, where
the switching probability increases monotonically. It is found
that the high switching probability can be recovered when
fieldlike torque is introduced. We find from the analysis of the
magnetization dynamics that this recovery of the switching
probability is due to an effective enhancement of the damping
torque by the SOT in the presence of the fieldlike torque.

The paper is organized as follows. In Sec. II, we provide
the system description. In Sec. III, we show the current de-
pendence of the switching probability. We also investigate the
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FIG. 1. Schematic illustration of SOT devices. Electric current
density j flowing in a bottom nonmagnet in the x direction generates
spin current polarized in the y direction, which is injected into a
ferromagnet placed on the nonmagnet. The spin current exerts SOT
on magnetization m and changes its direction with help of an applied
magnetic field Happl in the x direction.

effect of the fieldlike torque on the magnetization switching.
In Sec. IV, the switching probability for a shorter current pulse
is evaluated. Section V is devoted to the conclusion.

II. SYSTEM DESCRIPTION

In this section, we first describe the system under study and
show characteristic currents of the magnetization dynamics at
zero temperature.

A. LLG equation

Figure 1 is a schematic illustration of the system. A fer-
romagnetic free layer is placed on a bottom nonmagnetic
electrode. By applying electric current density j flowing in the
x direction to the bottom nonmagnetic electrode, spin current
polarized in the y direction is generated and is injected into the
ferromagnetic free layer. This spin current exerts SOT acting
on the magnetization in the free layer, which is described
by the LLG equation (see also Appendix A for the method
solving the LLG equation),

dm
dt

= − γ m × (H + h) − γ Hsm × (ey × m)

− βγ Hsm × ey + αm × dm
dt

, (1)

where m is the unit vector pointing in the magnetization direc-
tion in the free layer, while ek (k = x, y, z) is a unit vector in
the k direction. The parameters γ and α are the gyromagnetic
ratio and the Gilbert damping constant, respectively. The mag-
netic field consists of a time-independent applied magnetic
field Happl in the x direction and the perpendicular magnetic
anisotropy field HK(> 0) in the z direction as

H = Happlex + HKmzez. (2)

For convenience, we assume that Happl > 0 and |Happl/

HK| < 1. The magnetization then has two energetically stable
(minimum energy) states at ms± = (sin θs, 0,± cos θs) with
θs = sin−1(Happl/HK ). The strength of SOT is given by

Hs = h̄ϑ j

2eMd
, (3)

TABLE I. Parameters used in the numerical calculations: M, sat-
uration magnetization; HK, perpendicular magnetic anisotropy field;
γ , gyromagnetic ratio; α, Gilbert damping constant; d , thickness of
the free layer; V , volume of the free layer; ϑ , spin Hall angle; Happl:
applied magnetic field.

Quantity Value

M 1500 emu/cm3

HK 1.172 kOe
γ 1.764 × 107 rad/(Oe s)
α 0.030
d 1 nm
V d × π × 302 nm3

ϑ 0.30
Happl 400 Oe

where ϑ is the spin Hall angle while M and d are the saturation
magnetization and the thickness of the free layer. The dimen-
sionless parameter β is the ratio between the dampinglike and
fieldlike SOTs. Recall that the fieldlike torque in STT devices
originates from the spin-dependent interfacial scattering or
the spin precession inside the ferromagnet [32–34] and is
often small. The fieldlike torque in SOT devices, on the other
hand, may additionally originate from an interfacial spin-orbit
effect and can be large [35]. The parameter β can be either
positive or negative, depending on the material combination
of the nonmagnetic electrode and the ferromagnetic free layer
[36–41]. For example, the harmonic voltage measurement in
Ta/CoFeB/MgO heterostructure indicates a presence of pos-
itive β [36], while a negative β is necessary to explain the
switching experiment of an in-plane W/CoFeB/MgO based
SOT-MRAM [41]. The effect of the fieldlike torque on the
magnetization dynamics was investigated in Refs. [42,43]
numerically, however, the calculations were limited to zero
temperature. The component hk (k = x, y, z) of the random
field h due to the thermal fluctuation satisfies the fluctuation-
dissipation theorem [44],

〈hk (t )h�(t ′)〉 = 2αkBT

γ MV
δk�δ(t − t ′), (4)

where V is the volume of the ferromagnet. For convenience,
we assume that the initial state of the magnetization is ms+;
therefore, the magnetization switching in this work corre-
sponds to the motion of the magnetization from a state near
ms+ to a state near ms−. We solve the LLG equation at
finite temperature 107 times with different random number
to estimate the switching probability. In each trial, we firstly
solve the LLG equation without SOT with the initial condition
m = ms+ for 10 ns to generate natural initial condition at
finite temperature. Next, we solve the LLG equation with
SOT with the pulse width of tp, and then, solve the LLG
equation without SOT 10 ns to estimate the relaxed state.
When mz < (�)0 at this final time, the trial is regarded as
a switched (nonswitched) case. The values of the parameters
are summarized in Table I [45]. Here HK is set such that the
thermal stability 
0 = MHKV/(2kBT ), with the temperature
T at room temperature (T = 300 K), is equal to 60. Recall
that the magnetization dynamics obtained from Eq. (1) can be
represented as a trajectory on a unit sphere because the LLG
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equation conserves the norm (magnitude) of the magnetiza-
tion. This fact will be used to describe the solution of Eq. (1)
in the following.

B. Characteristic currents

It should be recalled that there are two characteristic cur-
rents characterizing the SOT driven magnetization switching
in a perpendicularly magnetized ferromagnet [28,29]. The
first one is the critical current density jc given by

jc = 2eMd

h̄ϑ
HK

−3 Happl

HK
+

√
8 + (Happl

HK

)2

16

×

√√√√√8 − 2
Happl

HK

⎡
⎣Happl

HK
+

√
8 +

(
Happl

HK

)2
⎤
⎦. (5)

When the current density exceeds the critical value jc, i.e.,
when j/ jc > 1, the magnetization pointing near the initial
state (m = ms+) is destabilized by the SOT and moves to
the negative mz region [28]; see also Appendix B for the
applicability of Eq. (5). However, it is not guaranteed that the
magnetization relaxes to the switched state (m = ms−) after
turning off the electric current density. This is because the
magnetization starts to precess around the in-plane magnetic
field and possibly returns to the initial state. The phenomenon
was named back switching in Ref. [31]; see also Sec. III B
and Appendix B for the detailed explanation of the back
switching. It was found that the back switching can be avoided
when the electric current density is below the second charac-
teristic current density, named threshold current density for
the reliable switching defined by [29]

jth = 2eMd

h̄ϑ
Happl

√√√√ 2

−(Happl

HK

)2 + Happl

HK

√
4 + (Happl

HK

)2
. (6)

Summarizing them, the magnetization relaxes to the switched
state (ms−) after turning off the current when the current
density j satisfies j/ jc > 1 and j/ jth < 1. On the other hand,
when j/ jth > 1, whether the magnetization relaxes to ms+ or
ms− after turning off the current sensitively depends on the
values of the parameters [29]. Note that the formulas of jc
and jth are derived from the LLG equation at zero tempera-
ture, where the fieldlike torque is neglected. For the present
parameters, jc and jth are estimated to be 49 MA/cm2 and
113 MA/cm2, respectively, i.e., jth/ jc � 2.3.

In the following calculations, we mainly focus on the cur-
rent region of j/ jc � 2.0. Therefore, at zero temperature, the
back switching does not occur, and the magnetization switch-
ing is achieved (see also Appendix B). However, the presence
of the thermal fluctuation leads to the switching error, as
shown below.

C. Pulse width and current range

One of the motivations for developing SOT-MRAM is to
achieve a fast writing within one nanosecond [46–48]. Thus,
one might be interested in the switching probability for a
short pulse width. From a theoretical viewpoint, however, it is
useful to assume relatively long pulse width. For example, the

magnetization may reach a steady state point when the pulse
width is sufficiently long; in this case, an analytical solution of
the LLG equation may be obtained, which helps to reveal the
underlying physics in the switching process. Thus, we firstly
use a relatively long pulse width (tp = 5 ns) in Sec. III to
clarify the switching process and then, use a relatively short
pulse width (tp = 1 ns) in Sec. IV for readers interested in
practical applications.

The SOT driven magnetization switching probability was
already investigated in Ref. [49], where the current range
is hs � 0.5 (hs in Ref. [49] is Hs/HK in the present work),
which corresponds to j/ jc � 1 in the limit of Happl � HK.
The switching for j/ jc < 1 corresponds to the thermally ac-
tivated switching and requires the long current pulse because
the assist from the thermal fluctuation is necessary. On the
other hand, we mainly focus on the dynamical switching
( j/ jc � 1.0) because the fast switching is of interest for prac-
tical purposes, as mentioned.

III. ELECTRIC CURRENT DEPENDENCE
OF SWITCHING PROBABILITY

In this section, we evaluate the switching probability and
investigate the role of the fieldlike torque.

A. Numerically evaluated switching probabilities

Figures 2(a) and 2(b) show two examples of the mag-
netization dynamics in time domain with the same current
density ( j/ jc = 2.0) and different random field, where β = 0.
The corresponding dynamical trajectories are also shown in
Figs. 2(c) and 2(d). The origin of the time, t = 0, is set being
the time the electric current is injected, i.e., the electric cur-
rent density is nonzero during 0 � t � 5 ns. The dynamical
trajectory shows a curved line in the xz plane as a result of
the competition between torques in the LLG equation. For
example, the SOT moves the magnetization to the −y direc-
tion, however, the precessional torque due to the perpendicular
magnetic anisotropy field causes the rotation of the magneti-
zation around the z axis. Accordingly, the magnetization does
not directly move to the −y direction; instead, it also moves to
the x direction. The magnetization finally saturates to a point
at which all torques are balanced; see Eq. (8) in Sec. III B
below. The magnetization in Fig. 2(a) succeeds in switching,
while that in Fig. 2(b) fails the switching. In particular, the
magnetization in Fig. 2(b) firstly shows a precession around
the x axis and returns to the positive mz region after turning
off the electric current. Then, the magnetization shows the
precessional dynamics near the z axis and relaxes to the initial
state ms+. The behavior is similar to the back switching [29]
(see also Appendix B). We should, however, recall that the
back switching does not appear for this current strength when
the temperature is zero, as mentioned at the end of Sec. II B.
Therefore, the thermal fluctuation plays a role causing the
back switching and leading to the switching error in Fig. 2(b).

Figure 3(a) summarizes the dependence of the switching
probability on the electric current density j for β = 0. Note
that the switching probability above j/ jc � 1.0 decreases as
the electric current density increases. This is in contrast to
the STT driven magnetization switching, where the switching
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FIG. 2. Examples of the magnetization dynamics in time domain at finite temperature. Current density is common ( j/ jc = 2.0), however,
the random numbers used in the thermal fluctuation are different between (a) and (b). Pulse width of the current is 5 ns, and β = 0. The
magnetization successfully switches its direction after turning off the current in (a), while it is failed in (b). The corresponding dynamical
trajectories are shown in (c) and (d).

probability increases monotonically as the electric current
density increases [50]. We also evaluate the current depen-
dence of the switching probability for various values of the
fieldlike torque, β, as shown in Fig. 3(b). The values of β

in Fig. 3(b) were chosen, according to a steady state solution
of the LLG equation discussed Sec. III C below. The results
indicate that an appropriate value of β (β = −0.50 in this
case) contributes to keep the switching probability high even
in the large current regime. This is the main result in this work.
In the following, we investigate the interpretations of these
results.

B. Switching probability for β = 0

First, let us investigate on the origin of the decrease of
the switching probability in the large current region. This
tendency is common for both β = 0 and β �= 0, however, its
rate depends on the value of β. In this subsection, we focus
on the case of β = 0. The analysis here will be used to clarify
the role of the fieldlike torque in Sec. III C.

It is helpful to briefly review the origin of the back
switching [29–31] (see also Appendix B) to distinguish the
deterministic and probabilistic natures of the results shown in
Fig. 2. For this purpose, we introduce the energy density E ,
which relates to the magnetic field H via H = −∂E/∂ (Mm)

and is given by

E = −MHapplmx − MHK

2
m2

z . (7)

As mentioned, Eq. (7) has two stable (minimum energy)
states, ms± = (sin θs, 0,± cos θs). In addition, Eq. (7) has one
saddle point, md = +ex, and one unstable (maximum en-
ergy) state, mu = −ex. We denote the corresponding energies
as Es = E (m = ms±) = −(MHK/2)[1 + (Happl/HK )2], Ed =
E (m = md ) = −MHappl, and Eu = E (m = mu) = MHappl.
Recall that the torque due to the magnetic field, −γ m × H, in
Eq. (1) induces a precessional dynamic of the magnetization
on a constant energy line, i.e., E is kept being constant on a
precession trajectory. The damping torque, on the other hand,
causes the relaxation dynamics crossing the constant energy
lines from higher to lower states. The constant energy line (or
the precession trajectory) in the present system is classified
into two groups, satisfying Es < E < Ed and Ed < E < Eu;
see Fig. 4, where the stable region S+(−) includes the constant
energy line in the range of Es < E < Ed and ms+(−) while
the unstable region U includes the constant energy line in the
range of Ed < E < Eu [29]. They are separated by the line
E = Ed including the saddle point (the red line in Fig. 4).
In Fig. 4, we also show the schematic illustration of the
precessional and relaxation dynamics of the magnetization in
each region, S± or U , where the black arrows represent the
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FIG. 3. Switching probability for 107 trials as a function of the
electric current density j with respect to the critical value jc. The
value of β is zero in (a) while that is varied as β = −0.50 (blue
circles), −2.0 (green squares), and +2.0 (red triangles) in (b).

magnetization while the short dashed circular and long dashed
lines represent the precession and relaxation directions, re-
spectively.

By applying the electric current density, SOT brings the
magnetization to a steady state. When this state locates in
the stable region S±, the magnetization relaxes to the near-
est stable state ms± after turning off the current. When the
steady state in the presence of the current is inside the unsta-
ble region U , on the other hand, the magnetization starts to
precess around the x axis due to the precessional torque and
moves to the boundaries between the stable (S+ or S−) and
unstable (U ) regions due to the damping torque. When the
magnetization crosses the boundary between S+(−) and U , it
relaxes to the stable state ms+(−). Which of two boundaries the
magnetization crosses depends on several parameters, such as
the electric current density and the damping constant. When
the magnetization crosses the boundary between the stable
state of the initial state (S+ in the present work) and the
unstable state U , the magnetization returns to the initial state;
this is the back switching. Accordingly, the back switching
has the deterministic nature.

When the electric current density satisfies j/ jth < 1, the
magnetization at zero temperature finally saturates to the re-
gion S− by the SOT, and thus, the back switching does not
occur. However, in the presence of the thermal fluctuation

FIG. 4. Schematic illustration of the energetically stable and un-
stable regions, S± and U , in (a) xz and (b) yz planes. The directions of
the stable states (minimum energy states) are denoted as ms±, while
the saddle point and unstable state (maximum energy state) are rep-
resented as md, and mu, respectively. The black arrows schematically
show the precessional and relaxation dynamics of the magnetization
in each region, where the short dashed circular and long dashed
lines represent the precessional and relaxation directions. The red
line represents a constant energy curve including the saddle point,
indicating the boundaries between S± and U . Green dots and squares
represent the positions of ms± and md, respectively.

at finite temperature, the magnetization enters the region U
probabilistically during the application of the electric current
density or even after turning off the current. The magnetiza-
tion in Fig. 2(a) safely stays inside the region S− and relaxes to
the switched state, while it in Fig. 2(b) enters the region U and
the back switching occurs. The rate whether the magnetization
probabilistically enters the region U increases as the electric
current density increases due to the following reason. A steady
state solution of the LLG equation satisfying mz < 0 is given
by (see also Appendix C)

cos θ = −Happl

Hs
, cos ϕ = − HapplHK

Hs

√
H2

s − H2
appl

, (8)
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where the zenith and azimuth angles (θ and ϕ) satisfy
m = (mx, my, mz ) = (sin θ cos ϕ, sin θ sin ϕ, cos θ ). We also
assume that s > h, which is satisfied for j/ jc � 1.2 for the
present parameter. These solutions indicate that the steady
state saturates to the y direction in the large current limit. It
means that the steady state becomes close to, or even enters,
the unstable region U as the electric current density increases.
Then, the probability that the magnetization enters the region
U also increases. This is the origin of the reduction of the
switching probability due to the back switching in the large
current region shown in Fig. 3(a).

C. Switching probability for β �= 0

Now let us investigate the effect of the fieldlike torque
on the switching probability. The main result in Fig. 3(b)
is that the switching probability is kept being high even in
the large current region when an appropriate fieldlike torque
(β = −0.50 in this case) is introduced. In other words, the
switching probability compared to the case of β = 0 is re-
covered by the fieldlike torque. We notice that this recovery
comes from an effective enhancement of the damping torque
by introducing the fieldlike troque. We explain this argument
in the following.

Let us firstly focus on the SOT strength in the case of
β = 0. Figures 5(a) and 5(b) show the numerically obtained
and the schematic illustration of the projection of the preces-
sion trajectory of the magnetization to the xy plane, where
the time range is t � 5 ns, i.e., we show the trajectory in
the presence of the SOT. In Fig. 5(a), the red circle repre-
sents the initial state, and the temperature is set to be zero
to show the trajectory clearly. The precessional torque due to
the perpendicular magnetic anistoropy field causes a circular
rotation of the magnetization in the xy plane. Because of
the applied magnetic field in the x direction, however, the
trajectory becomes asymmetric with respect to the y axis. For
the following discussion, we should note that the damping
torque points to the stable point (ms−), which locates near the
center of the xy plane. The arrows in Fig. 5(b) indicate the
(dampinglike) SOT direction on the trajectory. Recall that the
SOT for the present case moves the magnetization to the neg-
ative y direction. Therefore, when the magnetization direction
locates at mx = 0, the SOT points orthogonal to the damping
torque, as schematically shown as “SOT⊥ DT” in Fig. 5(b)
(we denote the damping torque as “DT” in Figs. 5(a) and
5(b), for simplicity). In this case, the SOT does not enhance
nor reduce the damping torque. When the magnetization shifts
from mx = 0, however, the SOT has a projection to the direc-
tion of the damping torque. For example, the SOT becomes
approximately parallel to the damping torque when my > 0
while that becomes approximately antiparallel to the damping
torque when my < 0, as schematically shown in Fig. 5(a) as
“SOT‖ +DT” and “SOT‖ −DT”. It should be emphasized that
the average of the SOT is zero, the SOT does not enhance nor
reduce the damping torque in this case. This is because the
SOT strength depends on the relative angle between the mag-
netization and the y axis, and because of the axial symmetry
of the precessional trajectory along the x axis, the SOTs for
my > 0 and my < 0 have the same magnitude but the opposite
sign.

FIG. 5. (a) Numerically obtained and (b) schematic illustration
of the projection of the precession trajectory to the xy plane for
β = 0. The blue arrows in (b) indicate the projection of the damp-
inglike SOT at each point on the dynamic trajectory in the xy plane.
Damping torque is denoted as “DT”, for simplicity. The magnitude
of the arrow schematically illustrates its strength. Recall that SOT
strength is large when the relative angle between the magnetization
and the y axis is close to 90◦. Thus, the SOT strength when the
magnetization comes at a point mx = 0 and my > 0 is the same to
that when the magnetization comes to another point mx = 0 and
my < 0 at a different time; however, while the former has a projec-
tion to the direction parallel to the damping torque, the latter has
a projection antiparallel to it. As a result, their average becomes
zero. (c) Numerically obtained and (d) schematic illustration of the
projection of the precession trajectory to the xy plane for β < 0.
The shape change of the trajectory to the x direction due to the
applied magnetic field is neglected in (d), for simplicity, to show the
change of the precession trajectory by the fieldlike torque clearly.
In this case, the dampinglike SOT parallel to the damping torque
is stronger than that antiparallel to the damping torque. As a result,
the averaged SOT has a finite contribution to the damping torque.
(e) Examples of time evolution of mz at zero temperature for β = 0
(solid line) and β = −0.50 (dotted line). (f) Steady state solution of
the magnetization for various negative fieldlike torque (∝ β) shown
on a unit sphere. The electric current density is j/ jc = 2.0. The red
line represents a constant energy curve including the saddle point,
indicating the boundaries between S± and U . In (c) and (d), the
temperature is zero to show the role of the fieldlike torque clearly.

The introduction of the fieldlike torque changes this situ-
ation. The fieldlike torque acts as a torque due to an applied
magnetic field pointing the y direction and changes the pre-
cession trajectory. Figures 5(c) and 5(d) show the numerically
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obtained and the schematic illustration of the precession
trajectory in the presence of negative (β < 0) fieldlike torque.
The trajectory is extended to the negative y direction in this
case; in Fig. 5(d), we neglect the applied magnetic field in the
x direction for simplicity to show the modulation of the pre-
cession trajectory by the fieldlike torque clearly. Due to this
asymmetric trajectory, the strengths of the dampinglike SOT
for my > 0 and my < 0 are different. As a result, the averaged
dampinglike SOT has a finite contribution to the damping
torque. In particular, when β is negative, the dampinglike SOT
parallel to the damping torque is larger than that antiparallel
to the damping torque, as shown in Fig. 5(b). As a result, the
averaged dampinglike SOT effectively enhances the damping
torque.

These schematic considerations can be confirmed by ana-
lyzing the temporal dynamics shown in Fig. 5(e), where mz

for β = 0 (solid line) and β = −0.50 (dotted line) are shown.
The temperature is set to be zero, for simplicity, to reveal the
role of the fieldlike torque clearly. As shown, mz immediately
relaxes to the steady state when β is finite. On the other hand,
when β = 0, mz shows a small-amplitude oscillation before
saturating to the steady state, which corresponds to an oscil-
lating motion of the magnetization near the boundary between
the regions of S− and U (see also Appendix B, where the dy-
namical trajectory on the unit sphere is shown). These results
are consistent with the above interpretation that the introduc-
tion of the fieldlike torque leads to an effective modulation of
the damping torque. When β = 0 and at finite temperature,
the magnetization probabilistically enters the unstable region
due to the oscillation occurring near the boundary between
the regions S− and U . As a result, the back switching possibly
occurs, and the switching probability becomes small. For β <

0, on the other hand, the magnetization immediately relaxes
to the steady state, which locates inside the region S−, and
the back switching can be avoided. Therefore, the switching
probability is kept being high for the case of β = −0.50 in
Fig. 3(b).

Figure 3(b) also indicates that the value of β should be
appropriately chosen to keep the high switching probability.
For positive β, it was already shown in Ref. [43] that the mag-
netization direction is approximately fixed to the xy plane and
hardly reaches to the negative mz region. This is because the
SOT effectively acts as an antidamping torque when the mag-
netization enters the negative mz region and tries to keep the
magnetization to the xy plane. Therefore, the switching prob-
ability is approximately 50% for the positive β. For negative
and sufficiently large β, the switching probability decreases as
the electric current density increases. This is because a large
fieldlike torque brings the steady state of the magnetization
to the y direction, which locates inside the unstable region U ;
therefore, the back switching possibly occurs. This point can
be confirmed by evaluating the dependence of the steady state
on the magnitude of β, as shown in Fig. 5(f). Although we
could not obtain an analytical solution of the steady state for a
nonzero β, the numerical result indicates that the magnetiza-
tion enters the unstable region U when β � −0.7. Therefore,
the back switching possibly occurs for a large negative β, and
the switching probability becomes small in the large current
limit, as shown in Fig. 3(b). The values of β (−0.5 and −2.0)
were chosen so that the steady state solution enters the stable

FIG. 6. An example of the magnetization dynamics in time do-
main (left) and on a unit sphere (right) at zero temperature. Current
density is j/ jc = 2.0, temperature is zero, and β = 0. The pulse
width is 1 ns. Green dot in the right figure indicates the magnetization
direction when the electric current density is turned off. The red line
indicates the constant energy curve of E = Ed.

or unstable region and the back switching possibly occurs or
not.

Regarding the above result, the fieldlike torque may
provide a solution to achieve the reliable switching (an-
other solution may be using a large damping material; see
Appendix D). We, however, note that the values of the pa-
rameters are appropriately chosen. In fact, the switching
probability even for β = −0.50 shows a decrease as the elec-
tric current density increases, as shown in Fig. 3(b). This is
because the steady state of the magnetization moves to the
y direction (∈ U ) when the electric current density is suffi-
ciently large. Therefore, the back switching in the sufficiently
large current region is unavoidable even in the presence of
the fieldlike torque. Note also that whether the magnetization
in the steady state locates in the stable or unstable region is
independent of the damping parameter α because the steady
state solution is obtained by the condition dm/dt = 0; there-
fore, the condition β � −0.7 mentioned above, for example,
is unchanged even when the value of α is changed. A large α,
however, leads to a fast relaxation of the magnetization (see
Appendix D) and may contribute to keep the high switching
probability even for a negatively large β. Summarizing them,
appropriate control of the system parameters will be required
for practical applications.

IV. SWITCHING PROBABILITY FOR SHORT
CURRENT PULSE

Here, we recalculate the magnetization dynamics at zero
and finite temperature by changing the pulse width tp to 1 ns
and compare the results with those shown in Sec. III.

An important difference between the long and short cur-
rent pulse is that the magnetization in the latter case does
not reach the steady state when the electric current density
is turned off. An example is shown in Fig. 6, where the
magnetization dynamics for j/ jc = 2.0 and β = 0 is shown.
The temperature is assumed to be zero to clearly show the
magnetization direction when the electric current density is
turned off. We notice that the magnetization at t = tp, shown
by the green circle in the bottom figure of Fig. 6, locates in
the unstable region U . Recall that the steady state solution
(t → ∞) for this case locates in the stable region S− because
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FIG. 7. Examples of the magnetization dynamics in time domain
(top) and on a unit sphere (bottom) at finite temperature. Current den-
sity is common ( j/ jc = 2.0), however, the random numbers used in
the thermal fluctuation are different between (a) and (b). Pulse width
of the current is 1 ns, and β = 0. The magnetization successfully
switches its direction after turning off the current in (a), while it is
failed in (b). Current dependences of the switching probability for
β = 0 and β = −0.50 are shown in (c) and (d), respectively.

the condition j/ jth < 1 is satisfied. However, since the pulse
width is short, the magnetization cannot reach the steady state
in the case of Fig. 6. Accordingly, after turning off the current,
the magnetization starts to precess around the x axis and
the back switching occurs. As can be seen in this example,
the back switching possibly occurs even at zero tempera-
ture when the pulse width is short. Therefore, the switching
probability is expected to be small compared to the long
pulse-width case.

Figures 7(a) and 7(b) show the examples of the magnetiza-
tion dynamics at finite temperature (T = 300 K). In the case
of Fig. 7(a), the thermal fluctuation assists the magnetization
to enter the region S−, and thus, the switching is achieved
even though the pulse width of the current is short. In the
case of Fig. 7(b), on the other hand, the back switching oc-
curs, and the magnetization fails the switching. Figure 7(c)
summarizes the dependence of the switching probability on
the current for β = 0. Compared to Fig. 3(a), the switching
probability is significantly suppressed and stays near 50%.
This is because the back switching possibly occurs due to the
short pulse width, and thus, whether the switching occurs or
not sensitively depends not only on the thermal fluctuation
but also on the system parameters. We notice that this issue is
again solved by an appropriate fieldlike torque. Figure 7(d)

shows the current dependence of the switching probability,
where β = −0.50. The switching probability is kept being
high for a wide range of the current. This is because the
presence of the fieldlike torque leads to the fast relaxation
of the magnetization to the steady state, as can be seen in
Fig. 5(d), and thus, the magnetization immediately reach the
stable region S− even when the pulse width is short.

V. CONCLUSION

In summary, the probability of the SOT driven magne-
tization switching is evaluated by numerical simulation of
the LLG equation, where the ferromagnet is perpendicularly
magnetized and an in-plane magnetic field is applied. The
switching probability in the large current region decreases as
the current magnitude increases. This is due to the combina-
tion of the back switching and the thermal fluctuation, which
have deterministic and probabilistic natures, respectively. The
result is in contrast to the conventional STT switching,
where the switching probability increases monotonically. It
is found that the fieldlike torque with an appropriate value
suppresses the switching error due to the back switching and
contributes to recover the high switching probability. This is
because the introduction of such a fieldlike torque leads to an
effective enhancement of the damping torque and contributes
to achieving the fast relaxation to the switched state, which
is clarified from the temporal analysis of the magnetization
dynamics.

ACKNOWLEDGMENTS

This work was supported by funding from the TDK Cor-
poration. The author is grateful to Shinji Isogami, Shuji
Okame, Katsuyuki Nakada, Tomoyuki Sasaki, Seiji Mitani,
and Masamitsu Hayashi for valuable discussion.

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available because they contain commercially sensi-
tive information. The data are available from the authors upon
reasonable request.

APPENDIX A: NUMERICAL METHOD TO SOLVE
THE LLG EQUATION

We apply the fourth order Runge-Kutta method to solve the
LLG equation; however, accuracy may be the second order
due to the following reason. We express the LLG equation as
dm/dt = T(t ), for simplicity, and the magnetization m at
time tn = t0 + n
t as mn = m(t0 + n
t ), where t0 is the
initial time and 
t = 1 ps is the infinitesimally short time
increment. The right-hand side of Eq. (1) is denoted as T(t ),
for simplicity. The time development of m from mn to mn+1

is given by

mn+1 = mn + 1
6 (k1 + 2k2 + 2k2 + k4), (A1)

where ki (i = 1, 2, 3, 4) are defined as k1 = 
tT(tn, Xn,1),
k2 = 
tT(tn + 
t/2, Xn,2), k3 = 
tT(tn + 
t/2, Xn,3),
and k4 = 
tT(tn + 
t, Xn,4) with Xn,1 = mn, Xn,2 =
mn + k1/2, Xn,3 = mn + k2/2, and Xn,4 = mn + k3. The
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FIG. 8. Examples of magnetization dynamics in time domain (top) and on a unit sphere (bottom) for j/ jc of (a) 1.0, (b) 2.0, and (c) 3.0.
Temperature is zero, and pulse width of the electric current is 5 ns. In the bottom figure, green dots schematically represent the magnetization
direction when the electric current density is turned off, while red lines indicate constant energy lines including the saddle point; see Fig. 3(a).

Mersenne Twister [51] was used to generate random numbers,
and the Box-Muller transformation was adopted to transform
the distribution of the random number from the uniformly
to the standard normal one. In our calculation, however,
we assume that the random field h(t ) is constant during 
t
and use the same value for T(tn, Xn,1), T(tn + 
t/2, Xn,2),
T(tn + 
t/2, Xn,3), and T(tn + 
t, Xn,4). Using such a
simplification may lower the accuracy of the calculations to
the second order, while there have been some proposals to
perform the higher-order Runge-Kutta method with random
variables [52,53]. However, the complexity in algorithms
further increases. In addition, these methods require a large
number of random variables, and generating random numbers
costs huge calculation time.

APPENDIX B: CRITICAL AND THRESHOLD CURRENT
DENSITIES AND BACK SWITCHING

Here, we show some examples of the back switching and
review its origin in detail. Let us focus on a perpendicularly
magnetized ferromagnet, which has two energetically stable
states. Although the back switching occurs not only in a
perpendicular ferromagnet [29] but also in an in-plane mag-
netized ferromagnet [30,31], we focus on the perpendicularly
magnetized ferromagnet here, as in the case of the main text.
For convenience, we assume that the magnetization initially
points to the positive z direction. When the electric current
density is applied to the nonmagnetic electrode, the SOT
moves the magnetization to the negative mz region. However,
depending on the parameters, the magnetization returns to

the initial state after turning off the electric current density.
The phenomenon occurs even when the thermal fluctuation
is absent; thus, the back switching is deterministic dynamics.
It was found in Ref. [28] and its origin was investigated in
Ref. [29]. It was pointed out in Ref. [30] that the same phe-
nomenon occurs in SOT devices with an in-plane magnetized
ferromagnetic free layer, and the phenomenon was named as
the back switching in Ref. [31] to distinguish it with the back
hopping in STT devices [54,55].

Figures 8(a)–8(c) show examples of the magnetization dy-
namics in time domain (top) and on the unit sphere (bottom).
The electric current densities with respect to jc are (a) 1.0,
(b) 2.0, and (c) 3.0, while the temperature is zero. In the
bottom figures, the magnetization direction when the electric
current density is turned off is indicated by the solid green
circle. In addition, the constant energy curve of E = Ed is
indicated by the red solid line. The pulse width of the current
is 5 ns. Recall that jth/ jc � 2.3; therefore, when the electric
current density satisfies j/ jth � 2.3, the steady state of the
magnetization locates in the stable region S−. This argument
can be confirmed from Figs. 8(a) and 8(b). In this case, the
back switching does not occur at zero temperature. On the
other hand, the steady state of the magnetization locates in
the unstable region U when j/ jc = 5.0; see Fig. 8(c). In this
case, the magnetization starts to precess around the x axis after
turning off the electric current density, and the back switching
occurs. Note that whether the back switching occurs or not
depends on the values of the parameters; thus, even when
the electric current density is larger than jth, the magnetiza-
tion switching may be achieved. It is also confirmed that the
magnetization (and mz) oscillates around the boundary (red
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FIG. 9. Phase diagram of mz (a) when the electric current density is turned off and (b) 10 ns after turning off the current. The pulse width
of the electric current density is 5 ns, temperature is zero, and β = 0. Those for the pulse width of 1 ns are shown in (c) and (d), respectively.
In (a) and (b), jc and jth are also shown by solid lines.

line) between the regions S− and U , as mentioned in
Sec. III C.

Figures 9(a) and 9(b) summarize the value of mz, where
the former shows mz in the steady state in the presence of
the SOT while the latter shows the relaxed value of mz after
turning off the current. The values of jc and jth estimated from
Eqs. (5) and (6) are also shown by the solid lines. It can be
confirmed that the magnetization switches its direction for the
current range of jc < j < jth. On the other hand, for j > jth,
the region where mz = +1 and mz = −1 appears alternately
in Fig. 9(b), which corresponds to the back switching region
[31]. Note that Eq. (6) provides a well estimation of the
boundary between the switched and back switching regions.
There is, on the other hand, a slight different between Eq. (5)
and the boundary between the non-switched and switched
or back switching regions. This difference comes from an
assumption used in Ref. [28] to derive Eq. (5). Reference [28]
assumes a finite rising time of the electric current density.
In this case, the SOT initially contributes to move the mag-
netization from the z axis slightly. After that, however, the
magnetization dynamics to the negative z direction is mainly
caused by the precessional torque due to the in-plane magnetic
field along the x axis until the current magnitude is saturated.
Then, the magnetization dynamics is restricted in a region
satisfying my = 0 for a while, as shown by the numerical
simulation in Ref. [28]. This fact makes it easy to solve the

steady state LLG equation analytically and enables to derive
the analytical formula given by Eq. (5). The dependence of the
switching behavior on the rise time and the effect of the field-
like torque on it is studied in Ref. [42]. However, an accurate
illustration of the current pulse shape requires circuit analyses,
which is beyond the scope of this paper. For simplicity, in
this work, we assume the step-function-like injection of the
electric current density. We also note that a formula similar to
Eq. (5) was also derived in Ref. [56] for a different purpose.

As mentioned in Sec. IV, the magnetization cannot reach
the steady state in the presence of SOT when the pulse width
of the electric current density is short. Figures 9(c) and 9(d)
show mz for the pulse width of 1 ns. Comparing Fig. 9(c) to
Fig. 9(a), it is found that mz in the current range of jc < j <

jth strongly depends on the pulse width. As a result, the back
switching possibly occurs even in this current range, as can be
seen in Fig. 9(d).

APPENDIX C: STEADY STATE SOLUTION
OF MAGNETIZATION

Equation (8) is derived from the LLG equation in terms of
the zenith and azimuth angles, θ and ϕ. In the steady state
(dm/dt = 0), the LLG equation becomes

Happl sin ϕ + Hs cos θ sin ϕ = 0, (C1)

HK sin θ cos θ − Happl cos θ cos ϕ − Hs cos ϕ = 0. (C2)
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FIG. 10. Current dependence of the switching probability for the
large damping material (α = 0.10). The pulse width of the current is
(a) 5 and (b) 1 ns.

Here, the fieldlike torque is neglected. For the present con-
vention (Happl/HK > 0 and Hs/HK > 0), the steady state for
j/ jc � 1.0 locates at my, mz < 0 while sin θ > 0 because of

its definition (0 � θ � π ). Using these facts, the steady state
solution of θ and ϕ are given by Eq. (8).

APPENDIX D: SWITCHING PROBABILITY OF LARGE
DAMPING MATERIAL

It is shown in the main text that the fieldlike torque con-
tributes to keep the switching probability in the large current
region high. Another solution is using large damping materi-
als as the ferromagnetic free layer because of the following
reason. As mentioned in the main text, the back switching
originates from the precession of the magnetization around
the x axis after turning off the current. However, when the
damping constant is large, the magnetization immediately
relaxes to the nearest stable state without precessing around
the x axis many times. Therefore, the back switching can
be avoided. In fact, the previous works focused on the large
damping materials [28,49], where the back switching was not
discussed.

We investigate that the large damping materials lead to
the reliable switching even in the large current region. Fig-
ures 10(a) and 10(b) summarize the current dependences of
the switching probability for the pulse widths of 5 and 1 ns,
respectively. The damping constant is α = 0.10. Comparing
Fig. 10(a) to Fig. 3(a), it is confirmed that using the large
damping materials results in keeping the switching probability
high even in the large current region. Even for the short current
pulse, the switching probability becomes relatively high due
to the large damping materials, although the switching proba-
bility in the large current region becomes small; see Figs. 7(c)
and 10(b). Therefore, using the large damping materials may
be another solution to keep the high switching probability. We,
however, note that the value of α = 0.10 is relatively large
compared to that found in typical ferromagnets used in SOT
devices, such as Fe, Co, and Ni, and their alloys [57]. There
may be some ferromagnetic materials having such a large α;
however, such materials should also show high magnetoresis-
tance effect for practice.
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