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Abstract— We present a micromagnetic simulation study of
shape deformation and edge roughness effect in the spin orbit
torque-magnetic random access memory (SOT-MRAM). The
two different write schemes, magnetic field induced SOT write
scheme and SOT-spin transfer torque (STT) hybrid write
scheme, were studied in the presence of the stray field from the
reference layer. We found that for conventional magnetic field
induced SOT, shape deformation can cause non-deterministic
switching even at a relatively high gilbert damping constant of
0.08. Higher Gilbert damping constant (α) of 0.09 is needed to
ensure deterministic switching under the shape deformation
effect. The SOT-STT hybrid write scheme showed deterministic
switching even at lower damping constant with relatively low
device variations due to the constant –z directed torque of the
STT. However, with higher damping constant of α = 0.1, device
variation with the SOT-STT hybrid write scheme increases
while the SOT-magnetic field write scheme successfully
compensates the most of the variation caused by the edge
deformation.
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I. INTRODUCTION
Spin-orbit torque magnetoresistive random-access
memory (SOT-MRAM) is a promising novel non-volatile
memory device due to sub-ns operation speed and higher
reliability compare to spin-transfer torque magnetoresistive
random-access memory (STT-MRAM). Writing operation
involves the current flowing through the heavy metal beneath
the magnetic tunnel junction (MTJ). This current induces inplane torque driven by spin Hall effect (SHE) and/or Rashba
effect. Unlike STT, of which the direction is perpendicular,
SOT has the in-plane directed torque therefore it only lays
down the initially perpendicular magnetization (z-direction)
towards the spin-polarized direction in the x-y plane.
Additional torque is required to complete the switching. For
this purpose, one of the most commonly used methods is to
apply the in-plane magnetic field. The in-plane field would tilt
the magnetization towards the targeted hemisphere and relax
towards the targeted state upon turning off the SOT current.
Although it required an external magnetic field, newly
proposed methods suggest that the external field-free SOTMRAM is possible by imposing a magnetic hard mask [1] or
using
antiferromagnet/ferromagnet
bilayer
[2]
or
ferromagnet/heavy metal/ferromagnet trilayer [3]. This write
scheme using the in-plane magnetic field will be referred as
the SOT-magnetic field write scheme in the rest of the paper
for simplicity. Another well-known write scheme is the SOTSTT hybrid write scheme, which uses STT current to induce
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Fig. 1. (a) Typical structure of SOT-MRAM and (b) the distribution of
the area of the generated MTJ samples and (c) deformation process

perpendicular torque instead of the magnetic field [4]. It
requires additional STT current but it tends to have a simpler
MRAM structure as there is no need for additional process to
provide the effective in-plane magnetic field. Both write
schemes demonstrated sub-ns switching with lower writing
power compared with the MRAM using the STT write scheme
alone [1, 4]. Despite the outstanding performance of the SOTMRAM, it lacks the study of the expected variation in the
switching characteristics as the SOT-MRAM has not been yet
commercially mass-produced.
The magnetization reversal process can be affected by
boundary roughness [5] and the shape deformation of MTJ has
an influence on switching time in STT-MRAM due to the inplane demagnetizing tensor induced from deformed MTJ [6].
The MTJs have suffered from critical dimension variations
during the manufacturing process [7] and fabricated MTJs
indicate that they are not in perfect circular shape [8]. The
shape deformation of MTJ is expected to affect the
magnetization switching behavior of the SOT-MRAM but this
is not yet elucidated to the best our knowledge. Earlier studies
analyzed shape deformation of SOT-MRAM modeled the
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TABLE I.
Symbol
Α
θSH
Η
Ku1free
Ku1reference
Aex
Msat
tF
tR
tT
D
TSOT
TSTT

PARAMETERS USED IN THE SIMULATION
Parameters
Damping constant
Spin hall angle
Spin torque efficiency
Anisotropy constant of the
free layer
Anisotropy constant of the
reference layer
Exchange constant
Saturation magnetization
Free layer thickness
Reference layer thickness
Tunnel barrier thickness
MTJ Diameter
Mesh size
SOT pulse width
STT pulse width

Value
0.02 ~ 0.1
0.3
0.7
9.8×105 J/m3
1.5×106 J/m3
20×10-12 A/m
1.2×106 A/m
1 nm
1 nm
1 nm
60 nm
1× 1 × 1 nm3
1 ns
5 ns

shape deformation by varying the area of the MTJ rather than
considering altered edge and shape of MTJ [9].
In this work, we present a micromagnetic simulation study
of shape deformation due to edge roughness effect in the SOTMRAM. Two different writing schemes of SOT-MRAM were
studied; the SOT-magnetic field write scheme and the SOTSTT hybrid write scheme.

Fig. 3. Time evolution of perpendicular component of the free layer
magnetization mz of SOT-magnetic field write scheme with JSOT =
16×1011 A/m2, Hx = 30 mT, tSOT = 1 ns with damping constant (a) α =
0.02, (b) α = 0.08, and (c) α = 0.1. SOT-STT hybrid write scheme with
JSOT = 16×1011 A/m2, JSTT = 6×1010, tSOT = 1 ns, tSTT = 5 ns with damping
constant (d) α = 0.02, (e) α = 0.08, and (f) α = 0.1. Bold and gray lines
represent the circular MTJ without deformation and the deformed
samples with random edge roughness, respectively.

II. METHODOLOGY
To consider the shape deformation, micromagnetic
simulations were performed by using object oriented
micromagnetic framework (OOMMF) [10]. Simulated SOTMRAM has a structure shown in Fig. 1. Ideal MTJ’s are of the
cylindrical shape and consist of three layers of free layer,
tunnel barrier, and reference layer, each of which has a
thickness of 1 nm and diameter of 60 nm. We assumed that
the heavy metal on the top of the free layer provides SOT
current with the spin polarization (σ
⃗ ) along the –y-direction.
Perpendicularly (z-direction) magnetized MRAM was
considered with the initial free layer and the reference layer
magnetization in +z-direction. We treated 1000 samples each
with x-y plane random edge roughness on ideal circularshaped MTJ to have ±5% of area difference within 3σ
distributions. Field-like torque induced by STT and SOT was
not considered in this simulation.

(Jc, SOT) was 15.25×1011 A/m2 and STT critical current (Jc, STT)
was 5.68×1010 A/m2. Therefore, the operation currents were
chosen to have a higher value than the critical current to ensure
switching, which were JSOT = 16×1011 A/m2 and JSTT = 6×1010
A/m2. Square current pulse was assumed.
III. RESULTS AND DISCUSSION
Fig. 3 represents the z-direction component of the
magnetization (mz) under the SOT-magnetic field write
scheme when the Gilbert damping constants (α) were 0.02,
0.08, and 0.1. As shown in Fig. 3. (a), only 42.3% of samples
are switched for the SOT-magnetic field write scheme with
low α of 0.02 and the ideal circular MTJ shows a highly
oscillatory magnetization trajectory. At α as high as 0.08, the
sample without the deformation shows stable damping with
precession which occurs only in the lower hemisphere.
However, α is not high enough that the switching probability
of 100% was still not achievable (see Fig. 3 (b)).

The SOT-magnetic field write scheme needs SOT current
pulse under external magnetic field in x-direction (Hx) and the
SOT-STT hybrid write scheme uses both SOT current (JSOT)
and STT current (JSTT) in the absence of magnetic field.
Parameters used in the simulations are shown in Table. 1. Hx
of 30 mT was applied for the SOT-magnetic field write
scheme case. As can be seen in Fig. 2., the SOT critical current

The relatively low α induces unstable magnetization
trajectory with the high precession amplitude which crosses to
the upper hemisphere (mz > 0) and damps toward the stable
initial state. The earlier work explains such unstable switching
as the hysteric behavior of the transition to the intermediate
position, where the behavior intensifies with the lower α [11].
Such an unstable magnetization trajectory makes the
switching sensitive to various field terms, that
demagnetization field alternation due to ±5% deformation in
the area within 3σ is enough to cause more than half of the
samples to switch back to the initial state.
Another possible influence from the shape deformation is
the edge roughness affecting the nucleation and the

Fig. 2. Critical current of the ideal circular device with the α = 0.02. (a)
SOT critical current (Jc,SOT) and (b) STT critical current (Jc,STT)
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Fig. 5. Switching probability (PSW) and switching time (TSW) with
damping constant α variation. Red lines indicate the SOT-STT hybrid
write scheme and black lines indicate the SOT-magnetic field write
scheme.

Fig. 4. (a) sample with 10 nm × 10 nm edge notch (b) Time evolution
of perpendicular component of the free layer magnetization mz of SOTmagnetic field write scheme with α = 0.08, compared with the ideal
circular MTJ. (c) magnetization snapshots of the free layer. Blue
inditcates the parallel state, red indicates the antiparallel state and black
indicates the in-plane magnetization. Top line is the snapshots of the
circular MTJ and the Bottom line is the snapshots of the edge notched
MTJ.

independent of shape deformation caused by process
variations.
Fig. 3. (d) shows the results of the SOT-STT hybrid write
scheme at α = 0.02. The SOT-STT hybrid write scheme
enables the switching of all samples even at relatively low α.
This is because the perpendicular (–m×(m×𝒛̂)) torque of the
STT suppresses the precession towards the upper hemisphere
and induces less oscillatory behavior of magnetization. Less
switching time variation of 27.3% and lower switching time
of average 2.06 ns were achieved. The SOT-magnetic field
write scheme with the same α have an average switching time
of 3.14 ns. Also, the switching speed of the SOT-STT hybrid
write scheme is 7.63 times faster than the STT write scheme
in the absence of the SOT current, which has 15.81 ns of
switching time as can be seen in Fig. 2.(b).

propagation of the domain. Fig. 4. (b) depicts the
magnetization trajectory of the edge notched MTJ and the
ideal circular MTJ using the SOT-magnetic field write scheme
with α = 0.08. From Fig. 4. (c), it can be seen that the switching
behavior of the MTJs involves asymmetric nucleation of the
edge and the propagation. Such behavior is known to be seen
in the presence of the Dzyaloshinskii-Moriya interaction
(DMI) causing the inward or outward magnetization canting
of the edge [12]. We estimate that the asymmetric edge
nucleation and propagation were derived by the stray field.
This is because the reference layer can induce a similar effect
as the edge canting of the DMI due to the inward or outward
in-plane stray magnetic field at the edge [13, 14].

The switching trajectory variation in the SOT-STT hybrid
write scheme induced by the deformation might be due to the
altered in-plane demagnetization tensor, which affects the
switching time [6] and the edge roughness, which can slow
down the domain propagation [5].

With the edge notch, the propagation characteristics can
be altered from the ideal case as the propagation of the domain
is disturbed by the notch therefore fails to completely
propagate to the opposite end. The magnetic domain
nucleation and propagation can be largely affected by the edge
roughness [5] and we estimate that they are the origin of the
switching characteristics variations and switch failure derived
from the edge roughness.

Using the SOT-STT hybrid write scheme, with increasing
the α, the device variation increases with almost constant
switching time. Also, switching probability degrades to 99.9%
when α = 0.1. We analyzed that this is because the
intermediate state of the SOT-STT hybrid write scheme has
close proximity to the x-y plane. The mz of the SOT-STT
hybrid write scheme at the 1 ns, which is the end of the
intermediate state, is only –0.05. Due to this magnetization
lying near the equator, after the JSOT is turned off, both parallel
(mz = 1) and the antiparallel (mz = –1) states of the SOT-STT
hybrid write scheme are highly stable. The magnetization
switching is also affected by the out-of-plane component of
the stray field generated from the reference layer. Therefore,
after t = 1 ns, STT in the absence of the SOT has to compete
against the damping towards the initial parallel state and the
stray field. This hindrance of the switching enlarges with
increasing the α, resulting in higher variation. They lead to the
degradation of switching characteristics and switching back
behavior in α = 0.1.

As shown in Fig. 3. (c), 100% switching is possible for a
higher α of 0.1. Also, using α of 0.1 results in lower device
variations of maximum switching time difference of 3.57%
with the average switching time of 1.42 ns. Those for the α =
0.02 are 87.74% and 3.14 ns, respectively. This is because the
higher α induces less oscillatory magnetization so that the
precession only occurs in the lower hemisphere (mz < 0) and
does not cross the equator (mz = 0). Higher α induces higher –
z directed effective magnetic field in the –z-direction
magnetized domain region due to the perpendicular
anisotropy. Since the domain is larger in size after the SOT
pulse is turned off, higher α will more favor this domain to
propagate towards the +z-direction magnetized domain region
side. However, the widely used MTJ structure of the
CoFeB/MgO layer has α of 0.01 ~ 0.03 [15]. Within these
values, one cannot achieve deterministic switching

However, for the SOT-magnetic field write scheme, when
t = 1 ns, the intermediate state is located at mz = –0.26. In this
state, the antiparallel state is clearly more stable and the
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magnetization can damps towards the targeted state with faster
switching time when using higher α.
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