
J. Appl. Phys. 129, 163901 (2021); https://doi.org/10.1063/5.0033745 129, 163901

© 2021 Author(s).

Design parameters for field-free spin–orbit
torque switching of perpendicular synthetic
antiferromagnets
Cite as: J. Appl. Phys. 129, 163901 (2021); https://doi.org/10.1063/5.0033745
Submitted: 27 November 2020 . Accepted: 07 April 2021 . Published Online: 22 April 2021

 BingJin Chen,  James Lourembam,  Hong Jing Chung, and  Sze Ter Lim

ARTICLES YOU MAY BE INTERESTED IN

Large spin Hall angle enhanced by nitrogen incorporation in Pt films
Applied Physics Letters 118, 062406 (2021); https://doi.org/10.1063/5.0035815

Domain wall-magnetic tunnel junction spin–orbit torque devices and circuits for in-memory
computing
Applied Physics Letters 118, 112401 (2021); https://doi.org/10.1063/5.0038521

Topological magnonics
Journal of Applied Physics 129, 151101 (2021); https://doi.org/10.1063/5.0041781

https://images.scitation.org/redirect.spark?MID=176720&plid=1401535&setID=379065&channelID=0&CID=496959&banID=520310235&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=71bf76294ba1eff3502a31fdb96fd8874112c042&location=
https://doi.org/10.1063/5.0033745
https://doi.org/10.1063/5.0033745
http://orcid.org/0000-0003-0848-4890
https://aip.scitation.org/author/Chen%2C+BingJin
http://orcid.org/0000-0003-2606-8073
https://aip.scitation.org/author/Lourembam%2C+James
http://orcid.org/0000-0001-5859-9958
https://aip.scitation.org/author/Chung%2C+Hong+Jing
http://orcid.org/0000-0002-6630-1303
https://aip.scitation.org/author/Lim%2C+Sze+ter
https://doi.org/10.1063/5.0033745
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0033745
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0033745&domain=aip.scitation.org&date_stamp=2021-04-22
https://aip.scitation.org/doi/10.1063/5.0035815
https://doi.org/10.1063/5.0035815
https://aip.scitation.org/doi/10.1063/5.0038521
https://aip.scitation.org/doi/10.1063/5.0038521
https://doi.org/10.1063/5.0038521
https://aip.scitation.org/doi/10.1063/5.0041781
https://doi.org/10.1063/5.0041781


Design parameters for field-free spin–orbit
torque switching of perpendicular synthetic
antiferromagnets

Cite as: J. Appl. Phys. 129, 163901 (2021); doi: 10.1063/5.0033745

View Online Export Citation CrossMark
Submitted: 27 November 2020 · Accepted: 7 April 2021 ·
Published Online: 22 April 2021

BingJin Chen,1,a) James Lourembam,2 Hong Jing Chung,2 and Sze Ter Lim2,a)

AFFILIATIONS

1Institute of High Performance Computing (IHPC), Agency for Science, Technology and Research (A*STAR), 1 Fusionopolis Way,

#16-16 Connexis, Singapore 138632
2Institute of Materials Research and Engineering(IMRE), Agency for Science, Technology and Research (A*STAR), 2 Fusionopolis

Way, #08-03, Innovis, Singapore 138634

a)Authors to whom correspondence should be addressed: Chen_BingJin@ihpc.a-star.edu.sg

and Lim_Sze_Ter@imre.a-star.edu.sg

ABSTRACT

We report micromagnetic simulations of spin–orbit torque (SOT) induced magnetization switching of a ferromagnetic layer with per-
pendicular anisotropy in the absence of an external magnetic field. Field-free switching is achieved by antiferromagnetic interlayer
exchange coupling (IEC) between two perpendicular ferromagnetic layers. At appropriate IEC values and an SOT current density
exceeding the critical value (Jc), magnetization reversal can be achieved within sub-ns. The complete magnetization reversal of the syn-
thetic antiferromagnetic free layer occurs upon removing the current pulse. Higher damping is preferred for the proposed switching
scheme, as Jc decreases with the increase of damping. Remarkably, we also found that Jc has a parabolic dependence on the nanomagnet’s
diameter, with the vertex occurring at 90 nm.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0033745

I. INTRODUCTION

Magnetization reversal using spin–orbit torque (SOT) is a
promising writing method for magneto-resistive random access
memory (MRAM) devices. A typical SOT-MRAM device com-
prises a three-terminal magnetic tunnel junction (MTJ) with sepa-
rate read and write current paths.1–6 The three-terminal MTJ
overcomes the endurance challenge encountered in switching a
two-terminal MTJ using the spin–transfer torque (STT), where the
read and write current paths overlap.

Tremendous efforts have been made to better understand
SOT-induced magnetization switching of both the in-plane and per-
pendicular MTJs.7–19 The thermal stability of the free layer in per-
pendicular MTJ (p-MTJ) and in-plane MTJ (i-MTJ) is attributed to
interfacial anisotropy and shape anisotropy, respectively. p-MTJ
allows for higher density storage compared to i-MTJ. However, the
requirement of an external in-plane magnetic field to achieve deter-
ministic SOT switching in p-MTJ limits its practical use.20–23

Various schemes have been proposed so far to solve this issue,
such as using interfacial Dzyaloshinskii–Moriya interaction (DMI),18

creating geometric asymmetry,21,24,25 adding an antiferromagnetic
(AFM) layer,12,26–28 and magnetic coupling with an in-plane
exchange biased layer via interlayer exchange coupling (IEC).13,29–32

Synthetic antiferromagnet (SAF) is widely used in MRAM
stacks.33–35 It comprises two perpendicular ferromagnetic layers
coupled antiferromagnetically across a thin nonmagnetic material.
The SAF tri-layer structure is typically used in the reference layer of
the MTJ for stray field reduction.34,36 The deterministic SOT
switching of a perpendicular SAF has been demonstrated by assist-
ing with an AFM layer28 or an in-plane magnetic field.37–40 The
IEC between the two ferromagnetic layers plays a vital role in
SOT-induced magnetization switching. During our work, we
became aware of a very recent experimental41 work on field-free
SOT switching of SAF structure, which underlines our work’s
immediate importance. A detailed study on the design rules to
achieve field-free SOT switching using a perpendicular SAF free
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layer structure and its corresponding dynamics is still lacking.
Here, we perform micromagnetic studies on SOT-induced magneti-
zation switching in a perpendicular SAF structure and discuss the
effect of the IEC on the switching performance. We propose a
scheme for SOT switching of a perpendicular magnetic layer in the
absence of an external magnetic field and identify the parameter
windows to achieve field-free switching.

II. SIMULATION METHODS

Figure 1 shows the schematic of SOT switching via spin-Hall
effect (SHE) [Fig. 1(a)], three-terminal SOT-MRAM junction
[Fig. 1(b)], and the studied SAF structure with the coordinate
system [Fig. 1(c)]. Due to the strong spin–orbit coupling in the heavy
metal (HM), the charge current Je is converted into the transverse
spin current Js, which induces a spin accumulation at the HM/FM
interface. The polarization σ of the accumulated spins is orthogonal
to both Je and Js. The accumulated spins exert a torque on the magne-
tization M of the ferromagnet layer (FM) to control its dynamics. An
MTJ consisting of a free FM, a tunnel barrier, and a fixed FM is used
to read the magnetization state. In the current study, a SAF free layer
structure is adopted. The structure includes a bottom ferromagnetic
layer (BL), a nonmagnetic layer (NM), and a top magnetic layer (TL).
The Je is along the x direction in the HM layer. The spin polarization
σ of the spin current is geometrically determined and is along the y
direction.

In the simulation, we only model the tri-layer SAF structure
[see Fig. 1(c)], which consists of BL and TL, antiferromagnetically
coupled through Ruderman–Kittel–Kasuya–Yosida (RKKY) inter-
action across the nonmagnetic layer (NM). The NM layer can be
Ru, Ta, or Ir, to list a few. The unit magnetization vector ~m in BL
or TL layer satisfies the Landau–Lifshitz–Gilbert–Slonczewski
(LLGS) equation (see S1 in the supplementary material), which can
be numerically solved using the Object Oriented Micro-Magnetic
Framework (OOMMF) public code.42 The simulation parameters
are obtained from the reported literature.14,18

Table I lists the material parameters used in the simulation.
The damping constants of BL and TL are both assumed to be
α = 0.1 unless otherwise stated. Both BL and TL are discretized into

cell sizes of 4 × 4 × 0.4 nm3. The TL thickness is assumed to be
1.2 nm, and that of BL is 0.8, 1.2, or 1.6 nm. The diameter of TL
and BL are both 100 nm in all cases except for the size-effect dis-
cussion. A current with a pulse width of 5 ns is injected. Both
rising and falling times of the pulse are set to 80 ps. The spin-Hall
angle is assumed to be αH ¼ 0:3.

III. RESULTS AND DISCUSSION

We investigate the switching performances of the tri-layer
structure as a function of materials properties and geometric
sizes. In the simulations, BL magnetization is initially along the
positive z axis direction and TL magnetization is along the nega-
tive z axis direction (head-to-head). Four typical magnetization
trajectories are identified, as shown in Fig. 2. The SOT current
with a pulse width of 5 ns flows through the heavy metal, starting
at 1 ns and ending at 6 ns. We assume that the spin–orbit torque
only acts on BL. In case 1 [Fig. 2(a)], both layers’ magnetizations
keep perpendicular within the pulse duration. This is due to the
insufficient SOT acting on the BL. In case 2 [Fig. 2(b)], BL mag-
netization goes to in-plane soon after applying the SOT, while TL
magnetization remains perpendicular along the negative z axis
direction. This is due to a low IEC between BL and TL. In case 3
[Fig. 2(c)], BL magnetization goes to in-plane while TL magneti-
zation reverses its direction soon after applying the SOT. In case 4
[Fig. 2(d)], both layers’ magnetizations go to in-plane within
pulse duration and are coupled together (see the inset). This is due
to a strong IEC. The schematics of magnetization configurations

FIG. 1. Schematic of (a) SOT switch-
ing via the spin-Hall effect, (b)
SOT-MRAM junction, and (c) the
studied SAF structure along with the
coordinate system. Blue and red
arrows in (a) represent the direction of
spin polarization σ. Arrows in (b) and
(c) represent the magnetization
directions.

TABLE I. Simulation parameters.

Symbol Parameter Default value Reference

Ms Saturation magnetization 1:1� 106 A/m 11 and 15
Ku Intrinsic anisotropy 0:8� 106 J/m3 11 and 15
α Damping constant 0.1 15
A Exchange constant 20� 10�12 J/m 11 and 15
αH Spin-Hall angle 0.3 5
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corresponding to Figs. 2(b)–2(d) during the switching process are
depicted in Figs. 2(e)–2(g), respectively. The thick red arrows repre-
sent BL magnetization, and the thick black arrows represent TL
magnetization.

Case 3 [Figs. 2(c) and 2(f)] represents an ultrafast determinis-
tic field-free switching event. The TL magnetization nearly switches
to the opposite direction within sub-ns (less than 300 ps as shown
in the inset) after applying the SOT pulse and fully switches upon
removing the SOT. On the other hand, the BL magnetization

initially goes in-plane and precesses along the polarization direction
(y axis) within the SOT pulse and reverses its direction once the
SOT is removed. Here, the successful switching of the tri-layer SAF
structure can be divided into three stages: (i) before the application
of the SOT current (t = 0–1 ns), the BL and TL magnetizations are
antiferromagnetically coupled (mz =−1 for TL and mz = +1 for BL);
(ii) on applying a SOT current, the BL magnetization approaches to
mz = 0 and maintains its in-plane configuration (my = 1) due to a
sufficiently strong SOT; however, the TL magnetization moves past

FIG. 2. Magnetization trajectories for (a)
σ2 =−0.05 mJ/m2, Je = 0.3 × 10

12 A/m2

(neither TL nor BL goes to in-plane
configuration); (b) σ2 = −0.03 mJ/m2,
Je = 1.0 × 10

12 A/m2 (TL does not
go to in-plane configuration); (c)
σ2 =−0.05 mJ/m2, Je = 1.0 × 10

12 A/m2

(TL switches and BL goes to in-plane
configuration within the pulse duration);
and (d) σ2 =−1.0 mJ/m2, Je = 1.0
× 1012 A/m2 (TL and BL remain coupled
throughout); (e)–(g) schematics of mag-
netization configurations corresponding
to (b)–(d), respectively. The thick red
arrows represent the magnetization in
BL, and the thick black arrows represent
the magnetization in TL. In all figures,
the current pulse starts from 1 ns and
ends at 6 ns. σ2 is the bilinear surface
exchange coefficient (see S1 in the
supplementary material).
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mz = 0 and precesses in the opposite direction and remains so due
to the perpendicular uniaxial anisotropy; (iii) upon removing the
SOT current, the TL magnetization fully switches (mz = +1), while
BL magnetization reverses to the opposite side (mz =−1) due to the
antiferromagnetic coupling between TL and BL. A deterministic
switching process of the SAF is thus completed. It is noted that this
is a unipolar switching case, as there is no asymmetric external field
or asymmetric geometry structure required.

To understand the switching dynamics, we also look into the
magnetization profiles during the switching process at a current
density of Je = 1.0 × 1012 A/m2 for a device of 100 nm diameter and
damping constant of 0.1 (see S2 in the supplementary material). The
BL magnetization switches to in-plane configuration within 200 ps,
and TL magnetization switches to nearly opposite direction within
250 ps. The TL magnetization reversal is via the nucleation of the
reversed magnetic domain and propagation of the domain wall as
expected for SOT switching of perpendicular magnetization.6,18,43–46

However, for the IEC-induced deterministic switching presented
here, the domain reversal is initiated at the device center (instead
of nucleating at the device edge). This is likely because the
demagnetization field is the maximum at the device center. The
BL magnetization switching upon the removal of the current is
via a similar process.

As compared to other schemes to achieve field-free SOT
switching of perpendicular magnetization,18,20,21,24 the switching
mechanism described here is significantly different. In principle,

the deterministic switching of perpendicular magnetization requires
an external magnetic field to break the symmetry condition at
mz = 0 once the applied SOT satisfies this condition. The existing
methods proposed in the literature rely on replicating the symmetry
breaking effect created by an in-plane external magnetic field.
However, our method does not work explicitly on the symmetry
breaking once the mz = 0 state is reached dynamically. Instead, the
decisive factor is the deterministic switching of the perpendicular
ferromagnetic layer (i.e., TL in Fig. 1) via appropriate IEC. In a
very recent experimental work,41 the authors observed field-free
SOT switching in one of their unbalanced SAF structures and
attributed the field-free switching to the magnetic moments in its
upper magnetic layer acting as an equivalent horizontal magnetic
field. Here, our simulation results show that the field-free SOT
switching can also occur in a balanced SAF due to the IEC field.

The IEC between the two ferromagnetic layers plays a crucial
role in such ultrafast deterministic magnetization switching. From
the simulations using the parameters listed in Table I, the suitable
IEC value (σ2) is between −0.039 and −0.054 mJ/m2. Higher IEC
results in oscillatory switching as the BL and TL magnetizations are
always coupled together within the SOT pulse [Fig. 2(d)]. We take
σ2 =−0.05 mJ/m2 in the following simulations to study the other
parameters’ effects.

We start by investigating how the current densities affect the
switching performance. Figure 3 shows the temporal evolution of z-
component magnetization at various current densities. The current

FIG. 3. Temporal evolutions of mag-
netization z-component showing effect
of current densities on the switching
performance shown for (a) Je = 0.50
× 1012 A/m2, (b) Je = 0.53 × 10

12 A/m2,
(c) Je = 0.70 × 10

12 A/m2, and (d) Je = 3.0
× 1012 A/m2. In all figures, current pulse
starts from 1 ns and ends at 6 ns.
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pulse starts at 1 ns and is removed at 6 ns. At low current densities
(Je < 0.70 × 1012 A/m2) as shown in Figs. 3(a) and 3(b), the TL
magnetization oscillates within the pulse, leading to pulse width-
dependent switching. Once the current density exceeds a critical
value (Je ≥ Jc = 0.70 × 1012 A/m2), the switching becomes deter-
ministic, as shown in Figs. 3(c) and 3(d). It is important to note
here that Jc is defined as the threshold for pulse width-independent
deterministic switching. The switching is always deterministic
and pulse width independent as long as the applied current
density exceeds Jc.

Since we assume that SOT only acts on BL, the influence of the
current density on the TL magnetization switching may solely origi-
nate from the IEC field. The z-component of the IEC field has a sig-
nificant effect on the switching of perpendicular SAF structure.47

The role of the current density on the switching of the TL magneti-
zation can be understood from Fig. 4, which illustrates the simulated
IEC field during the switching processes at various current densities
ranging from (a) Je = 0.50 × 1012 A/m2; (b) Je = 0.53 × 1012 A/m2;
(c) Je = 0.70 × 1012 A/m2; and (d) Je = 3.0 × 1012 A/m2. In these
figures, the current pulse starts from 1 ns and ends at 6 ns. It
shows that the z-component of the interface coupling field Hz

oscillates within the pulse for lower current densities as in Figs. 4(a)
and 4(b), while it approaches a stable value without oscillation at
higher current densities, as shown in Figs. 4(c) and 4(d). It is
observed that the higher the current density, the faster the cou-
pling field approaches a stable value. The stable Hz aligns the TL
magnetization along the reversed direction.

To seek a better understanding of the switching mechanism,
we plot in Fig. 5 the total energies as a function of the perpendicu-
lar magnetization component mz in TL for the various switching
profiles displayed in Fig. 3. Upon applying an SOT pulse, the mag-
netization starts from mz =−1.0 and finally switches to mz = +1.0.
The blue dots in every curve indicate the point where the current
pulse is removed. The total energy of the system can be written as

Etotal ¼ Eani þ Eexchange þ Edemag þ EIEC þ EDMI, (1)

where Eani, Eexchange, Edemag, and EIEC, EDMI, and ESOT are uniax-
ial anisotropy energy, exchange energy, magneto-static energy,
interlayer exchange coupling energy, and Dzyaloshinskii–Moriya
interaction energy, respectively.

Figure 5 shows the energy profiles between higher and lower Je
cases. For higher Je [Figs. 5(c) and 5(d)], there are local energy
minimums at mz > 0; once the magnetization crosses mz = 0, and
arrives at these energy states, it is unable to return to mz < 0 upon
removing the SOT, resulting in deterministic switching. However,
no local energy minimum is found at mz > 0 for lower Je cases
[Figs. 5(a) and 5(b)], and the magnetization may revert to mz < 0
once the SOT is removed. Hence, it is the magnetization dynamics
that determine the final magnetization state.

The expressions for the critical current density Jc can be
derived from macrospin approximations by solving the coupled
single-spin LLG equations in the SAF structure to find the stability
conditions.48 Here, we use a simplified method to derive Jc and

FIG. 4. IEC field during switching
process at various current densities:
(a) Je = 0.50 × 10

12 A/m2, (b) Je = 0.53
× 1012 A/m2, (c) Je = 0.70 × 10

12 A/m2,
and (d) Je = 3.0 × 10

12 A/m2. In all
figures, the current pulse starts from
1 ns and ends at 6 ns.
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denote it as Jc0 where it is defined as the minimum current
density required to switch the BL magnetization from its initial
equilibrium state to a nearly in-plane state in our studied
SAF.49,50 Assuming that SOT only acts on BL, the LLG equations
of the unit magnetizations ~mTL and ~mBL for the TL and BL,
respectively, can be written as

d~mTL

dt
¼ �γμ0(~mTL � ~Heff , TL)þ α(~mTL � d~mTL/dt), (2)

for the top layer TL and

d~mBL

dt
¼ �γμ0(~mBL � ~HBL,eff )þ α(~mBL � d~mBL/dt)

� γμ0HS[~mBL � (~mBL �~y), (3)

for the bottom layer BL, where

~Heff ,TL ¼ Hkeff ,TLmz z
0!þ ~HIEC, TL, (4)

~Heff , BL ¼ Hkeff ,BLmz z
0!þ ~HIEC,BL: (5)

Here, ~Heff , TL and ~Heff , BL are the total effective field acting on
~mTL and ~mBL, respectively, and the effective uniaxial perpendicular

anisotropy fields for TL and BL are represented by ~Hkeff , TL

and ~Hkeff , BL.
Also,

Hkeff ,TL ¼ 2Ku,TL

μ0MS,TL
�MS,TL, Hkeff ,BL ¼ 2Ku,BL

μ0MS,BL
�MS,BL, (6)

where Ku,TL, Ku,BL, MS,TL, and MS,BL are the uniaxial perpendicular
anisotropy energies for the TL and the BL and saturation magneti-
zations for the TL and the BL, respectively. The interlayer exchange
coupling fields HIEC,TL and HIEC,BL can be calculated (S1 in the
supplementary material) as

~HIEC,TL ¼ � @Eij
@~mTL

, ~HIEC,BL ¼ � @Eij
@~mBL

: (7)

We are only interested in BL where SOT acts. For SOT
switching of perpendicular magnetization, the critical switching
current can be obtained from the time-independent solution of
Eq. (3).49 If we expressed ~mBL in the spherical coordinates as
~mBL ¼ {sin θ cos w, sin θ sin w, cos θ}, the resultant Eq. (3)
with d~mBL

dt ¼ 0 becomes

Hs(cos
2θ þ sin2θ cos2w)

� Hkeff , BL cos θ � σ2

μ0MS,BLd
cos θ

� �
sin θ cos θ ¼ 0, (8)

FIG. 5. Total energy as a function of
the perpendicular magnetization compo-
nent mz in TL for various cases (The
magnetization starts with mz =−1.0 and
switches toward mz = 1.0. The blue dot
on the curve is the point where SOT
is removed): (a) Je = 0.5 × 10

12 A/m2, (b)
Je = 0.53 × 10

12 A/m2, (c) Je = 0.7 × 10
12

A/m2, and (d) Je = 3.0 × 10
12 A/m2.
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where d is the distance between the top and bottom layers.
Following a similar procedure as in the literature,49 the critical
switching current density Jc0 can be obtained as

Jc0 ¼ 2e
�h
μ0MS,BLtBL

αH

H*
keff ,BL

2
, (9)

where

H*
keff ,BL¼

2Ku,BL

μ0MS,BL
�MS,BL � σ2

μ0MS,BLd
: (10)

Figure 6 plots the calculated critical switching current density as
a function of the IEC constant σ2 at various uniaxial anisotropy ener-
gies Ku of the BL based on the simulation parameters shown
in Table I. The critical current density is calculated to be Jc0 ¼
0:67� 1012 A/m2 at σ2 ¼ �0:05 mJ/m2 and Ku ¼ 0:80� 106 J/m3.
This simplified critical current density is comparable with the value
from our micromagnetic simulation results.

Now, we study how other parameters, viz., size, damping,
field-like torque, and the Dzyaloshinskii–Moriya interaction (DMI)
may affect Jc. To understand the device scaling effects, we plot the
simulated Jc for devices ranging from 60 to 120 nm, as in Fig. 7(a).
It is found that a device size around 90 nm has the lowest Jc at
0:63� 1012 A/m2. Device sizes that are either smaller or larger
than this optimum size would require higher Jc, reaching values of
1:54� 1012A/m2 for 60 nm and 1:21� 1012 A/m2 for 120 nm.
When the device is scaled down from 90 to 60 nm, the switching
tends to be more coherent, leading to a higher Jc. However, as the
device size increases from 90 to 120 nm, the switching is via
domain nucleation and propagation of the domain wall, leading to
a longer time for the magnetization to stabilize, especially for lower
current densities. A higher current density is required to shorten
the reversal time.51,52

FIG. 6. Effect of the IEC on the critical current density Jc0 at various BL Ku
based on macrospin approximations.

FIG. 7. Effect of (a) device diameter,
(b) damping constant, and (c) field-like
torque on the switching current (Jc); (d)
Plot of applied current (Je) vs DMI in
TL. The green region indicates where
successful deterministic switching is
observed.
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Additionally, damping constant α has a significant effect on Jc,
as depicted in Fig. 7(b). By increasing α from 0.02 to 0.2, Jc signifi-
cantly decreases from 2:7� 1012 to 0:4� 1012 A/m2 as precessions
are suppressed at higher damping.53,54 Further increasing α does
not affect Jc significantly.

Field-like torque acts like a magnetic field along the spin-
polarization direction (y axis in this study) and affects Jc accordingly.
Figure 7(c) depicts Jc as a function of rFL ranging from −4.0 to 1.0
(rFL is defined as the ratio of the field-like torque to damping-like
torque, see S1 in the supplementary material). The field-like torque is
along the in-plane direction, and it promotes precession, as such the
inclusion of field-like torque always increases the value of Jc.

Finally, DMI, which originates from the ferromagnetic/heavy
metal layer interface, may also affect the switching performance of our
proposed field-free switching scheme. Referring to Fig. 1, DMI may
come either from the BL/HM interface or from the BL(TL)/spacer,
particularly if Ir is used as the spacer for RKKY coupling.55,56 In the
simulation, DMI is included by adding an interfacial DMI effective
field HDMI to the LLGS (see S1 in the supplementary material).
Figure 7(d) illustrates the DMI effect on Jc. We only consider the DMI
from the TL/spacer interface, as the DMI from spacer/BL or BL/HM
has little effect on Jc (see S5 in the supplementary material). This is
because it is the TL that dictates the switching in the proposed field-
free switching scheme. Figure 7(d) indicates both the lower (i.e., Jc)
and upper boundaries of current densities for successful field-free
switching investigated for DMI values ranging from −0.4 to 1.6mJ/
m2. Pulse-independent field-free switching cannot be achieved if the
current density is outside this range. It is noted that for a DMI value
between 0 and 0.8mJ/m2, the pulse-independent field-free switching
can be achieved if the current density exceeds the lower boundary.

IV. CONCLUSION

In summary, we have proposed a field-free SOT switching
mechanism for p-MTJ using perpendicular synthetic antiferromag-
nets. The field-free switching mechanism is achieved by designing
an appropriate interlayer exchange coupling field. On fulfilling the
switching condition, i.e., Je > Jc, TL magnetization reverses within
sub-ns of current pulse application, while BL magnetization pre-
cesses around mz = 0. The complete reversal of the SAF structure
takes place upon the removal of the current pulse. The switching is
pulse width independent at a current density higher than Jc and it
is unipolar. A device diameter of around 90 nm with higher
damping constant is preferred to achieve a lower Jc. A small posi-
tive field-like torque (rFL = 0.2) may further decrease Jc. Conversely,
the presence of DMI leads to higher Jc.

SUPPLEMENTARY MATERIAL

See the supplementary material for the LLGS equation, snap-
shots of magnetization dynamics in a deterministic switching of a
SAF, the effect of DMI in BL, the effect of TL uniaxial anisotropy,
the effect of BL thickness, and the effect of thermal noise.
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